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PREFACE

This book is designed primarily for university and college
students, but it is entirely practicable for agricultural high-
schools, and for farmers’ reading-courses. It will prove of
* interest to individuals who wish information regarding cli-
mate and crops, and the effect of the weather in varying the
yield of crops.

The text is the outgrowth of over thirty years in climate .
and crop work in different sections of the United States, and
fifteen years contemporary instruction in meteorology and
agricultural meteorology at the Ohio State University.

The advanced students, especially, should use the avail-
able references at the close of each chapter. The instructor
should extend the exercises and practicums, as the time avail-
able will admit. Original investigations of the effect of
weather on the yield of crops can be made very readily by
following the outlined procedure. Published climatic data
may be found for individual states by writing the State Sec-
tion Director, United States Weather Bureau, or the Chief
of the Weather Bureau at Washington, D. C. Crop yield
data can be obtained from the State Departments of Agri-
culture, or from the Bureau of Crop Estimates, Washington,
D. C.

As this is the first text on the subject of agricultural mete-
orology that has ever been prepared, the author has had
recourse to articles and papers by ecologists, botanists, plant
physiologists and pathologists, entomologists, and the like.
It has not been practicable to give the references in the text,
but the literature at the close of each chapter indicates most
of the articles that have been referred to. Charts that are
not original or credited in the footnotes are from the publi-
cations indicated in the references at the close of each chap-
ter.

We wish to give full credit to each author from whom in-
formation has been obtained. It is desired also to give due
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credit to various officials of the Weather Bureau whose papers
and studies have been drawn on in the following pages.
Some of the data were from original studies made by
the following-named students while taking the course in
agricultural meteorology at the Ohio State University:

H. N. Bunnell. Clark 8. Wheeler.
Edward B. Scott. H. C. Hyatt.

Paul Geiger. Ralph Kenny.

H. A. Stevens. Ernest N. Furgus.
Don C. Mote. J. T. Burns.

Earl Jones. Dan L. Augenstine.
C. E. Dike. C. F. Tom.

J. WARREN SMITH.
Washington, D. C.
May 1, 1920.
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AGRICULTURAL METEOROLOGY

4 CHAPTER 1
INTRODUCTORY METEOROLOGY

Meteorology is a study of the phenomena of the atmos-
phere and includes what is known as weather and climate.

1. Weather is the condition of the atmosphere at a def-.-
inite time. One may speak of the weather that prevailed
last week or that is being experienced today. It includes
all the phenomena of the air that surrounds us, such as
pressure, temperature, moisture, wind, and the like.

2. Climate deals with the averages and the extremes of
the weather that prevail at any place. Thus it will be seen
that weather relates to time and climate to location.

THE ATMOSPHERE

3. Composition.—The air is composed of a mixture of a
number of gases and vapors that differ widely from one
another.

4. Nitrogen, which constitutes about 78 per cent of the
volume of the atmosphere, is an inert gas; that is, it does
not easily combine chemiecally with other elements, and by
diluting the oxygen it diminishes the activity of combustion.
In certain compounds it is an essential crop fertilizer.

6. Oxygen comprises about 21 per cent by volume of the
atmosphere. It unites readily with many other elements
and forms a large proportion of the waters of the ocean and
of the superficial rocks of the earth’s crust. It supports
combustion and is necessary to animal and plant life.

6. Carbon dioxide is very essential to plant life, although
it comprises only about 0.03 per cent of the air. Owing to
its greater density, it may form such a large percentage of
the air in wells, silos, and the like, as to cause death.

1
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7. Water-vapor is of extreme importance but is the most
variable component of the atmosphere. Its volume per-
centage varies with the temperature, hence while it averages
2.6 per cent at the equator it is only 0.2 per cent at 70° N.
latitude, and decreases rapidly with elevation.

8. Other gases.—Argon comprises nearly 1 per cent of the
atmosphere while other permanent gases are hydrogen,
krypton, neon, helium, and xenon, although in very small
quantities.

9. Height of the atmosphere.—One-half of the atmosphere
is within 3.3 miles of the surface of the ocean; at an elevation
of 6 miles it is not sufficient to support life; at 30 miles the
pressure is only one six-thousandth that at sea level, while
at 50 miles it is so thin as to be incapable of scattering per-
ceptible amounts of sunlight. How far it extends above
this is not known but observations of meteors show a suffi-
cient gas, principally hydrogen, at elevations between 100
and 188 miles to retard their speed and render them luminous.

PRESSURE OF THE ATMOSPHERE

While the variations in the pressure of the atmosphere at
any point on the surface of the earth are insufficient to be
appreciable to the senses, yet the pressure or weight of the
air is highly important. It forces water to rise in a pump
when the pressure of the air therein has been diminished
by means of a piston; its horizontal variations give rise to
winds that in turn modify the temperature, moisture, and
the like, and its accurate observation over wide areas enables
the forecasters to predict the coming weather changes with
considerable success.

10. Pressure varies with altitude.—The pressure of the
atmosphere decreases with altitude at an approximate rate,
through the first mile or so, of one inch on the barometer
scale with each increase of 1000 feet in elevation. The
exact rate of decrease, however, is less at increasing eleva-
tions because of the smaller amount of air above, and as it
varies with the temperature, humidity, and so on, the rate
of decrease is in accordance with a eomplex logarithmic law.
A knowledge of the density of the air is of great practical
importance in connection with the flight of projectiles, the
study of atmospheric phenomena, and aeronautics.
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The aviator is limited in the height top which he can fly
by the decrease in density of the air and its effect on himself
and the performance of his engines. Plant development is
only slightly if at all affected by variations in pressure.

11. The barometer.—Atmospheric pressure is usually
measured in terms of the linear height of the mercury column
corrected for temperature, gravity, and
the like, in a tube closed at the upper
end, which is exhausted of air, and open
at the bottom. The mercurial barome-
ter in most common use is the Fortin
type as indicated by Fig. 1. As the mer-
curial barometer is delicate and difficult
to move without danger of breaking,
the aneroid barometer is used for rough-’
determinations of land elevations and
the heights of balloons, kites, and aero-
planes. Fig. 2 shows a self-recording
barometer or barograph operating on
the principle of the aneroid barometer.

12, The barometer and weather fore-

F1g. 1.—The mer-
curial barometer.
This is the Fortin
type, in - most F1a. 2.—Seli-recording barometer
common use. or barograph.

casting.—While a knowledge of the barometric pressure in
different places is the most important factor in weather
forecasting, a single barometer, without a knowledge of sur-
rounding conditions, is of little value in weather predictions,
except possibly for a short time in advance and particu-
IarhgC v)vhen the pressure is changmg rapidly. (See Chap-
ter
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TEMPERATURE

The human system is more susceptible to changes in at-
mospheric temperature than to those of any other meteoro-
logical-element. Plant development is also very responsive
to temperature variations, as shown in Chapter V.

13. Source of heat.—The sun is the ruler of the tempera-
ture on the earth’s surface as is well shown by the changes in
temperature from equator to pole, from summer to winter,
and from day to night. The radiant energy from the sun is
termed insolation.

14. How the air is warmed.—The surface of the earth
and the objects upon it are warmed by direct insolation in
daytime while the layers of air in contact with the earth are
warmed by conduction. Surface air thus warmed is then
carried up by convection and in turn warms other masses by
mixture and conduction. In addition to this, a considerable
amount of the solar radiation is directly absorbed by the
more humid portions of the atmosphere.

15. Radiation.—Clean dry air is warmed very little by
insolation, which explains the well known warmth of direct
sunshine on bright clear days, even while it may be cool in
the shade. In hazy weather the sun does not seem so warm
because some of its heat is absorbed and scattered by water-
vapor, dust particles, and the like,-which are present in the
air. Some of the solar energy that reaches the surface of the
earth is reflected while much more is absorbed and then re-
radiated.” Water-vapor absorbs this long wave-length ter-
restrial radiation in much larger proportion than the short
wave-length insolation.

16. How the air is cooled.—At night when insolation is
absent, the surface of the earth and objects upon it cool
rapidly through loss of heat by terrestrial radiation, and the
layers of air in contact with the earth lose heat to it by con-
duction. As cool air is denser than warm, there is no con-
vection; hence in still clear nights the air near the surface
of the earth is considerably cooler than that immediately
above. There is also some loss of heat by direct radiation
from the air, especially when humid.

17. Inversion of temperature.—In the daytime the tem-
perature of the air usually decreases from, the surface of the
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earth upward for a mile or so, at an average rate of 2° to 3° (I)
for each 1,000 feet in elevation. Under the conditions ex-
plained in the preceding paragraph, however, this is re-
versed, the temperature of the air then increasing from the
surface of the ground upward for any distance from a few
feet to several hundred, and sometimes several thousand.
This is the condition called inversion of temperature, and
explains the formation of frost in valleys when nearby hill-
sides may be free from damage.

18. Diurnal range in temperature.—The warmest part
of the day occurs between 2 and 4 p. M. when the heating by
insolation or incoming radiation from the sun is just balanced
by that from outgoing terrestrial radiation and conduction.
The lowest temperature is just before sunrise when insola~
tion becomes equal to terrestrial radiation. Fig. 86 shows
the diurnal march of temperature on days when under clear
skies there are strong diurnal variations in temperature as
well as on days when cloudy weather or an incoming cool
wave prevents or entirely masks the usual diurnal tempera-
ture range.

19. Diurnal changes slight in cloudy weather.—When
clouds prevail, a considerable part of the insolation is re-
flected from the upper surface of the clouds, and the temper-
ature rises but little at the surface of the earth. Cloudy
weather at night intercepts terrestrial radiation, and there
is a comparatively slight fall in the temperature of the sur-
face of the ground and consequently of the air in contact with
it. Hence frosts are not expected during cloudy weather.

20. Diurnal temperature changes greatest over land.—
Land surfaces warm up under insolation about four times
as fast as water surfaces and also cool much more readily at
night. Water surfaces reflect about 40 per cent of the inso-
lation that reaches them while land surfaces reflect very
little ; radiant energy penetrates many feet into the water
and practically not at all into land; there is essentially no
evaporation from dry land surfaces while a considerable part
of the insolation absorbed by the surface of the water is used
in evaporation and therefore becomes latent and does not

" raise its temperature; water that becomes heated may be
moved horizontally or vertically by convection while there
is no such movement in the land, and besides the specific
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heat of water is about five times that of dry soil. As a result,
land areas and the air immediately above warm much faster
than water areas under insolation, and also cool much faster
at night.

21. Annual temperature ranges.—The interior of con-
tinents is also warmer in summer and colder in winter than
coast districts unless the water surfaces are covered by ice.
On the leaward side of oceans, such as the Pacific coast where
the winds blow quite persistently from the west, the annual
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F1c. 3.—Examples of different states of air equilibrium: AB, adiabatic
gradient for dry air (neutral equilibrium); CD, temperature inversion
(stable ‘equilibrium), and EF, superadiabatic gradient (unstable
equilibrium).

range in temperature is much less than in the interior of the
country or on the Atlantic coast.

22. Adiabatic change in temperature.—Ascending air ex-
pands and descending air is compressed because of the chang-.
ing pressure (see paragraph 10). When air is compressed
work is done on it and its temperature is raised, when it ex-
pands it does work and it is cooled. Whenever changes in
pressure and volume of any gaseous matter occur without
heat being added or subtracted from it, there will be a partic-
ular rate of change of the temperature, depending on the
nature of the gas. The rate of change is then called the adia-



INTRODUCTORY METEOROLOGY 7

batic rate. In the case of unsaturated air, the adiabatic rate
of change of temperature amounts to 1.6° F. for each 300

Fia. 4.—Maximum (lower)
and minimum (upper)
thermometers.  Instead
of being set as in this il-
lustration the minimum
thermometer must be set
level and the maximum
thermometer with the
bulb end slightly ele-
vated, as is shown in
Fig. 5.

feet variation in elevation, or, more ac-
curately, 1° C., for each 103 'meters.
The line AB in Fig. 3 illustrates the
adiabatic gradient for dry air.

23. The average vertical temperature
gradient or rate of temperature change
upward does not differ much during
summer from the adiabatic gradient but
does considerably in winter. When the

ety
4 ")
\
T

L\ AL "

Fia. 5—Thermometers properly
mounted in a lattice-work shelter.
The 8-inch rain-gage is shown set
up in its shipping box at the right.
(See Fig. 9.)

surface of the ground and the air near it are warmed by
bright sunshine, the line EF represents the gradient. The
line CD represents the temperature variation wunder
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conditions of temperature inversion as explained in para-
graph 17,

24. Recording the temperature.—The ordinary ther-
mometer is well known. TFig. 4 illustrates the self-registering
maximum and minimum thermometers and Fig. 5 these ther-
moneters mounted in the louevered shelter in most common
use. Thermometers must be exposed in the shade and so as
to have good air ventilation. Fig. 6 shows a good type of self
recording thermometer, or thermograph.

25. Temperature records.—Maximum and minimum
temperatures are important factors in crop development, as
plants may be damaged by a few hours of excessive heat or
killed by a brief period of freezing weather. The mean daily
temperature is obtained approximately by adding the high-
est and lowest temperature values together and dividing
by 2. Similarly the mean monthly temperature may be ap-
proximated by dividing the sum
of the daily ‘“means’” by the
number of days in the month.

26. Mean temperature and
vegetation..—Mean monthly
temperature figures are usually
given in climatological tables,
but weekly or ten-day means
are of more value in studying
Fie. 6—Richards thermograph, the relation between tempera-

or self-recording thermometer. ture and plant gI'OWth- Mean

maximum and mean minimum
temperatures are often of more importance in vegetation
than the mean daily temperatures because they represent
more clearly the actual temperatures that plants experience.

PRECIPITATION

Dove has said: “The atmosphere is a vast still, of which
the sun is the furnace, and the sea the boiler, while the eool
air of the upper atmosphere and of the temperate zones
plays the part of condenser, and we on a wet day catch some
of the liquid which distils over.”

27. Moisture in the atmosphere.—Water-vapor is one of
the most important constituents of the atmosphere. It is
essential to animal and vegetable life, and yet on a cold win-
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ter day it may not comprise more than .001 part of the at-
mosphere, and its maximum on a warm summer day near the
seashore is never more than about .05 of the atmosphere.
28. Depends on the temperature.—The temperature de-
termines the amount of invisible moisture that can be present
in the atmosphere as is shown by the following, giving the
weight of water vapor 1n the atmosphere when completely

saturated: Weight of a cubic foot
Temperature of saturated vapor.
degrees F. Grains troy
100 19.766
80 10.933
60 5.744
40 2.849
20 1.235
0 0.481
—10 . 0.285
—20 0.166
—40 0.050

This indicates that at a temperature of 40° it is not possible
for the air to contain more than one-half as much water-
vapor as it can at 60°, Almost one-half of the total water-
vapor in the whole envelope of air that surrounds the earth is
within one mile of the earth’s surface, while one-half of the
atmosphere is above three and one-third miles.

At a height of six miles above the surface of the earth,
where the temperature is about 60° below zero, the total
amount of water-vapor is only one ten-thousandth of the
atmosphere.

29. Evaporation.—The process by which a liquid becomes
a gas or vapor is termed evaporation. The rate of evapor-
ation or the rapidity of the escape of the molecules from the
water surface into the atmosphere in the form of vapor de-
pends on the temperature, wind velocity, dryness of the
air, and to a slight extent the pressure.

30. Humidity.—The amount of water-vapor present in’
the atmosphere is called the absolute humidity, and it may
be expressed in the weight of the vapor in a unit volume,
or in the expansive force that the vapor exerts termed va-
por pressure. The absolute humidity usually varies with
the temperature.
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31. Relative humidity.—The absolute humidity divided
by the saturation humidity at the same temperature is
called the relative humidity. It is expressed in percentages.
The diurnal relative humidity curve varies inversely as the
temperature.

32. Saturation.—When the water-vapor present in the
air is one-half as much as possible at the temperature, the
relative humidity is said to be 50° per cent. When three-
fourths, the relative humidity is 75 per cent. When the
relative humidity is 100 per cent, the air is said to be com-
pletely saturated.

A room 20 x 20 feet and 10 feet high contains 4,000 cubic
feet of air. If this air were completely saturated at a tem-
perature of 80°, there would be 3 quarts of water in the at-
mosphere in an invisible form. If the tem-
perature should be 60°, only 3 pints of water
could be held in suspension in the atmos-
phere of the room. If the temperature of
the air should be zero, it could contain less
than 0.3 of a pint of water.

33. Dew-point.—The dew-point is the
temperature of saturation for the moisture
present. During the warmest part of the
day, while the actual amount of moisture in
the atmosphere is usually large, the amount
is seldom sufficient for saturation, and the
relative humidity is generally low. As the
temperature falls in the late afternoon, the
capacity for moisture decreases, hence the
relative humidity increases. When satura-
tion is reached, the temperature is at the
dew-point. Any further cooling will cause
part of the moisture to condense in the form
; of dew, fog, frost, or cloud. The différence
L between the temperature of the air and the
F1a.7—Sling- dew-point temperature is called the com-

psychrometer.  plement or depression of the dew-point.

34. Measuring the moisture in the at-
mosphere.—The sling-psychrometer or whirled psychrometer
is used to deterinine the dry and wet bulb temperatures (see -
Fig. 7). From these data and simple hygrometric tables, the
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absolute and relative humidity and dew-point temperature
can easily be determined.

35. Condensation.—The natural processes of the con-
densation of the water-vapor in the atmosphere into visible
form depend on a decrease in temperature. If the tempera-
ture of the air in a room is at 80° and if the space is completely
saturated, about one-half of the moisture would be foreed to
condense if the temperature should be lowered to 60°. The
condensation of the moisture would take place upon the cloth-
ing and other objects in the room which might be cold. The
sweating of ice pitchers is a well known example of the con-
densation of moisture upon any object the temperature of
which is below the dew-point.

36. How clouds are formed.—The temperature of the .
air is cooled sufficiently to cause the condensation of the sur-
plus moisture into fog or cloud: (1) by expansional or dy-
namic cooling due usually to vertical convection; (2) by
contact cooling; (3) by the mixture of masses of air of un-
equal temperatures; (4) by radiation.

37. Cloud types.—There are three main cloud types.
(1) Cirrus, very high fibrous, white clouds that are composed
of ice particles (see Plate I). (2) Stratus, a low, fog-like
cloud of wide extent. From the top of high elevations these
clouds have the appearance of valley fogs (Plate II). (3)
Cumulus, a flat-bottomed cloud with rounded top (Plate ITI).
The cumulus is a typical fair weather cloud, but will fre-
quently grow into the cumulo-nimbus or thunder head, as
shown by Plate IV. There are many combinations of these
cloud types some of which are very beautiful. A nimbus is
any cloud from which rain is falling. This is frequently
classified as a fourth cloud type.

38. What makes it rain.—Rain is caused whenever a
large mass of air is cooled below its dew-point or tempera-
ture of complete saturation. Clouds are formed just as soon
as the dew-point is passed and condensation into visible
drops begins to take place. If the cooling continues, large
drops will be formed from the smaller cloud particles and
these drops will fall to the earth as rain.

Vigorous cooling in masses of air of sufficient quantity to
cause any considerable amount of precipitation is brought
about only when the air is cooled by expansion. When a
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mass of air is carried to higher altitudes by any cause it ex-
pands, because there is less air above it and the presure on
it is less and this act of expansion reduces its temperature.
The rate at which it cools, before it reaches the tempera-
ture of complete saturation, is 1° F. for every 188 feet. After
condensation begins, the rate of cooling is considerably less.
If a current of air with a temperature of 80° and a relative
humidity of 75 per cent is forced up to ten times 188 feet, or
but little more than one-third of a mile, some of the moisture
must be condensed into clouds and rain.

Ascending air is cooling and is then apt to be cloudy and
rainy; descending currents of air are warming, the capacity
for moisture is increasing instead of decreasing, and they are
most likely to be accompanied by clear skies.

39. Rainfall increases with elevation on the windward
side of mountains.—Currents of air blowing over a range
of mountains are being cooled by expansion at the adiabatic
rate, and the temperature is decreasing, hence there will be
an increase in the rainfall up to a certain level, depending on
the topography, and the like. The maximum level 1s
about 5,000 feet in the western mountains, but it varies in
different places. Precipitation decreases
with higher elevations on the windward
side, and then decreases with decreasing
elevation on the leaward side, as the air
there is being warmed by compression.

40. Measuring rainfall. —Fig. 8 shows
one type of self-recording ram—gage, while
Fig. 9 illustrates the ordinary rain-gage
with a cross-section to show the different
parts. The receiver of the standard
(United States) is 8 inches in diameter,
while the area of the inner tube is one-
| tenth of that of the catching surfacie.
; - . The amount of fall is measured, on a scale
ﬁ?ﬁ;@;ﬁﬁ};fﬁi& of 1 to 10, with an ordinary rule. That

rain-gage. is, 1 inch of water in the gage is 0.10

inches on the surface of the land, and so
on. Amounts less than 0.01 inch (0.1 on the rule) are re-
corded as “T'”’ (trace), an amount too small to be measured.

41. Rainfall data.—Rainfalls are tabulated by daily,
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monthly, seasonal, and annual amounts, and long-period
averages of these. The National Weather and Crop Bulle-
tin published by the Weather Bureau shows weekly rainfall
charts or tables. From an agricultural point of view, all pre-
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F1a. 9.—Standard 8-inch rain-gage, with vertical cross-section.

cipitation data should be tabulated and published in weekly
or ten-day periods.

42. Snow is composed of tabular or columnar particles
of ice formed in the free air at temperatures below freezing.
All are hexagonal in form but of endless variety in detail.
The amount of water from snow averages about 1 inch for
every 10 inches of snow.

43. Sleet is composed of ice pellets, or frozen rain-drops
(or largely melted snowflakes refrozen) due to the falling of
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precipitation through a cold layer of air near the surface of
the earth. Sleet occurs only during cold weather.

44 Hail. —Lumps of ice more or less irregular in out-
line, generally consisting of concentric layers of clearish ice
and compact snow, are designated as hail. As defined by the
Weather Bureau, hail can occur only in connection with
thunder-storms, hence will rarely be seen and then only in
warm weather. Sometimes hailstones are found as large as
a base-ball, or again of the size and shape of saucers.

45. Dew is water that has condensed on objects the
temperature of which is below the current dew-pomt of the
air that is in contact with them. The cooling necessary for
the formation of dew is usually due to the loss of heat by
radiation.

46. Frost is a light feathery deposit of ice caused by the
same process that produces dew, but occuring when the tem-
perature of objects on which it forms is below freezing.

47. Glaze (ice storm) 1s a coating of clear smooth ice
on the ground, trees, and so on. It is usually caused by
rain falling on objects that have a temperature below
freezing. '

48. Intensity of rain.—It makes considerable difference
in the growth of crops, whether the rainfall is in the form of
a few heavy downpours or whether it comes in frequent light
showers. Most climatological tables show the number of
days with a rainfall or 0.01 inch or more, and the rainfall in-
tensity can be determined by dividing the total weekly or
monthly fall by the number of rainy days. It would be an
excellent plan iIf the number of days with 0.25 inch or more
were also given in the tables.

49. Rain-making.—It has been held by many that it is
possible to produce rain at will, and rain-making fakers have
sometimes reaped rich harvests during periods of serious
drought. It can be stated, however, that the processes of na-
ture in producing rain are on far too large a scale to be du-
plicated in the slightest degree by man and that it is abso-
hutely impossible for man to produce an appreciable rain-
fall in the open air over a considerable area. For example,
the rainfall in Europe during the late war was only about
normal notwithstanding the most terrific cannonading and
bombing that the world ever saw.
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50. Shooting hail-storms and tornados.—Some irrationsl
speculations die hard and there are persons and communities
in Europe and probably in this country that still believe it
is possible to prevent hail and tornado damage by bombing
the approaching storm cloud. Here again the forces of na-
ture are too large to be dissipated by man—made efforts.
Careful inquiries by capable men in France and elsewhere
have failed to show any effect of hail firing whatever, but
that the hail-storms continue to occur and that hail falls upon
the “protected” and unprotected alike.

CIRCULATION OF THE ATMOSPHERE

If there is a difference in the temperature of the masses of
air over two adjoining regions, there will be, through the ac-
tion of gravity because of the resulting difference in pressure,
a continuous overflow of air from the warmer to the colder

, and an underflow from the colder to the warmer.

51. What makes the wind blow.—Movements of the at-
mosphere, or winds, are due to differences in pressure, eaused
by difference in temperature and modified by the rotation of
the earth. *

52. Surface currents.—The large general movements of
the atmosphere at the surface of the earth are: (1) The so-
called doldrums or equatorial calms which surround the
earth at the heat equator, where there are strong ascending
currents; (2) the trade-winds which blow toward the warm
equatorial belt, from a northeasterly direction in the nor-
thern hemisphere and a southeasterly direction in the south-
ern bemisphere, from about latitude 30°; (3) the “horse lat-
itudes”, or areas of partial calms at about latitude 30°, where
there is an apparently well-defined descending current; (4)
the prevailing westerlies which occur in temperate latitudes
north of about latitude 25° to 30° in the Northern, and south
of about latitude 25° to 30° in the Southern Hemisphere.

53. General currents interrupted.—All these general
currents are interrupted or confused by the differences in
temperature which occur over large land and water areas;
by seasonal variations in temperature; and by storms or
other local disturbances.

54. Most important interruptions outside of the doldrums
due to high and low pressure areas.—In temperate lati-
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tudes there is a constant succession of high and low pressure
areas known, respectively, as anticyclones and ecyclones
which move in a west to east direction. As seen in Chapter
X, the surface winds blow diagonally away from areas of
high pressure and diagonally toward areas of low pressure.

b56. Monsoon winds.—Another marked interruption of
the general currents is due to the temperature contrast be-
tween large land and water areas. The land is warmer than
the water in the summer and colder in winter, and as a result
there is a movement of the air from the colder toward the
warmer of the two adjacent areas. Monsoon winds are,
therefore, seasonal winds.

56. Land and sea breezes.—Contrasted with the sea-
sonal monsoons which prevail over large areas, there is a
daily movement of the air over narrow areas along sea-coasts
called land and sea breezes. The air along the coast flows
toward the land in the daytime and toward the water at night.
The sea breeze is felt for only a few miles, inland but it fur-
nishes a pleasant relief from the heat where it does occur.

657. Mountain and valley winds.—In some mountain
regions, there is a well-defined movement up the valleys in
the daytime and an even more marked movement down the
valleys at night.

b68. Cold waves.—When a well-defined and energetic
cyclonic area moves eastward across the central Mississippi
Valley and the Great Lakes, strong southerly winds to the
south and east of the center will cause unseasonably high
temperatures, especially in winter time. With the shift of
wind to west and northwest, as the center of disturbance
moves eastward, the tetmperature falls rapidly. When the
approaching high is large and well-defined, the northwest
winds, often accompanied by snow squalls, are strong and the
fall in temperature in twenty-four hours sometimes amounts
to 40° or 50° or even more. These are the conditions which
make up the well-known winter cold wave of the United
States. After the windy front of the anticyclone has passed
and the center lies over a distriet, the nighttime temperatures
will be very low, especially in the valleys, under the influence
of radiation and local surface “air drainage.”

69. Tornadoes and waterspouts.—The tornado is the most
diminutive and yet the most violent and destructive of all
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storms. It may be defined as a violent wind-storm accom-
panied by hail, thunder, and lightning, in which the air masses
whirl with great velocity about a central core while the whole
storm travels across the country in a narrow path at a con-
siderable speed. When seen from a distance, the tornado has
the appearance of a dense cloud mass, usually in violent agita-
tion and with one or more pendant funnel-shaped clouds
which may or may not reach the earth. Waterspouts are
tornadoes that occur over bodies of water. The visible water-
spout corresponds to the pendant cloud of the land tornado.

60. The tornado tube.—The tornado tube in its projec-
tion downward from the cloud mass is a simple vortex and
obeys the laws of fluids in gyratory motion. A partial vacuum
is produced at the center of the whirl, the low temperature
which results generates the sheath of vapor that makes the
tube visible and the wind about the vortex prostrates every
obstacle. Neither the air pressure nor the wind velocity have
ever been measured near the center of a tornado but from
the force necessary to move certain objects it has been cal-
culated that the wind must blow at the rate of well over 100
miles an hour and may reach a velocity of several hundred
miles an hour.

61. Where tornadoes occur.—The region of greatest fre-
quency of tornadoes is the central plains states and the Miss-
issippi Valley, where they oceur most often in April and May.
They may occur in the Gulf states in the winter or early
spring, and in the northern states in symmer. The southern
margin of a tornado is more dangerous than the northern,
and as the width of the path of greatest destruction may not
be more than a few yards or rods, a person can frequently
find safety by running toward the northwest, if the tornado
seems to be approaching directly.

62. Hurricanes.—Most of the cyclonic storms which gain
such a velocity of gyration as to constitute hurricanes origi-
nate within the tropies. Those originating north of the
equator move northwestward, many reaching latitude 20° or
more and then recurving toward the northeast. Those of the
Southern Hemisphere first move southwestward, and later,
in many cases recurve towards the southeast. Hurricanes
are the most destructive of all storms. They have all the
characteristics of tornados but instead of being a few rods
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in width, their path of destruction may cover several hun-
dred miles, and instead of their duration being less than one
minute, as is the case with tornadoes, the terrific winds and
rain accompanying them may last from twelve to twenty-
four hours. Hurricanes seldom occur in the Northern Hem-
isphere except in the late summer or early autumn. Although
there are an average of about ten annually that touch some
portion of the Atlantic or Gulf coast, an average of less than
one a year is severely destructive.

63. A severe hurricane.—The most intense hurricane of
which there is record in the history of the coast of the Gulf
of Mexico, and probably in the United States, moved into the
lower Mississippi Valley on September 29, 1915. The pres-
sure fell to 28.11 inches at New Orleans at 5.50 p. M., on the
29th. The wind reached a five-minute velocity of 86 miles
an hour from the southeast at 5.10 p. M., on the 29th. The
extreme velocity was 130 miles an hour. At Burrwood,
Louisiana, 100 miles south of New Orleans, the velocity was
the highest ever recorded on the Gulf Coast. At Burrwood,
the extreme wind for one minute was 140 miles an hour, at
3.45 ». M., the maximum five-minute velocity was 124 miles
an hour, and from 3.31 to 3.50 p. M., the average velocity was
116 miles an hour. From 3.00 to 4.00 p. M., the average
velocity was 108 miles an hour; from 4.00 to 5.00 ». M.,
106 miles an hour; and from 5.00 to 6.00 p. M., 96 miles an
hour. The total loss of life in 300 miles of coast line was only
275. Twenty-three of these fatalities were known to be due
to an absolute disregard of warnings at Rigolets. The prop-
erty loss was probably more than $13,000,000. At Leeville,
of the 100 houses in the village, only one was left standing.

64. Other winds.—Other winds of considerable interest
in the United States are the “warm wave,” the “blizzard,”
the “hot winds” of the Great Plains, and the“chinook.”

65. Warm wave.—This is a moisture-laden wind that
blows from the south into an advancing cyclonic or low pres-
sure area. It is particularly well-marked in the winter time
in the central and eastern states, when almost summer heat
may be experienced. The Italian name ‘“‘sirocco” is some-
times given this wind.

66. Blizzards.—The blizzard is characteristic of the Great
Plains and is a very strong, cold wind ac¢companied by fine
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snow or ice particles. Its onset is sometimes accompanied
by a drop in temperature of 30° to even 60° in a few hours.
Blizzards frequently cause great loss of stock and sometimes
of human lives.

67. Hot winds.—During long dry spells over the Great
Plains, marked hot winds occur which cause great damage,
particularly to corn. While they prevail, the transpiration
is far greater than the moisture the roots can supply from
soil that has already been depleted, and corn is frequently
ruined over considerable areas. These winds sometimes
occur at night and are so hot that persons are aroused with
the belief that a fire is near.

68. Chinooks.—The chinook occurs mainly on the east-
ern side of the Rocky Mountains particularly in Montana
and Wyoming, but may be felt in any mountain region. It
is a hot dry wind which usually makes its appearance sud-
denly and may raise the temperature by 40° to 50° F. in a
few minutes. Chinooks are locally known as “snow eaters”
as the snow evaporates very rapidly and large areas previ-
ously snow-covered are made available for grazing. The
name “‘chinook” is a local American
term for a widespread type of wind to
which the generic name ““foehn” is ap-
plied by meteorologists. Its warmth
is due to the dynamic heating of a
mass of air that is rapidly descending
from a considerable elevation.

69. Measuring the wind velocity.
—Wind velocity is measured by
means of a pressure-gage or most
usually in the United States by a
rotation anemometer as seen in
Fig. 10. This will show by means of
a dial- the total wind movement for
any short period of time, while by v s Rsdigy o
the use of a registering apparatus the [ o0 a1 onecthird
time that it takes each mile of wind t0  {1at of the wind.
pass the point is recorded. The E
“maximum”’ wind as reported by the Weather Bureau is the
greatest number of miles recorded in five minutes of time.
The extreme velocity is the quickest time for any single mile.

F1a. 10.—Robinson’s ane-
mometer. The cups
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The cups in the Robinson’s anemometer are 4 inches in
diameter while the supporting arms are 6.72 inches long.
With these dimensions the cups move at approximately one-
third the velocity of the wind. One mile of wind will cause
500 revolutions of the cups.

70. The pressure exerted by wind.—Within a range in-
dicated approximately by velocities of 3 and 50 meters a
second (614 and 112 miles an hour), the pressure of the wind
varies nearly as the square of the velocity. In any instance
the actual pressure also depends on the character and di-
mensions of the surface and the density of the air which, in
turn, is a function of the barometric pressure and the tem-
perature of the air. At sea-level, under ordinary conditions,
wind-pressures may be determined with fair accuracy by the
formula,—

P = 0.0735 SV?

in which P is the pressure in kilograms to the square meter of
surface exposed normal to the wind, S the surface in square
meters, V the velocity in meters a second, and 0.0735 a fac-
tor determined by experiment.

The following indicates the pressure corresponding to the
velocity of the wind as recorded by the Weather Bureau anem-
ometers :

Indicated wind velocity Wind pressure; pounds
tn miles per hour per square foot

10 0.369
20 1.27

30 2.64

40 4.4

50 6.66

60 9.22

70 12.2

80 15.5

90 19.2

71. Estimating wind velocity.—When no instruments are
available for measuring the wind velocity, as is generally the
case at sea, it may be estimated approximately by means of
the following scale, which is the Beaufort or standard scale
in most common use :
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Beaufort Explanatory  Miles per

number titles hour Apparent effect

0 Calm Less than 1 Calm, smoke rises vertically.

1 Light air 1to3 Direction of wind shown by
smoke drift, but not by wind
vanes.

2 Slight breeze 4 to 7 Wind felt on face; leaves rustle;
‘'ordinary vane moved by wind.

3 Gentle 8 to 12 Leaves and small twigs in con-

breeze stant motion; wind extends
light flag.

4 Moderate 13 to 18 Raises dust and loose paper;

breeze small branches are moved.

5 Fresh breeze 19 to 24 Small trees in leaf begin to
sway; crested wavelets form on
inland waters.

6 Strong 25 to 31 Large branches in motion; whis-

breeze tling heard in telegraph wires;
umbrellas used with difficulty.

7 High wind 32 to 38 Whole trees in motion; incon-
venience felt when walking
against wind.

8 Gale 39 to 46 Breaks twigs off trees; generally
impedes progress.

9 Strong gale 47 to 54 Slight structural damage occurs
(chimney pots and slate re-
moved).

10 Whole gale 55 to 63 Seldom experienced inland;
trees uprooted; considerable
structural damage occurs.

11 Storm 64 to 75 Very rarely experienced, accom-
panied by widespread damage.

12 Hurricane Above 75

LABORATORY EXERCISES

1. Paragraph 6. By expelling the breath into a tall drinking glass
and then inserting a lighted match, the effect of the excess of carbon
dioxide and the lack of oxygen will be seen. One should never go into
an old well or deep cistern or a partially filled silo without first lowering
a candle or lantern into it. If the light is extinguished, there is a dan-
gerous excess of carbon dioxide,

2. Paragraph 10. Determine the variation in pressure at different
elevations by means of an aneroid barometer. A delicately adjusted
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instrument will show a difference in pressure between the floor and the
top of an ordinary table.

3. Paragraph 15. Expose one thermometer to direct sunshine, and
another near the first, but shaded from the sun.

4. Paragraph 17. Obtain temperature at different elevations on
clear still nights.

5. Paragraph 18. Study the records from a thermograph in clear
weather as compared with cloudy weather. (par. 19)

6. Paragraph 24. Observations should be made with thermometers
properly exposed.

7. Paragraph 34. Determine absolute and relative humidity and
dew-point with a sling psychrometer.

8. Paragraph 37. The main cloud types should be learned.

9. Paragraph 71. Practise estimating the wind velocity wherever
anemometer records are available to verify the estimates.
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CHAPTER II
AGRICULTURAL METEOROLOGY

Agricultural meteorology may be defined as ‘“meteorology
in its relation to agriculture.” It considers the vegetation
and animal life of the globe, the distribution of food and
other crops, and farm operations as aifected by climate. It
shows the effect of weather on the growth and yield of crops. -
It treats of the influence of climate and weather on insect
activities, the development of plant diseases, and the pro-
tection of crops, animal life, and buildings from damaging
meteorological phenomena.

72. Conditions for plant growth.—There is an optimum
combination of temperature, moisture, and sunshine in which
plants make their best growth, and under which the largest
yields will be obtained. Food is available to the roots of
plants only in a soluble form;. it is carried into the plants and
converted into vegetable tissue under the influence of solar
energy expressed in heat units or calories.

73. Factors must be in correct proportion.—If there is
not enough moisture to furnish sufficient soluble plant-food,
part of the solar energy is wasted, while on the other hand if
there is more food brought to the roots than the solar energy
can utilize, the food material is wasted. In the arid districts
too little food is available, under natural conditions, for the
solar energy, but when, through irrigation, a large amount of
food is made available, large crop yields result. Moisture is
the controlling factor in these regions. In the highest lati-
tudes, there is generally an excess of moisture and a deficiency
of heat. These are the conditions that prevail in much of nor-
thern Europe, Alaska, and some high mountain regions.
Here the crop yields are largely a question of temperature
variations.

74. Requirements vary.—Different plants require unlike
proportions of moisture, heat, and sunshine, and most

23
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plants require varying amounts for best growth at different
stages of development.” A few plants require hot arid climates
while others reach their best development only in cold moist
regions.

76. Critical periods of growth.—Many plants have a
certain (frequently short) period during growth when there
must be a well-defined combination of certain weather factors
to produce large crop yields ; others have the ability to stand
nearly dormant when unfavorable conditions prevail, but
will revive and make an excellent growth when the weather
factors are in correct proportion.

76. To determine critical period.—There are three well-
defined methods for determining the most critical period of
growth of farm crops and the weather factor having the great-
est influence in varying the yield: (1) Laboratory experi-
ments; (2) field observations; (3) correlations of weather
with past records of crop yields.

77. Laboratory experiments.—One method is to carry
out laboratory experiments in which the various factors can
be under control. The moisture, temperature, and sunshine
are the most important meteorological factors, and by keep-.
ing two of these constant and varying the other, its influence
can be determined. Or one can be kept constant and the other
two varied. Some work of this kind has been done, but the
experiments that may and should be made are sufficient to en-
gage the attention of many men. It requiresspecial apparatus
and close attention and should be attempted only by trained
plant physiologists, or ecologists.

78. Field observations.—With the most carefully ar-
ranged details, the conditions that surround plants in the
field can hardly be duplicated in the laboratory tests. Hence
it is desirable that detailed records be made of all the
meteorological factors and the growth and yield of various
crops at many different places and covering a period of
many years.

79. Observations in Russia.—Russia was the pioneer in
the organization of a group of agricultural-meteorological and
horticultural-meteorological stations to determine quantita-
tively the relation of different climatic factors to erop produc-
tion. The Russian Bureau of Agricultural Meteorology was
authorized in 1894 and observations were begun in 1896. In
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1912 Russia had observations under way at eighty-one differ-
ent experiment stations where meteorological records were
being kept as near as possible to the test plats.

80. Records in Canada.—Similar records were begun in
Canada in 1915 at fourteen different experiment farms where
particular attention was given to spring wheat. Some results
have been published, but the records should cover several
years to make the correlations conclusive.

81. Records in the ‘United States.—A division of Agri-
cultural Meteorology was organized in the United States
Weather Bureau early in 1916, and one of the first important
things done was to start plans for the inauguration of agri-
cultural meteorological stations at each of the main agricul-
tural experiments stations in each state. The war emergency .
made it necessary to hold these plans in abeyance, however.
It is believed by the chief of this Division that this is one of
the most important steps that can be taken in the interest of
agriculture in this or any other country. The climate of the
United States is so varied, the crops are so diversified and the
yield so variable, that a careful record of all the weather fac-
tors and the consequent development of the crop plants must
be made for several years to determine the critical periods of
growth,

82. Value of records.—If it is found, for example, that a
light rainfall in May means a small hay crop, other forage
crops can be planted. If it has been learned that the crop
of winter grains will be reduced by certain weather during the
winter, the spring grain area can be increased if these weather
conditions prevail. When the water requirements of various
crops are determined for different stages of growth, water can
be more economically handled in the arid and semi-arid re-
gions of the West. The climate of a district will be more care-
fully studied and crops planted that are best adapted to the
prevailing climate, or where the season is long enough, seed-
ing will be done at such a time as will bring the critical period
of growth when the weather factor most affecting it will be
nearest its optimum for that ecrop. There are innumerable
ways in which this knowledge can be applied. Much has
already been done by experiment stations in this direction
but the work lacks the system and correlation that would be
obtained under definite direction.



26 AGRICULTURAL METEOROLOGY

83. Correlation of weather with past records of crop
yields.—While records and results are being accumulated
by laboratory experiments and field observations, much valu-
able knowledge can be obtained by a mathematical correla-
tion of accumulated climatic data with records of crop yields
during past years. The manner of making these correlations
will be explained in Chapter IV and some of the results al-
ready obtained will be shown in Chapters VII to IX.

84. Not a new science.—While the term ‘agricultural
meteorology’’ is new, the importance of studying the relation
of weather to crops has been recognized and referred to by
agriculturists and meteorologists for many years. Measure-
ments of rainfall were made in Palestine in the first century
of the Christian era, and there was a network of rainfall sta-
tions in the important rice-growing districts of Korea as early
as the middle of the fifteenth century. As this crop needs a
large amount of moisture during its growth, it is only reason-
able to suppose that the farmers of Korea made a practical
use of their knowledge of the distribution of moisture in con-
nection with the growth of this important food crop.

LABORATORY EXERCISES

1. Paragraph 77. Carry out some laboratory experiments as in-
dicated in paragraph 77. Consult the plant physiologist.

2. Paragraph 78. All students should keep a detailed record of
weather effects. In the summer select some particular plant or field, or
some fruit-tree, and record its growth and condition in connection with
the weather condition prevailing. Determine the moisture-content of
the soil at frequent intervals (consult the agronomist); record the tem-
perature of the soil each day.

In winter keep a record of the snowfall and the depth of snow cover-
ing and its effect on grain and grass fields.

Record the effect of temperature and sunshine on fruit-buds ; note
any swelling and subsequent temperature damage.

Record the effect of variations in sunshine on greenhouse plants. It
has been found that head lettuce that is raised in such large quantities
in greenhouses about Boston cannot be successfully grown in the vieinity
of Cleveland, Ohio. Why? Is it because of less winter sunshine at the
latter place ?

Record the effect of temperature on the amount of food consumed by
stock.
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CHAPTER III
AGRICULTURAL CLIMATQLOGY

That branch of agricultural meteorology which deals with
the relation of climate to vegetation and farm operations is
called “agricultural climatology.” The climate largely de-
termines the vegetation natural to a region, the kind of crops
that can be grown profitably and, therefore, the types of farm-
ing, and in a general way the characteristics of the people who
live in any region.

86. Climate and man.—It has been stated that the native
of the tropics, where nature is lavish and provides food ready
for use by simply gathering it, where only slight protection
is needed from rain and wild beasts, and where custom ex-
pects the simplest as well as a very slight amount of clothing,
has, by building a simple hut and planting a few bread-fruit
trees, made as full a provision for his family as the man in the
upper temperate region by building a warm house and carrying
on the cultivation of large crop areas. In each case the neces-
sities of life are provided.

86. In the arctic, where agriculture is not possible, the
food of man is fish and meat. His houses are made of drift-
wood and ice and snow, while clothing is from skins. His
wants are few and these regions are inhabited by a happy and
improvident people.

87. In the temperate zone.—The most highly developed
people are in the temperate zone. In the tropics life is too
easy and in the arctic too hard, and in each case the wants
are few and there are found the people least developed men-
tally and physically. In the temperate regions where man
must work through the growing season to provide food for
the winter, where there is a constant struggle to keep the
fields free from weeds and the encroaching native vegetation,
are the most inventive and best developed people in every
way.
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88. Native vegetation a key to field crops.—A study of
the native vegetation will frequently enable one to determine
what crops can be grown most profitably, and it is the prob-
lem of the plant ecologist to establish these relations. In some
sections of the Rocky Mountain region, the ‘‘grass-steppe,’’
the “sage-brush steppe,” the “pinyon pine juniper,” the
“yellow pine,” the ‘“‘lodge-pole pine,” and the ‘Engelmann
spruce-balsam’’ represent zones of increasing rainfall but de-
creasing temperature, respectively, and show well defined
agricultural possibilities, In the grass-steppe, the tempera-
ture is high enough for field crops, but the rainfall is insuffi-
cient. In the Engelmann spruce-balsam fir forest zone, on
the other hand, the annual rainfall may run as high as on the
best agricultural lands in the East, but the temperature is too
low and the growing season too short for crops, although sum-
mer grazing is excellent in the open parks. Between these
extremes and corresponding to the respective zones, are: (a)
excellent farming and orchard lands; (b) small grains, pota-
toes, garden crops, and orchards; (c) oats, barley, potatoes,
alfalfa, and hardy garden crops; and (d) grazing only.

89. Importance of temperature.—While the lack of mois-
ture is the limiting factor in successful agriculture in many
sections, the temperature is the most important factor in de-
fining the large areas of certain crop distribution or plant va-
rieties. In the north temperate zone it is the winter tem-
perature that limits the northern distribution of crops, and
the summer temperature that restricts them at the southern
edge.

90. Seasonal development of crops.—The seasonal de-
velopment of all vegetation is determined by the climate of
the particular region. Hopkins has determined that, other
things being equal, the variation in the time of occurrence of a
given periodical event in life activity under the influence of
climate, obeys a well defined law.

91. Bioclimatic law of latitude, longitude, and altitude.—
Hopkins has given the above designation to the law that
shows the variation in climate and through that the develop-
ment of plants and of insect activities. He states that in tem-
perate North America this variation is at the general aver-
age rate of four days to each degree of latitude, each 5 degrees
of longitude, and each 400 feet of altitude. The phenological
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dates are later northward, eastward, and upward in the spring
and early summer, and the reverse in the late summer and fall.

92. Local influences.—Departures from this general law
are the result of local factors. Accelerating influences are
sunshine, dryness, prevailing warm winds, southern slopes,
broad valleys, sandy soils, absence of large bodies of water,
and the like. The retarding influences are the opposite con-
ditions. Southern or northern slopes may vary this rule from
one to four days, while coastal influences may amount to ten
to fourteen days.

93. Practical application of law.—After determining the
climate at a few well located places, and the average influence
of this climate in developing vegetation, the climate and plant
development at other places where records are not available
can be determined by the bioclimatic law. The proper date
for seeding winter wheat in order to escape hessian fly dam-
age, for example, can be determined; the limiting zone of
natural forest cover can be ascertained; the optimum local-
ity for growing certain crops found in new regions; the proper
dates for planting crops with the average time from seeding
to harvesting, together with the possible number of days be-
tween frosts; the probable date of harvesting crops; the
probable time of occurrence of insect pests; the proper time
for spraying found; the northern and southern limit for cer-
tain crops established, and in general as an aid in solving
some of the problems constantly coming before the farmer
everywhere. :

94. An aid in farm management.—In old settled regions,
the best crops to grow as well as the best methods of han-
dling the crops have become well established by the “survival
of the fittest.” In newer districts, the bioclimatic law, using
the settled regions as a base, will aid in all kinds of farm oper-
ations, and in determining the best crops to plant.

95. Natural vegetation an aid in determining best dates
for farm operations.—Properly recorded and correctly in-
terpreted periodical events in natural vegetation serve as ex-
cellent keys for proper farm operations because these events
are the result of all the climatic and other factors making up
the environment. Some examples of commonly recognized
events in the advance of the season are the following: the
opinion of the Indians that the proper corn planting time is
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when the white oak or maple leaves are the size of squirrel
ears; the saying in the Rocky Mountain region that sheep
shearing should not be done until the ““spring sown grain be-
gins to carpet the fields in green,”” or “the wool goes off as the
fruit blossoms come on”’; calling the Amelanchier canaden-
sts, or “‘lance-wood”’ bush the “shad-bush,” because when it
came into bloom it was recognized along the Atlantic Coast
that it was time to fish for shad. The ornamental shrubs are
more or less constant in this response to the advance of the
season and serve as very good guides.

96. Phenological records desirable.—Every person inter-
ested in agriculture should keep detailed records of the sea-
sonal events of a few native trees, the dates of planting of va-
rious crops, whether this planting was at the proper season to
produce quick germination, rapid. growth, and seasonal ma-
turing, and above all a record of the prevailing weather and
its effects.

97. Records from simple meteorological instruments val-
uable.—A properly located rain-gage, and a set of maxi-
mum and minimum thermometers exposed in an inexpensive
shelter, will give records of very great value in handling farm
work and in studying the effect of the weather on the condi- -
tion of different soils and the growth and yield of various
crops. The expense is small and the time necessary for the
records very little, while the results are very illuminating.
But with or without instruments, a daily journal of the
weather will be of untold interest and value as one year
follows another with its problems and queries as to reasons
for crop failure or success, insect activities, results of spray-
ing, and the like.

LABORATORY EXERCISES

1. Paragraph 88. Make maps of climate and zones of vegetation,
Different varieties of forests, different field, garden, and fruit crops.

2. Paragraph 89. Chart seasonal temperatures and crop distribu-
tion.

3. Paragraph 91. Verify the bioclimatic law by charting known dis-
tribution of well defined vegetation.
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CHAPTER 1V
CORRELATION

This chapter will explain briefly some of the simpler meth-
ods for finding the relation between definite weather con-
ditions and the yield of crops. The advanced student who
wishes to take up the matter in a more mathematical way
should consult text-books on harmonics and the theory of
statistics, and the references at the end of the chapter.

98. A common method.—Figs. 11, 41, 42, illustrate the
common method of showing the relation between two or more
factors. A horizontal line through the center of the chart is
considered the normal for all the factors, while figures at the
side indicate values above or below this normal. The years
are given at the top of the page.

Each curve is drawn independently of the others by plac-
ing a dot under each year opposite the side figures that show
the value of the particular factor for that year. The dots are
then connected by proper lines. ‘

In Fig. 11, the solid line, A, shows the departure of the po-
tato yield from the normal from year to year in Ohio. The
broken line, B, indicates the departure of the total average
rainfall of Ohio for June and July of each year from the nor-
mal. The dotted line, C, shows the departure of the average
temperature from the normal for the same months.

99. Relation of lines.—It is customary to say that when
two curves run together, that is, when one runs above the
normal line and the other does the same, and when one goes
below the normal line, the other usually follows, or when they
run in opposite directions, they show a correlation between
the factors, positive in the first case and negative in the sec-
ond. On this chart, therefore, inasmuch as the lines A and B,
representing respectively potato yield and rainfall, appear to
follow each other in a general way, it may be assumed that
there is some relation between the rainfall of June and July

34
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and the yield of potatoes. On the other hand, a careful in-
spection of curves A and C indicates an opposite bending of
the lines, and hence there must be a negative correlation.
The difficulty with this method of correlation, however, is
that while with two curves only a very general comparison
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F1e. 11.—Relation of weather to the yield of potatoes in Ohio,
1883-1909.

can be made, with three or more curves there seems to be
only a confusion of lines.

While this method can be used to show roughly the rela-
tion between two factors, it is not recommended for careful
work, and not at all when three factors are involved, because
of the confusion of lines.

100. A better method.—If three curves are to be used,
it is far better to arrange the years so that one of the factors
will have an increasing or decreasing value, as in Fig. 12. In
this chart the years are arranged so that the curve showing
the yield of potatoes runs from the highest yield regularly to
the lowest. Then, by drawing the other curves for the years
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as shown at the top, broad general correlations can be shown.
It will be found better in practice, however, to put only two
curves on the same diagram.

Examination of the curves on this chart 1ndlcates a slight
general relation between the yield and rainfall, and a strong
opposite relation between the yield and temperature When
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the yield is above the normal, the temperature is nearly al-
ways below normal, and when the yield is low the tempera-
ture is generally hlgh 2

101. Proper way to find the relation between two vari-
ables.—In all attempts to ascertain the relation between
two variables, such as rainfall or temperature and crop yield,
three steps are necessary: (1) Plot the data as in Figs. 13 to
17; (2) proceed to find the equation of the data on the chart
by the method of least squares and trace the caleulated
straight line or curve of nearest fit; (3) if it is found that the
relation between the two variables can be represented by a
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straight line quite as well as by a curve, the correlation coeffi-
cient may be calculated. In this case it is not necessary to
make the calculation under No. 2.

102. The dot chart the first step.—In all attempts to
ascertain the relation between two variables, it is practically
indispensable to make the easily-constructed dot chart, as
shown in Figs. 13-17. The data for Fig. 13 were taken from
Table 1 showing the average July rainfall and average corn
yield in Ohio from 1854 to 1913.

TABLE 1.—AVERAGE JuLy RAINFALL AND THE YIELD OF CORN IN
Onro, 1854 To 1913

Rainfall, Yield, Rainfall, Yield,
Year inches bushels Year inches bushels
1854 2.6 26.0 _ 1884 3.8 33.3
1855 5.8 39.7 1885 3. 36.8
1856 2.6 27.7 1886 - 2.9 33.5
1857 4.9 36.6 1887 252 30.5
1858 4.7 27.7 1888 4.4 38.9
1859 1.6 29.5 1889 4.2 32.3
1860 5.8 38.2 1890 2.0 24.6
1861 3.3 33.5 1891 3.8 35.6
1862 3.6 30.0 1892 3.8 33.3
1863 2.6 27.0 1893 2.5 29.1
1864 el 27.0 1894 1.6 32.6
1865 5.7 35.0 1895 2.0 33.7
1868 5.1 36.5 1896 8.1 41.7
1867 3.2 29.8 1897 4.6 34.3
1868 2N 34.4 1898 4.0 37.4
1869 4.8 28 .4 1899 4.2 38.1
1870 4.7 37.5 1900 4.6 42.6
1871 3.7 36.7 1901 2.7 30.0
1872 6.7 40.9 1902 4.7 38.8
1873 R6H2 35.1 1903 3.7 31.5
1874 3.8 39.2 1904 4.1 32.8
1875 6.9 34.2 1905 3.9 37.9
1876 6.4 36.9 1906 5.1 42.2
1877 3.7 32.5 ¢ 1907 5.4 34.8
1878 5.4 37.8 1908 4.1 36.1
1879 4.2 34.3 1909 3.8 38.7
1880 4.2 38.9 1910 3.2 36.6
1881 3.6 31.0 1911 2.4 38.6
1882 32 34.0 1912 5.7 42.8
1883 4.2 24.2 1913 5.2 37.8
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Fig. 13.—Dot chart showing the relation between the July rainfall
and the yield of corn, Ohio, 1854~1913.

103. How dot chart is madei—A dot is placed on the
chart for each year so that its location agrees with the rain-
fall value and the yield figures for that year. For example,
on Fig. 13, in 1913, the rainfall averaged 5.2 inches, while the
yield of corn was 37.8 bushels to the acre, hence the dot (in-
closed in brackets) was located to agree with these values.
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104. Potato yield and temperature.—Figs. 14 and 15
were prepared in a similar manner from data giving the mean
temperature for July and the yield of potatoes in Ohio and
Portage County, respectively.

105. No relation shown in Fig. 16.—When the dots are
promiscuously scattered over the chart, as in Fig. 15, there is
no relation between the factors and no further time need be
spent on their consideration. In other words, Fig. 15 shows
that the mean temperature for July has no dominating effect
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Fig. 15.—Dot chart showing the relation between the mean tempera-
ture in July and the yield of potatoes in Portage County, Ohio, 1884~
1913. '

on the yield of potatoes in Portage County, Ohio. (See Chap-
terssVII, VIII, and IX for further discussion of this matter.)

106. A negative relation in Fig. 14.—Fig. 14, however,
shows clearly that in general a warm July is unfavorable for
potatoes in the state of Ohio as a whole, and that a cool July
1s usually followed by a yield of potatoes above the normal.
The lines in the center of the chart indicate normal tempera-
ture and yield values.

107. Fig. 13 indicates a positive relation.——When the dots
are grouped as in Fig. 13, a positive relation is indicated. In
this particular case, the chart shows that the heavier the rain-
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fall in July in Ohio, the greater the corn yield will be, in gen-
eral. Both figures will be discussed further in Chapter VIII.

108. When mathematical correlations should be made.—
The dots in Figs. 13, 14 and 15 indicate not only that there
is a relation between the two factors, but that this relation
can be represented by a straight line. When the dots show a
definite linear relation or a relation that can be represented
by a curve, then the best fitting line or curve should be deter-
mined. This is step No. 2, under paragraph 101, and gives
the definite relation between the two variables. The for-
mula can be used in calculating one from the other, such as
yield from rainfall.

109. To determine the straight line of nearest fit.—The
calculation of the straight line of nearest fit by the method
of least squares will be illustrated by a method recently
evolved by the author for predicting minimum temperatures
on nights when radiation conditions prevail. The dot chart
in Fig. 16 shows for San Diego, California, the relation be-
tween the depression of the dew-point temperature from the
air temperature in the late afternoon, and the variation of the
minimum temperature during the following night from the
evening dew-point, as indicated by the figures and legend on -
the chart. The line A, B, was calculated by the method of
least squares, as shown by the following.

110. Equation for a straight line.—The equation for de-
termining the straight line of nearest fit, such as A, B, in
Fig. 16, is y=a-+DbR. In this’case R is the depressmn of
- the evening dew-point (. e., the number of degrees that the
dew-point is below the dry bulb or current temperature at the
evening observation); y is the variation of the minimum
temperature during the coming night from the evening dew-
point, or the value that is desired in predicting the minimum
temperature. The values a and b are unknown factors that
are determined by Table 2 and the calculation following.
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TABLE 2.—RELATION BETWEEN THE DEPRESSION OF THE DEW-POINT
IN THE LATE AFTERNOON, AND THE VARIATION OF THE MINIMUM
TeEMPERATURE DURING THE NIGHT FROM THE EVENING DEw-
POINT. SAN Dirgo, CAL., 20 NovEMBERS To 1916

(1) 2)

R y I35 Ry R v R? Ry
79 464 6241 45056 23 +9 529 4 207
63 444 3969 42772 17 +5 289 + 85
4 429 1936 1276 36 +30 1296 41080
53 433 2809 41749 25 416 625 + 400
57 432 3240 1824 6 +6 256 4+ 9
56 +30 3136 41680 18, 2255 IRRERTROR - 1113
51 435 2601 41785 RSN 64 + 64
49 427 2401 41323 .23 4+ 9° 520 4 207
39 +14 1521 + 546 22 + 8 484 4 176
46 427 2116 1242 4 +5 1% + 70
36 410 1296 + 360 28 +13 784 4 364
Gyl ATy Bl N IS 16 +1 256 -+ 16
44 427 1936 41188 14 0 196 0
36 421 1206 4 756 SN 64 — 16
27 RSN SO 38 423 1444 + 874
35 421 1225 + 735 27 413 729 4 351
33 +18 1089 4 594 2 4+ 8 484 + 176
R S (S R0 T 14' gt tge Vi 112
47 425 2209 41175 1 S L g ) bt el SRV
36 421 1296 1 756 37 +16 1369 + 592
33 420 1089 + 660 34 416 1156 4+ 544
34 420 1156 -+ 680 24 410 576 4 240
24 DEERSARBT6 - <l (264 14 +3 19 4+ 42
o1 S RTASERA N 47 1075 R S o e
43 424 1849 1032 31 415 961 + 465
37 421 1369 -+ 777 29 410 841 4 290
29 416 841 + 464 20 +1 841 4+ 29
28 +13 784 4 364 20 +8 400 + 160
2% +9 676 4 234 20 0 400 0
24 4+ 7 576 4 168 13 +1 169 4 13
6 +2 256 -+ 32 26 + 8 676 + 208
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(3) San DieGo, CAL., continued. “)
R ¥ R:? Ry R ¥ R2 Ry
24 + 9 576 +216 7 —3 49 —21
20 46 400 +120 7 —6 49 —42
11 — 4 121 — 44 7 —4 49 —28
21 + 9 441 +189 5 —9 25 —45
20 +7 400 +-140 1 —6 1 — 6
17 + 5 289 + 85 18 + 4 324 +72
11 0 121 0 16 4+ 2 256 +32
17 + 8 289 +136 14 +1 196 +14
13 — 6 169 — 78 10 +1 100 +10
12 +1 144 + 12 8 —4 64 —32
21 + 7 441 +-147 8 —5 64 —40
4 —1 196 — 14 7 —6 49 —42
14 + 6 196 + 84 5 —4 25 —20
11 0 121 0 4 —9 16 —36
10 —2 100 — 20 4 —9 16 —36
23 +10 529 +230 17 + 4 289 +68
18 -+ 6 324 +108 12 —3 144 —36
14 -+ 2 196 + 28 9 —1 81 — 9
13 0 169 0 8 0 64 0
1 + 8 121 + 88 7T — 4 49 —28
9 —2 81 — 18 5 —3 25 —15
9 +1 81 + 9 19 —4 361 —76
7 —6 49 — 42 10 —5 100 —50
19 +10 361 . +190 8 +1 64 + 8
13 —1 169 — 13 7 —2 49 —14
7 +7 49 + 49 4 —10 16 —10
5 0 25 0 3 —9 9 —27
5 —4 25 — 20 2 —11 4 —22
4 —9 16 — 36 15 + 3 225 +45
17 + 3 289 + 51 11 — 4 121 —44
17> - 47 289 +119 8 —9 64 —72
10 —3 100 — 30 7 —3 49 —21
7 —35 49 — 35 7 —1 49 — 7
6 —6 36 — 36 6 —6 36 —36
17 + 2 289 + 34 6 —8 36 —48
1 —2 121 — 22 6 —4 36 —24
7 —5 49 — 35 5 —3 25 —15
7 —1 49 — 7 5 —5 25 —25
7 0 49 0 13 0 169 0



(5) San Dikco, CAL., continued.

Sums 2803=3R + 720=3y 80,093=3R? 4 37,829=3Ry.

R
12

ok
BWR WIS WAO OO W0Oo®

CORRELATION
Y R?
+1 144
e 64
g 100
i 61
—6 36
=) 16
G 25
—8 16
vy 16
| 81
=L 36
=4 36
LE 9
== 36
=) - 16
1A 5) 25
+1 25
—7 16
29 9
—5 16
<27 9
0 16

Ry

+12
—16
—80
—40
—36
—24
=430
—32
—16
=5
—12
—24
—27
—42
—36

—10

+ 5
—28
=
—20
=21

0

(162 items =n)

R =Depression of the dew-point.
y =Variation of the minimum from the evening dew-point.

45

111. To determine values of a and b.—The values of
the unknown quantities a and b in the equation y = a + bR,

are determined by the following equation and calculation:

n(SRy) — (SR)(Zy).
n(ZR?*) — (ZR)?

Inserting the values at the foot of the table we have,

162(37829) — (2803)(720)

@ b=

2 b=

@)eai=

= 0.803

162(80093) — (2803)2
Sy —b(ZR)

n
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Inserting the values in the table, and the value of b,
we get,

s 2
(@) o= 008D (2803) _ _g.4404.

112. To locate line AB.—After finding the values of a
and b, it becomes a simple matter to insert them in the equa-
tion y = a + bR, and compute y. For example, if the dew-
point at the evening observation is 30° below the current
temperature, the equation becomes

y =—9.5 + 0.803 X 30 = 14.6

A mark is then placed on the 30 perpendicular line oppo-
site the value of 14.6 at the left. One other point is located
in the same manner and the straight line AB is drawn. This
is the method which should be followed on all dot charts
where an inspection shows that the relation is linear.

113. When a curve fits the data best.—After the dot
chart has been made, if an inspection shows that a curve will
fit the data better than a straight line, as in Fig. 17, the problem
is to find some form of curve that will represent the arrange-
ment of dots with satisfactory accuracy. If the curvature is
not great and there are points of inflection, the parabola or
possibly the hyperbola may be the simplest forms to try. In
this case the deviation from a straight line is not great and is
fairly regular, hence it seems probable that the data may be
represented by some portion of some parabola which is per-
haps the simplest type of curve likely to be suitable.

114. Evaluation of the coefficients.—Having chosen the
type of curve, the next problem is to evalulate the unknown
coefficients. It is a well known principle in algebra that the
values of unknown terms in equations can be calculated only
when there are just as many independent simultaneous equa-
tions between the quantities as there are unknown terms to
be found.

115. Least square method.—The least square method is
simply a mathematical scheme by which a large number of
observations may be combined in a manner which will give
the required or so-called “normal” equations and at the
same time according to a principle which will give the best
fit. Whether the type chosen be a straight line, parabola, or
other curve, the least square solution gives at once the partic-
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ular line of that type which fits best, but whether some other
type of line will fit still better can be found only by trial, that
curve being the best for which the standard deviation is a
minimum.

116. The equation for a parabola.—The equation of a
parabola may be written y = a 4+ bx 4 ¢x?, in which the
coefficients a, b, and ¢ are commonly designated as constants
whose values are either known beforehand or must be deter-
mined in order that the curve may fit some particular case.
The quantities x and y may have almost any value in pairs
and are called variables. For some arrangements of data the
equation might need to be written

x = a+ by + cy?
but the same result would be gained simply by transposing
the scheme of plotting the data. - Inasmuch as the last let-
ters of the alphabet are commonly used to designate unknown
quantities, the first equation is changed to read

v=x-+ by + cz

in which x, y, and z are the coefficients to be determined; b
is the evening relative humidity; ¢ the square of the relative
humidity and v the variation of the minimum temperature of -
the following morning from the evening dew-point, or the
value desired in making a forecast of the minimum tempera-
ture on radiation nights.

117. Star point method for calculating the parabolic
curve.—The use of the least square method is generally
tedious and laborious, especially when large quantities of
data must be treated and when three or more unknowns are
to be found, although it must be employed in many cases.
On the other hand, the present and many other similar prob-
lems may be solved much more expeditiously and without
sacrifice of useful accuracy by what Charles F. Marvin, Chief
of the Weather Bureau, has called the “star point method”
in order clearly to differentiate it from the least square
method.

118. Star point method applied to other problems.—It
may be applied to the solution of any problem and supplies
the required number of “star’ equations simply by the judi-
cious selection, on the graph, of the required number of
“star’ points, one for each unknown to be evalulated. (See
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Fia. 17.—Dot chart showing the relation between the evening relative
humidity and the variation of the minimum temperature from the
evening dew-point, El Paso, Texas, radiation nights in 1918.

1, 2, and 3, Fig. 17.) This method simply substitutes in-
telligent selection of the star points for the tedious least
square process of forming normal equations, with the further
convenience that in general the numerical factors are small
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numbers, thereby simplifying the solution of the equa-
tions.

119. Accuracy necessary.—It seems proper to add a word
of advice to beginners in regard to securing accuracy in arith-
metical computations. In problems of the kind under con-
sideration, it is generally necessary to carry four, or possibly
five, significant figures throughout the original computations,
inasmuch as this makes the derived results sufficiently accu-
rate to show serious disagreement if errors of arithmetic are
made in the process. At the end of the operation, unneces-
sary significant figures may be dropped by the usual rules.
The effect of this may, however, appear by seeming to shift
the calculated curve so as not to pass exactly through the
original star points, as should otherwise be the case.

120. Calculating the parabolic curve.—The process for
calculating the parabolic curve by the star point method is
given somewhat in detail for the benefit of the student who
may not have access to the more complete text-books. After
the selection of the relative humidity values to be used in
these equations, the exact locations of the points, 1, 2, and 3
can be determined by inspection or by calculation from the
position of the surrounding dots. On this figure, point 1 was .
placed at a relative humidity of 5 per cent with the variation
of the minimum temperature from the dew-point 48°. At the
star point 2, the relative humidity is 15 per cent and the varia-
tion 27°; at point 3 the relative’humidity was 40 per cent and
the variation 9°.

121. Normal equations.—With these data, the normal
equations are written as follows:

NorMAL EQUATIONS

| b v c
5 48 25
15 27 225
40 9 1600

In these b is the relative humidity; ¢ the square of the rel-
ative humidity, and v the variation of the minimum temper-
ature from the dew-point.
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From this table the three equations for solving the un-
known factors x, y, and z are written

(1) x+biy+cz=wv
(2) x + by + coz = v
8) x4+ basy + ciz = v;

The coefficients by, bs, and b; represent the three values of
b in this table, viz: 5, 15, and 40; the values of ¢, and v; and
so on, are the corresponding values of these factors.

122. Solving for unknown quantities.—The values of x,
v, and z will be determined by the usual algebraic methods of
solving for unknown quantities. This may be done by indi-
cating the work algebraically and solving for each value, or
preferably by what may be termed the direct solution method.

123. Solving by direct solution.—Usually the value of z
can be determined by substituting the known values of b, v,
and c in the normal equations and then solving. In this case
equations (1), (2), and (3) become

(1) x + 5y + 25z = 48
() ix by 4 226z =27
3) x + 40y + 1600z = 9
Subtracting equation (2) from equation (1), we get
‘ (4) —10y — 200z = 21.
Subtracting (3) from (2), we have
(5) — 25y — 1375z = 18.
Obtain like coefficients for y by multiplying equation (4) by
5 and equation (5) by 2 when we get, respectively,
(6) —50y — 1000z = 105, and
(7) — 50y — 2750z = 36.
Subtracting equation (7) from equation (6), we have,
(8) 1750z = 69, or
z = 0.03943.

124. To determine the value of y and x.—The next step
will be to substitute the value of z in equation (4) or (5), and
solve for y. The work will be checked by solving for y in
both equations and this should be done. Substituting the
value of z in equation (4) we get

(9) — 10y — (200 X 0.03943) = 21
y = — 2.8886.
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Substituting z in equation (5), it becomes
(10) — 25y — (1375 X 0.03943) = 18
y = — 2.88865.

These values of y must agree closely if the arithmetic is cor-
rect. Substituting the values of y and z in equations (1), (2),
and (3) we get the following

(11) x4+ (5 X —2.8886) 4 (25 X 0.03943) = 48

(12) x 4+ (15 X —2.8886) —+ (225 X 0.03943) = 27

(13) x + (40 X —2.8886) + (1600 X 0.03943) = 9
Carrying out the calculation we have for each equation, re-
spectively,

x = 61.45725
x = 6145725
x = 61.456, or an average of

61.457 for the value of x.

125. Checking the work.—In general, it would be best
to check the accuracy of all the arithmetic in the computa-
tion of coefficients. This is done by substituting the values
of x, y, and z in equations (1), (2) and (3) which should give
exactly the absolute terms, in this case 48, 27, and 9. Very
slight errors will result from dropping digits in the values of
x, v, and z but appreciable discrepancies indicate arithmet-
ical errors.

126. The hygrometric equation for El Paso, Texas.—By
using these values: x = 61.46; y = —2.889; and z =
0.0394 for the unknown quantities in the equation, v = x
+ by + cz, the probable variation of the minimum tempera-
ture from the evening dew-point (v) can be determined on
radiation nights with a fair degree of accuracy at El Paso.
The parabolic curve will be placed on diagram 17 by utiliz-
ing the points already selected and caleulating others by this
equation. For arelative humidity of 10 per cent, for example,
by inserting the known values of b and ¢, and the above de-
termined values for x, y, and z, in the equation

v = x 4+ by + ez,
it becomes
(14) v = 61.46 4+ (10 X —2.89) 4 (100 X 0.0394). ,
Carrying out the calculation, we get,
v =36.5°.
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By the same method the value of v for other relative humid-
ity figures is calculated, and then the line AB drawn.

If the line, as calculated, runs too high or too low, it will be
evident that the points for making the three normal equa-
tions were not correctly located, when new points must be
taken and the work repeated.

If trials fail to give a satisfactory parabolic curve, it will
be evident that the line of satisfactory fit is not a parabola,
but some other curve. Just as the trial of a parabolic curve
to fit the data shows a closer agreement than a straight line
gives, so the trial of some other curve than the parabola
might show by the magnitude of the sum of the squares of

_the residuals which of the two or many curves tried will give
the best fit, that best fit being shown by the minimum sum
of the squares.

127. Practical application of the formula.—Having satis-
fied oneself that a particular formula is a dependable aid in
the work in hand, the use of the equation in practical work
is effected most expeditiously by computing a table or pre-
paring charts giving the necessary values either of » for a se-
ries of values b, or providing a larger table or chart giving di-
rectly the values of v based on the known relations between
b and v. '

In the following tabulation the variation of the minimum
temperature from the evening dew-point (v) for certain rela-
tive humidities (b) at the evening observation at El Paso,
Texas, are tabulated. This is from the equation v = x +
by + cz when the values of the unknowns, determined from
the above calculations are,

x = 61.457;y = 2.889; z — 0.03943.

b c by cz v

5 25 — 14.445 0.986 48.00
6 36 — 17.334 1.3184 45.44
7 49 — 20.223 1.9306 43.16
8 64 — 23.112 2.5216 40.87
9 81 — 26.001 3.1914 38.65
10 100 — 28.89 3.943 36.51
20 400 — 57.78 15.767 19.44
30 900 — 86.67 35.487 10.27
40 1600 —115.56 63.088 8.99

50 2500 —144.45 98.575 15.58
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128. Other curves.—If neither the straight line nor the
parabolic curve fits the data, other curves may be calculated.
The hyperbola, for example, involves four unknown quanti-
ties and requires four normal equations. After these have
been stated, the solving of the unknown quantities proceeds
in a similar manner. A text on curve fitting should be con-
sulted in these operations.

129. The correlation coefficient.—When the dot chart
shows a linear relation between the two variables, and it is
not desired to determine this relation in the definite manner
that is possible by the calculation indicated in step No. 2, the
index of the extent to which a relation ecan be represented by
a straight line can be determined by finding the correlation
coefficient, step No. 3. (See paragraph 101).

130. Definition and explanation.—The correlation coeffi-
cient may be defined as the mean product of deviations of
corresponding variates from their mean values in units of the
standard deviation.

The correlation cocfficient is a measure of the resemblance
of two sets of observations or the measure of the dependence
of one phenomenon on another when this dependence is
linear. ; 3

The theory of the correlation coefficient assumes that a
series of observations can be represented by a straight line,
and the correlation coefficient expresses the degree of exact-
ness, on a basis of 0 to 1 or 0 to —1 with which the obser-
vations fall on that line. The determination of the coeffi-
cient, further, gives an idea of what the equation of the
straight line may be.

131. Most commonly used in showing relation between
weather and crop yield.—The calculation of the correlation
coefficient in studying the influence of certain weather fac-
tors in varying the yield of crops was first applied by G. Udny
Yule and R. Hooker in Europe, S. M. Jacob of Calcutta, and
independently in this country by the author. It has since
come to be the method most commonly used by students of
weather and crops everywhere. Too much weight should not
be given to the results of this method, however, unless the dot
chart shows a well defined linear relation. The dot chart
should, therefore, always be made before the correlation coef-
ficient is calculated.



54

AGRICULTURAL METEOROLOGY

132. How to calculate the correlation coefficient.—The
method of determining the correlation coefficient is illus-
trated in Table 3, and the discussion following.

TABLE 3. CORRELATION OF JULY RAINFALL AND THE YIELD OF CORN,
v Omro, 1854 To 1913

Year July rainfall Corn yteld
1 2 3 4 5 6 7 8
Square Square
Amount Depar- of depar- Amount Depar- of depar- 3 x 6
ture ture ture ture

Inches Inches DBushels Bushels
1854 2.6 —1.5 2525/ 26.0 -7 49 +10.5
1855 5.8 +1.7 2.89 39.7 +7 49 +11.9
1856 2.6 —1.5 2.25 27.7 —5 25 + 7.5
1857 4.9 +0.8 .64 36.6 +4 16 + 3.2
1858 4.7 +0.6 .36 27.7 —5 25 — 3.0
1859 1.6 —2.5 6.25 29.5 —3 9 + 7.5
1860 5.8 +1.7 2.89 38.2 +5 25 + 8.5
1861 3.3 —0.8 .64 33.5 +0.4 = — 0.3
1862 3.6 —0.5 .25 30.0 -3 9 + 1.5
1863 2.6 —1.5 2.25 27.0 —6 36 + 9.0
1864 2/l —2.0 4.00 27.0 —6 36 +12.0
1865 5.7 +1.6 2.56 35.0 +2 4 + 3.2
1866 5.1 +1.0 1.00 36.5 +4 16 + 4.0
1867 3.2 —0.9 .81 29.8 -3 9 + 2.7
1868 L —1.4 1.96 34.4 +2 4 — 2.8
1869 4.8 +0.7 .49 28.4 —4 16 — 2.8
1870 4.7 +0.6 .36 37.5 +5 25 + 3.0
1871 3.7 —0.4 .16 36.7 +4 16 — 1.6
1872 6.7 +2.6 6.76 40.9 +8 64 +20.8
1873 6.2 +2.1 4.41 35.1 +2 4 + 4.2
1874 3.8 —0.1 .01 39.2 +6 36 — 0.6
1875 - 6.9 +3.0 9.00 34.2 +1 1 + 3.0
1876 6.4 +2.5 6.25 36.9 +3 9 + 7.5
1877 3.7 —0.2 .04 32.5 —1 1 + 0.2
1878 5.4 +1.5 2.25 37.8 +4 16 + 6.0
1879 4.2 +0.3 .09 34.3 +1 1 + 0.3
1880 4.2 +0.3 .09 38.9 +5 25 + 1.5
1881 3.6 —0.3 .09 31.0 —4 16 + 1.2
1882 3.2 —-0.7 .49 34.0 +0.5 i — 0.4
1883 4.2 4+0.3 .09 24.2 -9 81 — 2.7
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TaBLE 3. CORRELATION OF JULY RAINFALL AND THE YIELD OF CORN,
i~ Omnlo, 1854 1o 1913—Continued

Year July rainfall I Corn yield
1 2 3 R | g 6 7 8
Square Square
Amount Depar- of depar- Amount Depar- of depar- 3 x 6
ture ture ture ture
Inches Inches Bushels Bushels
1884 3.8 —0.1 .01 33.3 —0.2 i o, ke g
1885 3 —0.7 .49 36.8 +3 9 —2.1
1886 2.9 —1.0 1.00 33.5 = O/ SOBREE R At L
1887 2.2 —1.7 2.89 30.5 —3 9 + 5.1
1888 4.4 +0.5 .25 38.9 +5 25 + 2.5
1889 4.2 +40.3 .09 323 —1 1 —0.3
1890 2.0 —1.9 3.61 24.6 —9 81 +17.1
1891 3.8 —0.1 .01 35.6 +2 4 — 0.1
1892 3.8 —0.1 .01 33.3 —0.2 s o e L
1893 2.5 —1.4 1.96 29.1 —4 16 + 5.6
1894 1.6 —2.6 6.76 32.6 —4 16 +10.4
1895 2.0 —2.2 4.84 33.7 -3 9 + 6.6
1896 8.1 +3.9 15.21 41.7 +5 25 +19.5 -
1897 4.6 +0.4 .16 34.3 —3 9 — 1.2
1898 4.0 —0.2 .04 37.4 +0.4 1Y — 0.1
1899 4.2 +0.01 .001 38.1 +1 1) R
1900 4.6 +0.4 .16 42.6 46 36 + 2.4
1901 2.7 —1.5 2.25 30.0 -7 49 +10.5
1902 4.7 +0.5 .25 38.8 +2 4 + 1.0
1903 3.7 —0.5 .25 31.5 —6 36 + 3.0
1904 4.1 —0.1 .01 32.8 —4 16 + 0.4
1905 3.9 —0.3 .09 37.9 +1 1 — 0.3
1906 5.1 +0.9 .81 42.2 +5 25 + 4.5
1907 5.4 +1.2 1.44 34.8 —2 4 — 2.4
1908 4.1 —0.1 .01 36.1 —1 1 + 0.1
1909 3.8 —0.4 .16 38.7 +2 4 — 0.8
1910 3.2 —1.0 1.00 36.6 —0.4 o + 0.4
1911 2.4 —1.8 3.24 38.6 +2 4 — 3.6
1912 5.7 +1.5 2.25 42.8 +6 36 + 9.0
1913 5.2 +1.0 1.00 37.8 +1 il + 1.0
Sum, 4 TR A IR RSN e il 1,045 4203.2

133. Explanation of table.—KEight columns are used in
the table. Column 1 indicates the items, which in this case



56 AGRICULTURAL METEOROLOGY

are the years from 1854 to 1913, inclusive, a period of sixty
years.

Column 2 gives the average rainfall for the state of Ohio
for the month of July for each of these years. Column 3
shows the departure of the rainfall for each year, from the
average or normal for the month. In column 4 these depart-
ures from the normal have simply been squared.

In column 5 there has been entered the average yield of
corn for the state of Ohio for each year, in bushels to the acre.
Column 6 gives the difference between the yield for each year
and the normal or average for a long period.

134. Average corn yield.—The average yield of corn for
Ohio for the sixty years is 34.5 bushels an acre. A careful in-
spection of the yield figures, however, will show a gradual in-
crease in the yield during much of the time, and instead of
taking the difference between the yield for each year and the
average for the whole period, it seemed best to use the mean
for each twenty years in determining the departure figures
for column 6. The average yield of corn for the period from
1854 to 1873 was 32.9 bushels to the acre; from 1874 to 1893,
33.5 bushels to the acre; and from 1894 to 1913, 37 bushels
to the acre. Inasmuch as a mean yield was determined for
each twenty years in showing the departure from the normal,
the rainfall departures in column 3 were obtained for the same
years in the same manner. It will be noticed also that the
yield figures are given to tenths while the departure figures
are to the nearest whole number.

The figures in column 7 are the square of the departure
figures in column 6 and correspond with column 4. In col-
umn 8 there is given the product of the two departure columns
3 and 6. Care must be taken in this column to place the
proper sign before the figures, remembering that in multiply-
ing like signs produce “plus” and unlike signs ‘“minus”
values. The next step in the calculation is to obtain the sums
of columns 4 and 7, multiply them and obtain the square root
of the product. The sum of column 4 is 111.83 and of col-
umn 7, 1,045. The product of these factors is 116,862.35
and the square root of this product is 341.8.

The next step is to obtain the algebraic sum of the values
in column 8. This is +203.2 and this must be divided by
341.8, the square root of the product of the sums of columns
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4 and 7. This gives a quotient of +40.59 which is called the
“correlation coefficient” or r.

135. Value of correlation coefficient.—In this method of
correlation, if there is an exact relation between the two fac-
tors under discussion, the correlation coefficient will be either
+1 or —1. That is to say, if every time the rainfall was in-
creased a certain amount the corn yield was increased in ex-
actly the same ratio, then the correlation coefficient would
be exactly +1. And on the other hand if every time the
rainfall was increased a certain definite amount the corn
yield would be decreased in an exact ratio, the correlation
coefficient would be exactly —1.

So in this correlation, the nearer the correlation coeffi-
cient, r, approaches 1 the closer the relation, and the nearer
it approaches 0 the less the relation. Some writers believe
that the relation or influence of one factor on another is well
established if the correlation coefficient is three times the
probable error, while others think that it should be six times
the probable error. It probably is safest to assume that there
may be some relation if the correlation coefficient is three
times the probable error and the relation is established be-
yond question if it is more than six times the probable error.-’

When the correlation coefficient is six times the probable
error, the chance that there is a relation between the two fac-
tors is something like 15,000 to 1, and when it is two times the
probable error it is about 7 to 1.

136. The probable error.—The probable error is found
by the following equation in which r is the correlation coef-
ficient and n the number of years under consideration:

1—r?

Vn

Substituting the values obtained in Table 3, we have the
equation:

0.674

1 — (0.59)>

/60
which equals == 0.057 which is only one-tenth of the correlation
coefficient. This shows without question a very high corre-

Iation between the July rainfall and the yield of corn in Ohio
covering a sixty-year record.

0.674
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137. Partial or net correlation.—When it is desired to
determine the influence of each factor where two or more are
involved, partial or net correlations can be made. A case in
point would be the weight that should be given to both tem-
perature and rainfall for any month on the yield of corn.

In this case there are the three variables, precipitation,
temperature, and yield, to consider. By representing these
by p, t, and y respectively and writing ryy, iy, and ry, to
represent respectively the correlation coefficients between
precipitation and yield, temperature and yield, and precipi-
icat-ion and temperature, the equations may be written as fol-
owS:

I'py — Ipt Ity
(1) Yoyt = Py p
VI —1d) 1D
(2)ar s Pt

X V(1 —152) (1 — 1pyd)

By inserting the various correlation coefficients in these
equations and making the calculation, there will be in equa-
tion 1, the influence of the rainfall on the yield of corn after
eliminating the influence of the temperature and in equation
2 the influence of the temperature after eliminating the effect
of the rainfall. The influence of other factors such as sun-
shine may be obtained in a similar manner.

138. A graphic illustration of the influence of two factors
on a third.—Figs. 35, 36, 43, 48, 58, and 59 show a graphic
method of determining in a general way the combined effect
of temperature and rainfall on the yield of crops.

LABORATORY EXERCISES

1. Paragraph 98. Obtain rainfall, temperature, and crop yield data
and prepare curves showing relation between two factors.

2. Paragraph 102. Make dot charts on cross-section or squared pa-
per, from the climatic and yield data. Place the yield figures on the
axis of abscissas, or horizontal axis, and the temperature or rainfall
figures on the axis of ordinates.

3. Paragraph 108. Calculate the straight line of nearest fit, for the
dot charts made.

4. Paragraph 113. Calculate the parabola of nearest fit for the dot
charts made.
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5. Paragraph 129. Calculate the correlation coefficient for the data
which have a linear relation as shown by the dot charts made.

6. Paragraph 136. Calculate the probable error of the correlation
coefficient determined.

7. Paragraph 137. Calculate the partial or net correlation for any
equation where three factors are involved. For example, temperature
and rainfall and the yield of a crop.

8. When three factors are involved, chart the figures showing the
departures of the temperature and the departures of the rainfall from
the normal on cross-section paper as in the figures indicated. The loca~
tion of each “point” is fixed by giving its distance from the vertical and
horizontal axes. The distance from the vertical axis is called the ab-
scissa, and the distance from the horizontal axis is called the ordinate,
of the point. The horixontal axis is commonly called the X-axis, or the
axis of x; and the vertical axis the Y-axis, or the axis of y. The ab-
secissa and the ordinates are then called respectively the x and y cosrdin-
ates.

The two axes divide the plane into four parts, called quadrants.

In working the above it is well to consult one of the text-books on the
method of least squares.
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CHAPTER V
CLIMATE AND CROPS

Climate has been defined as “mean weather.” Climate is
the sum total of the meteorological phenomena that charac-
terize the average condition of the atmosphere at any place
on the earth’s surface.

139. Solar or mathematical climate has to do with the
amount of energy received from the sun at the surface of the
earth. The solar climate of a place; then, depends on its lati-
tude and the conditions of the atmosphere.

140. Physical or natural climate is the solar climate as
modified by the surface features of the earth. The chief
causes of this modification or interference with the solar cli-
matic zones are : (1) Irregular distribution of the land and
water over the earth’s surface; (2) atmospheric and oceanic
i:urrlents; (3) difference in altitude of the land above sea-
evel.

141. Three classes of climate.—Climate then depends on:
(1) latitude; (2) location with reference to land and water;
(3) elevation. There are three main classes of climate found
on the surface of the earth: (1) continental; (2) marine or
oceanic; and (3) mountain,

142. Continental and marine climates.—The surface of
the land warms up more rapidly under the influence of sun-
shine than the surface of the water, and the land loses heat
more rapidly at nighttime by radiation than the water.
Hence, diurnal changes in temperature are much more rapid
in continental climates in the interior of the country than
near the coast. Generally the temperature changes are
greater between summer and winter; so that the common
feature of a continental climate in all latitudes is a large
range in temperature. Other things being equal, the range
is greater the higher the latitude. Over continents the high-
est temperature comes about one month after the date of the
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sun’s maximum altitude. In marine climates the warmest
month is August, two months after the sun has reached its
highest point.

Over continents the minimum temperature is one month
or less later than the time when the sun is farthest south,
while in a marine climate the lowest temperature does not oc-
cur until two or even three months after the sun is the lowest.
A marine climate has a cold spring and warm autumn, April
and May being colder than September and October. The
conditions are reversed on the continent, where the spring is
warm and the autumn cold; April is warmer than October as
g rule.

143. Mountain climate.—Mountain systems exert a pro-
found influence on climate, not only in the immediate neigh-
borhood, but also far to the leeward with respect to the
prevailing winds. In general the characteristics which dis-
tinguish between the climate of mountains and the surround-
ing lowlands are: (1) lower temperatures in both winter and
summer; (2) a drier atmosphere; (3) a greater rainfall and
snowfall on the slopes exposed to the moisture-laden winds;
(4) higher wind velocities; and (5) greater intensity of the
direct solar rays.

An interesting and peculiar climatic condition of moun-
tains is the low night temperatures in the valleys as compared
with the surrounding hillsides, and the early frosting of all
crops in the valleys. In the Alps this fact is recognized and
farm-houses and villages are often built on the hillsides in-
stead of in the valleys. During the calm clear spells of late
autumn, the traveler stopping at one of these houses on the
steep hillside may there breathe the air that has the mild-
ness 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, the trees are leafless, and all activities of plant
life have long since ceased.

144. Verdant zones or thermal belts.—In North Carolina
there are rather poorly defined zones along the mountain side
called thermal belts where the damage by frost is practically
nil, while above and below this belt crops may be killed. A
careful investigation by the Weather Bureau and the State De-
partment of Horticulture shows, however, that this frost-
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free zone is variable and fluctuates up and down the mountain
side with different seasons. .

145. Climatic zones.—For more than two thousand years
geographers have recognized three climatic divisions, torrid,
temperate, and frigid. These are purely astronomical and
are really zones of sunshine. In the tropics the sun reaches
the zenith twice each year and the day is never less than ten
and one-half hours long. In the frigid or polar zone, the sun
is below the horizon for twenty-four hours at least once in
winter, and above once in summer. The temperate zone is
between the two extremes. At no point can the sun be
in the zenith, nor, except on the polar circle, is there any-
where a twenty-four hour day or night. Early writers
taught that both the torrid and frigid zones were unin-
habitable.

146. Relative areas and limits. —Takmg the area of a
hemisphere as unity, the relative areas of these zones are:
tropical, 0.40; temperate, 0.52; and polar, 0.08. Inasmuch
as temperature determines habitability, the limits of plant
growth, and the general conditions of human life, one impor-
tant division of climate has been made in limiting the temper-
ate zone within certain well-fixed limits of temperature, these
limits having well-marked relations to organic life. Two
critical daily mean temperatures, 68° and 50°, and the dura-
tion of these periods for one, four, and twelve months are the
factors of this classification. A normal duration of 50° for less
than a month fixes very well the polar limit of trees and the
limits of agriculture. Near this line are found the last group
of trees in the tundras. A temperature of 50° for four months
marks the limit of oaks and closely coincides with that of
wheat cultivation. North of the tree limit, agriculture
ceases and man’s food is to be sought very largely from the
sea. With approach to this line, the period of plant growth
is shortened more and more, agricultural operations become
restricted, and occupations of other kinds are taken up.

From this classification we have: (1) tropical belts with
all months hot, that is, the temperature averaging over 68°;
(2) temperate belt with the mean temperature of four of the
twelve months averaging between 50° and 68°; (3) polar belts,
that is, with all months cold, or with the average tempera- °
ture for the warmest month 50° or lower. /
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147. The main factors in climate.—The main meteoro-
logical factors in determining climate are temperature, mois-
ture, sunshine, and wind.

TEMPERATURE

148. Importance.—The temperature is the most impor-
tant factor in determining the flora and the general zones of
vegetation and the location of the most important food plants.
Experiments indicate that the higher forms of plants cannot
grow where the temperature remains continuously below 32°
or above 122°, while most food plants can thrive only within
much narrower ranges. Wheat and corn are grown within a
belt where the mean annual temperature is between 39° and
68°; oats and barley, 28° to 68°; rice, 68° to 86°: and pota-
toes 35° to 61°.

149. Temperature effects.—High and low temperatures
affect crops in various ways, but the principal ones are by
preventing germination, checking growth, killing all or part
of the vegetative parts, injuring the blossoms, or darmaging
the maturing products. Most plants make growth only dur-
ing the portion of the year when the temperature remains
within certain limits, maturing, dying, or becoming dormant
when the temperature falls too low or rises too high.

150. Temperature and plant distribution.—So far as the
controlling influence of temperature is concerned, plants
spread readily to the east and west, less readily to south and
least easily to north.

151. Affects various plants differently. —Most annuals
grow continuously during a certain period of the year and
either die or mature when it becomes too cold or too warm. A
few become dormant when unfavorable temperatures obtain,
resuming and finishing growth when more favorable temper—
atures prevail.

152. Periods of growth.—For the sake of convenience,
the months when the mean daily temperature is between 49°
and 72° are considered periods of growth for most crops.
When the average temperature is above 72° and there is
plenty of moisture, tropical and subtropical plants continue
growth or fruits will ripen. When moisture is lacking, how-
ever, this becomes a period of summer rest.

153. Periods of rest.—In most sections of the United
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States, there are periods during the year, varying in length
in different localities, with temperature too low for active
plant growth; these are known as rest-periods. When the
temperature I its annual march rises to the vegetative or
active value, growth, in general, begins. ' The rate is slow at
first, but it is accelerated with the rise in temperature, pro-
vided sufficient soil-moisture is present, until the optimum
is reached, after which growth is slowly retarded until the
winter rest-period is again entered. The rest, vegetative, and
optimum temperature values differ for different plants and
localities, but, in general, cultivated plants remain more or
less dormant in temperate climates as long as the mean tem-
perature remains below 49°,

154. Length of rest period.—Fig. 18 shows the general
rest-periods for most plants in different sections of the coun-
try, as determined by the average time in months between
the first month in autumn and the last in spring, inclusive,
with a mean temperature below 49°. The vegetative period
is represented by the months of the year other than those
shown for the several areas on the chart.

In portions of the northeastern states, in the western Upper
Lake region, most of Wisconsin and Minnesota, and also in
the Dakotas, Montana, and the central and northern por-
tions of the Rocky Mountain region, the rest-period extends
from October to April, or is of seven months’ duration. Im-
mediately to the southward of this area, there is a belt of
limited width in which the mean temperature does not fall
below 49° until November, but remains below that value in
spring for the month of April, thus covering a period of six
months. © Throughout a wide belt, extending from Kansas
and Nebraska eastward to the middle Atlantic coast and
reaching as far south as the northern portions of North Caro-
lina, Tennessee, Arkansas, and Oklahoma, the rest-period ex-
tends from November to March, five months. From this
area it, decreases southward to the central portion of the Gulf
states where only one month, January, has a mean tempera-
ture below 49°; while along the Gulf coast, including the
whole of Florida, a mean monthly temperature of 49°, or
higher, is found in every month.

Owing to the diversity of topography from the Rocky
Mountains westward, very little detail has been attempted in
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drawing the chart, and consequently the areas shown for
these regions are broadly generalized. However, the dormant
period is mostly from six to seven months in length, except
in part of the Pacific Coast states and in the lower Colorado
River Valley where in some areas the monthly means do not
fall below 49°.

155. Effective temperatures.—There is a certain definite
temperature below which a plant will make no growth. This
temperature, which may be called the ““ zero of vital tempera-
ture” varies with different species and may vary with
varieties of the same species. It varies also with differ-
ent functions of the same plant. The difference between this
“zero”’ and the prevailing temperature is termed the ¢ effect-
ive temperature.” If the zero temperature is 46°, and the
prevailing is 48°, the effective temperature is 2°. There is
also a certain temperature above ‘which there will be no
growth.

156. Temperature and carnations.—It is stated that the
temperature in greenhouses during the growth of carnations
should be kept as near as possible at 50° to 53° at night, and
between 60° and 62° during the day. Some growers advocate
even slightly lower temperatures for best results. Because
the air temperatures frequently run higher than this, it is not
practicable to raise carnations commercially in the extreme
South.

157, “ Zero” of vital temperature point 6° C. (42.8°F.).—
The actual temperature at which a plant begins to carry on
its functions varies with different species and the climate to
which it has been subjected. Some species of the lower forms
of plants will grow at freezing or slightly below, while date-
palms, for example, make little or no growth below 64°. It is
believed, however, that 6° (C.) or 42.8° (F.) marks the tem-
perature below which most field and garden crop plants will
make little if any development. Hence, the “zero’” of vital
temperature may safely be taken as 43° F. in whole numbers.

158. A new ‘‘zero” suggested.—Kincer has recently
suggested that the zero of vital temperature for the spring
seeded crops should be the mean daily temperature at the
average date of the beginning of planting. It has been found
that these temperatures for some of the important crops are
as follows:
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Spring wheat, 37° to 40°

Oats, 43°
Potatoes, 45°
Corn, 55°
Cotton, 60° to 62°

The normal or seasonal rise in temperature in the spring is
quite regular, and reaches the points indicated above on later
dates at higher latitudes. The average date of the beginning
of planting progresses also toward the north (in the north-
temperate zone), and the average date of seeding agrees with
the temperatures indicated above in different latitudes.

1569. Total effective temperatures.—For many years an
effort has been made to determine the total of the effective
heat necessary for any definite phenological period in crop
development. There has been a difference of opinion as to
the temperature from which the calculations should be made;
whether this temperature should be that recorded in the sun
or in the shade; whether it should be the daily mean temper-
ature or the maximum temperature; whether it should be
calculated from the date of seeding or from the date that the
plant appears above the ground,or in the case of winter grains
whether it should be from January 1 or some date in the
spring; in the cace of fruits, from some definite date of the
preceding year or at the opening of spring, and after these
points have been determined to the personal satisfaction of
the investigator, how the effective temperature should be
calculated.

The best zero point of growth seems to be 43° and all daily
mean temperatures above this point, with the thermometers
exposed in the standard shelter, may be considered as effect-
ive temperatures.

160. Summation processes.—Three methods have been
used to determine the effect of temperature above the zero
values on plant growth. The “remainder’’ process, the ‘‘expo-
nential system,” and the ““physiological summation indices.”

161. The remainder indices.—By this process, which has
been used most frequently, all mean daily temperatures above
the zero temperature are added together. For example, if the
mean daily temperature between certain phenological events,
such as the date of planting corn and the date when it comes
into blossom, is 65°, the zero temperature of 43° is subtracted
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from 65° and the remainder multiplied by the total number
of days between the two dates. Or the difference between
43° and the mean temperature is determined for each day be-
tween the two events and these remainders added together.
Other influences being similar, it is argued that the sum of
these daily differences would be the same for different sea-
sons for the same variety of plants. Elaborate studies have
been made in Europe and the results seem to bear out the
theory in a general way. The total of these differences has
been much the same in the same latitudes and with equal ele~
vation. With higher altitudes or higher latitudes, the total
heat units, as these sums are designated, necessary from plant-
ing to ripening for any crop become less. This is due partly
at least to longer hours of daylight, shorter growing season,
and plant characteristics.

162. Exponential indices.—These are based on the fact
that the plant growth ratio follows the chemical principle of
van’t Hoff and Arrhenius which states that the chemical re-
action velocities about double with each increase in tempera-~
ture of 18° (F.). With this law it is considered that the rate
of growth will be twice as great with a mean daily tempera-
ture at 79° as at 61°, and four times as great at 97° as at 61°,
other conditions being the same,

163. Physiological summation indices.—These indices
were derived by Livingston from a study by Lehenbauer of
the relation of temperature to the rate of elongation in seed-
ling maize shoots. These data showed that the average
hourly rate of elongation of the maize shoots exposed to main-
tained temperatures for twelve hours was 0.09 mm. for 12°
(C.); 1.11 mm. for 32° (C.), and 0.06 mm. for 43° (C.). Maize
seedlings about 10 to 12 centimeters high were used in this
test, which had been sprouted practically in darkness and
with approximately constant temperatures. The seed was
uniform and of good quality, and so-called “sports” were
eliminated before the actual temperature influence test was
begun. The plants were then exposed in a chamber with
moderate air circulation with an air humidity of approx-
imately 95 per cent, and with light conditions fluctuating
between very weak, diffuse daylight and darkness. The incre-
ments of elongation were measured at three-hour intervals
for the low and the high temperatures and at longer intervals
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for the remainder, the periods of exposure being from three to
twenty-one or more hours to maintained temperatures of
12° (C.) to 43° (C.).

Graphs made from these detailed studies showed clearly
the existence of the minimum, optimum, and maximum tem-
peratures for this kind of growth and that the optimum tem-
perature varies with the period of exposure for which the aver-
age hourly growth-rate was determined. For a three-hour
period, the optimum temperature was 9° (C.), for a six-hour
period it was 30° (C.), for nine-hour, twelve-hour, and
twenty-one-hour periods, it was 32° (C.) or 48.2°, 86°, and
89.6° (F.), respectively.

The definite results of these studies are given as follows by
Livingston:

1. The somewhat widely accepted idea that the curve of growth in
relation to temperature shows two optima is not at all substantiated in
this work with the shoots of maize seedlings grown in water culture,
practically in darkness, and with relative air humidity of 95 per cent.

2. The optimum temperature for growth of shoots of maize seedlings
in water culture, for a 12-hour period, is shown to be 32° (C.).

3. The optimum temperature for growth, under these conditions is
found to change as the length of the period of exposure is altered.

4. At high temperatures (31° C. and above), for shoots of maize seed-
lings under these experimental conditions the initial growth-rate is not
maintained, there being a marked falling off in this rate during pro-
longed periods of exposure.

5. This decrease in the growth rate with prolonged periods at high
temperatures makes it necessary to consider the length of the periods
for which average growth rates are obtained, in defining the optimum
for growth of these shoots. Indeed, it appears that the term “optimum
temperature” for growth, in this case at least, is quite without meaning
unless the length of the period of exposure is definitely stated.

6. The fall in growth rate here brought out is similar to the decrease
in rate of certain other physiological processes under the influence of
high temperatures during prolonved periods.

7. At temperatures near the minimum (12°-14° C.) for the grow th
of shoots of maize seedlings under the conditions here employed, no de-
crease in the growth rate is shown, even with rather prolonged periods
of exposure.

8. The growth rate at medium temperatures accords with the van’t
Hoff law, showing a doubling of the rate for each rise of 8° or 10° (C.).

Great care was taken in all this study, and as laboratory
test and as a basis for ecological investigations the informa-
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tion obtained is of marked value. It must be borne in mind,
however, that the plants were practically in darkness during
the entire period of experimentation, and that the study was
made in only one phase of the development of one plant, and
care should be taken in applying the results obtained to a
study of the plants under natural conditions.
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Fig. 19.—Graphs showing increase in value of index of temperature
efficiency for plant growth (ordinates) with rise in temperature itself
(abscissas), for the three systems of indices. Graph I represents the
remainder system, Graph II the exponential one. The broken line is
Lehenbauer’s graph of the relation of temperature to the rate of
elongation of the shoots of maize seedlings. The smoothed graph
corresponding to the latter represents the physiological system of
indices. All graphs pass through unity at 4.5° C. (F.).

Fig. 19 is from Livingston and the following is quoted to
explain the graphs:

As is shown by Fig. 19 the rate of increase in index value with rise of
temperature, between the minimum and optimum for growth is much
more rapid in the case of the physiological series than in that of either
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of the other series. The range of temperature thus indicated (from 2°
C. or 35.6° F. to about 32° C. or 89.6° F.) is the range usually en-
countered in nature during the frostless season, at least in temperate
climates, and most of the plant growth of the world is probably accom-
plished with temperatures lying within this range. Practically, this very
rapid rise in the index values constitutes the most important difference
between the physiological series and the other two. While it is quite
apparent that the system of physiological indices here described is far
superior, in several respects, to the other systems heretofore suggested,
it is equally clear that these indices are to be regarded as only a first ap-
proximation and that much more physiological study will be required
before they may be taken as generally applicable. In the first place,
they are based upon tests of only a single plant species, maize, and there
are probably other plants (perhaps even other varieties of the same
species) for which they are not even approximately true. Second, these
indices are derived from the growth of seedlings, and no doubt other
phases of growth in the same plant may exhibit other relations between
temperature and the rate of shoot elongation, and, third, these indices re-
fer to rates of shoot elongation and there are many other processes in- -
volved in plant growth, which may require other indices for their proper
interpretation in terms of temperature efficiency. Fourth, they apply
strictly only under the moisture, light, and chemical conditions that pre-
vailed in Lehenbauer’s experiments; with more light or with a different
light mixture, with different humidity conditions, or with different
moisture or chemical surroundings about the roots, these same plants
in the same seedling phase, may exhibit very different values of the
temperature efficiency indices. Fifth and finally, plants in nature are
never subject to any temperature maintained for any considerable pe-
riod of time, and these indices are derived from 12-hour exposures to
maintained temperatures.

Figs. 20, 21, and 22, show Livingston’s climatic zonation
for the United States by the remainder, exponential, and
physiological indices, respectively.

164. Both temperature and moisture.—Livingston has
carried these applications still further in a paper suggesting
a method by which the moisture and temperature conditions
of any locality for any period, as they affect plants, may be
expressed as a single numerical value, the index of moisture-
temperature efficiency for plant growth. This index is the
product of three factors: The index of rainfall, the reciprocal
of the index of atmospheric evaporation, and the physiolog-
ical index of temperature efficiency.

The writer states that the index of moisture-temperature
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efficiency as above described may be represented by the for-
mula

e

mt = t—'ﬂ

where “I”’ denotes the efficiency index for the time period

considered and the subscript letters denote the respective en-

vironmental conditions for which the various indices stand.

I..¢ is the moisture-temperature index with which we are

mainly concerned. I is the index of temperature efficiency,
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Fra. 20.—Chart of the United States showing climatic zonation ac-
cording to remainder summation indices of temperature efficiency for
plant growth, for the period of the average {rostless season.

derived by means of the physiological system. I, is the in-
dex of precipitation intensity and represents simply the sum-
mation of the rainfall for the period. I, is the index of the
atn}o(sipheric evaporation, also a simple summation for the
period.

1656. Weakness of summation plan.—Seeley has shown
that neither of these systems agree with the actual tempera-
tures recorded' during the different growing seasons, and that
the effective temperatures for different years may vary as
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much as 50 per cent. He found that Livingston’s method
gave the closest comparison during the early stages of corn
growth if the daily maximum temperatures are used instead
of the means.

166. Plant temperatures.—Seeley suggests that the tem-
perature of the plant should be considered in calculating ef-
fective temperatures instead of that of the air. He carried on
a series of observations at Lansing, Michigan, during the
growing season in 1915 and 1916 in which thrice daily records
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F1a. 21.—Chart of the United States showing climatic zonation aec-
cording to exponential summation indices of temperature efficiency
for plant growth, for the period of the average frostless season.

were kept of the soil, plant, and air temperatures and the
rate of growth of plants part of the time.

167. Temperatures of leaves higher in sunshine than air
temperatures.—Seeley found that when the sun was shining
the leaf temperature was always higher than the air temper-
ature, this difference being as great as 20° to even 36° on es-
pecially clear and still days. In 304 observations made at
midday, the plant thermometer was lower than the air tem-
perature only forty-one times and these days were invariably
dark and cloudy, frequently with rain falling.
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168. Leaves cooler at night.—In the early morning, the
temperature of the leaves was about 3° to 4° cooler than
the air temperature and the plants lost their heat more
rapidly than the air, in the early evening. At 7 p. M.,
the leaves were sometimes 9° or 10° cooler than the
air.
169. Effect of cloudiness on plant temperature.—Seeley
tabulated a total of over 300 days and found that the plant -
temperatures averaged 15° higher than the air temperatures
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Fia. 22.—Chart of the United States showing eclimatic zonation ac-
cording to physiological summation indices of temperature efficiency
for plant growth, for the period of the average frostless season. The
numbers on the isoclimatic lines each represent thousands. Broken
lines denote a very high degree of uncertainty.

in full sunshine, in partial -sunshine 10°, and in cloudy
weather nearly 1°. From these averages he deduced the fol-
lowing formula for finding the effective temperature from
air temperature: T=t-+415C+10P, in which T is the
sum of effective temperatures for plant growth, t is equal to
m—42x, m being the sum of all maximum temperatures
above 42° during the period in question; x the number of such
days; C, the number of clear days, and P, the number of
partly cloudy days during the period.
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170. Difficulty of comparing plant temperatures.—The
difference in the temperature of plants in direct sunshine and
in shade, and the action of the pigments in varying the tem-
perature of different colored leaves and plants in sunshine, is
shown in a recent article by the French naturalist J. Du-
frénoy, of the Biological Station at Arachon, in the Revue
Generale de Sciences.

He explains the formation of the pigments in plants, and
the increase or decrease of pigmentation in varying heat,
moisture, and sunshine values, then shows the effect of these
different pigments in the absorption of solar energy.

The following is quoted from a review of this article in the
“ Scientific American Supplement’’ for February 15, 1919:

The solar energy absorbed by the pigments is largely converted into
heat. In January at Arachon, on a fine day, the temperature of the
plants exposed to the sun exceeds that of the air by from 6° to 8° C., at
noon, and by from 12° to 15° C. at 8 ». m.; the amount of this rise in
temperature varies according to the color and to the intensity of the
pigmentation, so that a difference of more than one degree C. may exist
between the yellow and the green leaves of the variegated foliage of a
spindle tree, or even between the two borders of a single variegated leaf.
Experiments made in January at Arachon gave the following results:

In a variegated leaf of the Iris pallida the green portion showed a rise
in temperature of 9.8° C. over that of the air against a rise of only 8.5°
C. in the yellow portion. Similar observations were made with the red
and green leaves of an arbutus, the time being 10 A. M., and the temper-
ature of the air 10° C.; in this case the red leaf showed a rise of 7.5° C.,
and the green leaf a rise of only 7° C.

In November, tests were made at 2 p. M., with red and white arbutus
berries, the temperature of the latter being 29.5° C., and that of the red,
one degree higher. TFinally, experiments were made with grapes of va-
rious colors placed in sunshine and in shade. The temperature of the
red grapes in the sun was 37° C., and 10° C. less in the shade; that of
white, green, and amber colored grapes was 34° C. in the sun, and 26°
C. in the shade.

A second experiment showed that grapes with a dull surface had a
temperature of 35.5° C. in the sun, whereas that of those with a bright
surface was 34.8° C. A highly interesting fact is that every rise of 10°
C. in the temperature of the organs exposed to sunlight doubles or even
trebles the rapidity of the reactions observed—for example, the inten-
sity of respiration is greatly enhanced, more carbon dioxide being liber-
ated. In fruits exposed to sunlight the plant acids contained are re-
duced, and the ripening is correspondingly hastened.
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These experiments illustrate the difficulty in making com-
parable records of the temperature of plants in sunshine as
conducted by different investigators or by the same man at
different times.

171. Leaf temperature fluctuation rapid.—The use of a
very sensitive electrical apparatus for measuring the surface
temperature of leaves shows a very rapid fluctuation of a leaf
growing in the open. If a moderately strong wind is blowing,
the temperature may fluctuate as much as 5° C. in thirty
seconds.

172. Value of temperature summation figures.—Botan-
ists have been able to make little practical use of the large
amount of effective temperature summation data that has
been compiled, due partly to the difficulty of comparing dif-
ferent observations. While all of the methods proved, as well
as the factors presented by various investigators to explain
the modification of physiological constants, applicable in
certain circumstances, they are all subject to some exceptions.

173. Solution possible.—The actual determination of
some of the physiological constants is possible; in other cases
certain definite factors can be found which will be of service
within certain limits. The problem is to devise some method
for calculating the heat requirements of various crops during -
different periods of development.

174. Lissner’s law.—Lissner developed a theory or law
which is useful in determining a constant for several locali-
ties in different latitudes. His law may be stated briefly as
follows: In two different localities the sums of the effective
daily temperatures for the same phase of vegetation are pro-
portional to the annual sum total of all effective temperatures
{or the respective localities. Itisa well known fact that plants
of the same species develop under a considerably smaller sum
of heat in northern than in southern districts. The Burbank
plum, for example, blossoms in the middle of March in the
southern part of the United States and the middle of May in
the northern portion, while the total effective heat received
is considerably less in the northern latitude.

175. Lissner’s aliquot.—Lissner’s conclusion was that
this is due to a matter of adaptation to climatic environ-
ment. That as plants at the southern latitude are subject
to a much greater sum total of temperature for the entire
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year, they simply lengthen all the phases of development in
the South. Thus the blossoming phase of the Burbank plum,
as an illustration, depends on a constant aliquot, instead of
depending on a constant temperature sum.

To compute the aliquot, the sum of the effective tempera-
tures for a certain phase of development is divided by the
sum of the effective temperatures for the entire year. The
determination of the aliquot is illustrated in the following
for the Burbank plum:

Sum of temperatures

Place above 32° from From Jan. 1 to Dec. 31 Aliquot
Jan. 1 to blossoming
Stillwater, Okla. 967 7409 .130
Parry, N. J. 909 7044 .129
State College, Pa. 725 5578 1129
Burlington, Vt. 577 5292 .109

Except at Burlington the proportion is practically the

same. :
176. Optimum conditions.—It is found that for each
phase of plant development there is a definite optimum of tem-
perature, moisture, and light, at which the growth and de-
velopment goes on with greatest vigor. When either one of
these factors varies, the effect of the others is changed and
the development slows down so that the absolute amount of
heat necessary to complete a definite phase of growth varies
one year with another, due to the variation of other condi-
tions.

177. Time factor.—Another factor of importance is the
length of time that the plant is subjected to different temper-
atures. All these conditions can be controlled in a laboratory
experiment, but are constantly varying in natural growth.

SOIL TEMPERATURE

The temperature of the soil affects the germination and
growth of plants and the development of some plant diseases
to a marked degree. The temperature of the surface soil va-
ries with covering, physical structure, moisture-content, in-
clination, slope, latitude, color, cloudiness, season, tempera-
ture of the air above, and the like, and efforts to relate soil



CLIMATE AND CROPS 79

temperature with plant development must take all these
things into account.

178. Most favorable temperature.—It has been found
that, with other conditions favorable, staple crops will grow
when the temperature of the soil is as low as 40° and as high
as 120°. The most favorable temperature for growth is be-
tween 65° and 70°. The warmer the soil in the spring, the
more rapid the germination and growth. Soil bacteria do not
become active until the temperature of the soil reaches 45°
to 50° F. )

179. Source of heat.—The sun is the chief source of heat
in raising the temperature of the soil, although a slight
amount of heat is received from the interior of the earth.

180. Loss of heat.—The heat that is accumulated in the
surface of the earth by absorption of solar energy, is lost by
radiation through the air to space, conduction to the air above,
and conduction to lower layers of soil.

181. Diurnal changes in temperature.—The diurnal
changes in temperature of the soil usually extend to a depth
of only about 2 to 3 feet, and these changes occur in the form
of waves. The surface soil loses heat by radiation very rap-
idly during the nighttime and reaches its lowest temperature
just about sunrise. At this time the lowest temperature is
at the surface and the temperature increases with depth al-
though losing heat by conduction upward. As soon as the
surface of the soil begins to absorb solar energy, its tempera~
ture rises, and in turn begins to warm the next lower layers
of soil by conduction. This wave of higher temperature fol-
lows the wave of falling temperature, both decreasing in
range as they travel downward.

As late afternoon approaches again and the surface loses
heat by conduction and radiation more rapidly than it gains
by absorption, it begins to cool and a second wave of falling
temperature follows the daytime warmer wave.

182. The lag in temperature fluctuation.—The lag of the
maximum and minimum epochs or waves is proportional to
the depth. The maximum temperature at the surface of the
ground is about the middle of the afternoon on an average.
At a depth of 3 to 6 inches, the maximum occurs in the even-
ing, and at about 1 foot not until the next morning. Below
this depth the change is slight, but where it does oceur, it is
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not until the next day, when a second wave of higher temper-
ature is starting from the surface.

183. Annual ranges.—The annual change in temperature
in the soil is limited to the surface 30 to 40 feet. These
changes are propagated downward by successive waves in the
same general way as the diurnal changes. For each step
downward of 4 feet, the occurrence of the epoch of extreme
temperature is retarded on an average of twenty-one days.
The lowest temperature at the lowest depths occurs the fol-
lowing summer, and the highest the following winter. At a
depth of 30 to 40 feet, the temperature is at all times about
the same as the mean annual air temperature.

184. Soil cover.—While there is very little difference in
temperature between cultivated and uncultivated soils, there
is a marked difference between a bare soil and one covered by
vegetation. In a four-year study in Michigan it was found
that the bare ground warms up more quickly in the spring
and remains at a higher temperature than that covered by
sod through the summer. In the fall the bare ground loses
its heat more rapidly and remains colder during the winter.

185. Snow cover.—A thick snow cover is a most efficient
agent for keeping the soil warm in the winter and preventing
it from attaining extreme low temperatures during severe
cold weather.

186. Desirability of soil temperature records.—The im-
portance of a systematic soil temperature survey is well rec-
ognized. The Ecological Society of America recommends the
use of soil thermographs, carefully calibrated and with the
bulb at a uniform depth of 3 inches in level or nearly level
ground where it is not subject to inundation or saturation.
The location of the instrument should be where no shade falls
on the soil at any time and under a light cover of weeds or
short grass. Temperatures at depth of 1, 5, 12, and 24 inches
should be recorded also if practicable.

PRECIPITATION

After temperature the next most important climatic fac-
tor is the moisture, either as water-vapor or as water in the
form of rain, snow, and the like. The rainfall determines the
productiveness of a country. In places where the tempera-
ture and sunshine are generally sufficient, the development
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of the plants and more especially the crop yields depend most
largely on the rainfall.

187. Distribution of precipitation.—The rainfall of the
whole globe, including both land and water areas, is estimated
to be about 60 inches a year. The proportion of the land
areas receiving the different rainfall amounts is indicated by
the following:

Annual Character of Proportion of land
precipitation climate recciving
Less than 10 inches arid 25.0 per cent
From 10 to 20 “ semi-arid 30.0
SENROOL QN 1 sub-humid and humid 20507 6
S JOVEE SB0 "¢ humid 21,0 4% &
[(3 60 [ 80 [ (13 9.0 {3 I3
&’ 80 [ 120 [13 113 4.0 (13 “
[11 120 'y 160 {3 {3 0‘5 @’ 113
Above 160 e @ QSR X0

This shows that 55 per cent of the land surface of the globe
receives less than 20 inches of rain a year, while only 25 per
cent, receives over 40 inches. The significance of this must
be realized when it is remembered that it takes about 2 tons
of water to produce an ordinary loaf of bread, and that 5-acre
feet of water are necessary to support one human life.

188. Precipitation in the United States.—Fig. 23 shows
the average annual precipitation (rain and melted snow) in
the United States. The greatest amount is received on the
North Pacific coast, while the least is in southwestern Ari-
zona, southeastern California, and western Nevada.

Fig. 24 indicates the percentage of the annual precipita-
tion that occurs during the growing season, April to Septem-
ber, inclusive.

189. Quantity of water.—The amount of water that falls
on each acre of ground when rain occurs is shown by the
following:

Depth of rain Gallons Tons per acre
in inches per acre (2,000 lbs.)
0.01 271.5 1.1
0.05 1,358 5.6
0.25 6,789 28.0
1.00 27,154 113.0
5.00 135,772 565.0
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190. Drought.—A drought may be defined as a condition
under which plants fail to develop and mature properly be-
cause of an insufficient supply of moisture. Just what de-
ficiency of rainfall or how long a period without rainfall or
with an amount insufficient to cause an appreciable increase
in soil-moisture will cause a damaging drought, cannot well
be stated. It will depend on the season of the year, the pre-
vailing temperature, wind, and sunshine, the kind of plants,
their critical period of growth, soil texture, moisture in the
soil at the beginning of the period of deficient rainfall, and
other factors.

In Russia a drought has been defined, for convenience, as a
period of ten days with a total rainfall not to exceed 5 mm.
(0.20 inch). One definition used in the United States is a
period of thirty days or more in which the precipitation does
not amount to 0.25 inch in any twenty-four hours. These
definitions are purely arbitrary, however, and would not ap-
ply at all in some places or at all seasons.

In some parts of the country, a drought may result when
there are several successive five-day periods with the evap-
oration from a free water surface in excess of the rainfall.

191. Rainfall and plant growth.—There was a time when
water was thought to be the real food of plants, but with
experiments it became obvious that the influence of rainfall
on plant growth is exerted in replenishing the moisture in the
soil. Someone has likened the soil to a gigantic reservoir
which is replenished at more or less infrequent intervals and
which is drained by underground seepage, surface evapora-
tion, and by transpiration of plants.

A plentiful water supply as a rule favors the development
of the vegetative organs, while the scarcity of water brings
about their reduction. On the contrary, the production of the
sexual organs is usually favored by a lack of water and im-
peded by an excess. The amount of moisture in the soil af-
fects the activity of soil bacteria.

192. Soil-moisture.—The direct source of the water sup-
ply of plants is moisture in the soil. Probably no other fac-
tor so often limits crop production as does soil-moisture, as it
is the means by which the food in the soil is made available
to the plant. There is no direct relation between the percent-
age of water present in the soil and the amount that is avail-
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able for plant use. A sandy soil with 15 per cent of moisture
may be near saturation and have a large amount of available
water, while a stiff clay with 15 per cent of moisture may have
so little available water that all plants will wilt in it.

193. Wilting coefficient.—The wilting coefficient of a soil,
as defined by Briggs and Shantz, is the moisture-content of
the soil (expressed as a percentage of the dry weight) at a
time when the leaves of the plant growing in that soil first
undergo a permanent reduction in their moisture-content as
a result of a deficiency in the soil-moisture supply.

The water-content of a soil which is available for growth is
the difference between the actual moisture-content and the
wilting coefficient. There is a wide difference in the wilting
coefficient of different soils, as fine soils are much more re-
tentive of moisture than coarse, while the wilting coefficient
for any soil is practically the same for all crops.

194. Transpiration is the term used to express the loss of
water from the surface of the aérial parts of plants. It is
often called ‘“‘evaporation,” but is not exactly the same thing,
even though the rate of each is affected by similar weather
conditions. XKiesselbach has found that the amount of water
transpired from a given leaf-area of corn (based on expanse

,of leaf and not on both surfaces) is approximately one-third -
as great as the evaporation from a free water surface of the
same area.

The maximum transpiration is at the warmest part of the
day. On days of extreme temperature there may be an at-
mospheric demand of ten pounds of water from a single corn
plant during twenty-four hours. The greater part of this
need is for a period of about seven hours in the hottest part
of the day; such days are very critical if there is not moisture
enough in the soil to supply the demand. Corn curls and
wilts when the transpiration exceeds the absorption through
the roots. The plant itself apparently has power to influence
the rate of transpiration, but outside of the plant influence,
transpiration increases with increase of temperature and wind
velocity and decreasing relative humidity.

195. Evaporation.—The loss of soil-moisture by evapora-
tion is an important factor especially in dry regions. The
amount of water evaporated from a free water surface in dif-
ferent parts of the country is shown in the following tables:
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AVERAGE WARM-SEASON EVAPORATION
TABLE 4.—SUMMARY OF MEASUREMENTS, IN INCHES, MADE BY THE
OrFFicE oF BiopaysicaL INvEsTiGATIONS, UNITED STATES DE-
PARTMENT OF AGRICULTURE

Num- Aver-
ber of age
Station years April May June July Au- Sep- total,
n gust tem- April
record ber to Sept.
Yuma, Ariz. 9 7.76 9.54 10.58 10.21 9.61 7.43 55.13
Biggs, Cal. 4 4.47 6.25 8.64 9.60 8.15 6.38 43.49
Akron, Colo. 10 4.96 6.40 7.88 9.09 7.87 6.48. 42.68
Aberdeen, Idaho 6 4.61 6.07 8.46 9.65 7.70 5.58 42.07
Colby, Kans. 4 4.35 5.90 7.48 8.69 7.47 6.02 39.91
Garden City, Kans. 10 6.50 8.58 9.89 10.91 9.51 7.46 52.85
Hays, Kans. 11 6.16 7.04 8.42 9.97 9.29 7.02 47.90
Crowley, La. 7 4.85 5.69 6.18 5.72 5.36 4.54 32.34
Havre, Mont, 2 3.28 5.51 5.55 7.98 6.40 3.88 32.60
Huntley, Mont. 7 3.24 456 5.80 7.55 6.67 4.32 32.23
Moccasin, Mont. 9 3.83 4.93 5.56 6.78 7.06 4.62 32.78
Mitchell, Nebr. 7 4.83 6.16 7.43 7.97 6.80 5.26 38.45
North Platte, Nebr. 11 5.68 6.55 8.14 9.11 8.06 6.11 43.65
Fallon, Nev. 10 6.21 8.09 9.92 10.78 9.74 6.58 51.32
Tucumeari,

N. Mex. 6 7.23 9.72 10.89 10.84 9.26 7.44 55.38
Dickinson, N. Dak.10 4.04 4.64 6.25 6.80 5.98 4.08 31.79
Edgeley, N. Dak. 11 3.60 4.71 5.30 6.40 5.53 4.02 29.56
Hettinger, N. Dak. 7 4.16 4.93 6.40 7.45 5.91 3.92 32.77
Mandan, N. Dak. 5 3.78 5.15 6.06 7.37 6.45 4.49 33.30
Williston, N. Dak, 8 4.31 5.52 6.39 7.08 6.05 3.76 33.11
Lawton, Okla. 3 6.60 6.65 8.48 8.97 8.20 6.66 45.56
Woodward, Okla. 4 6.38 7.51 9.43 10.84 8.54 6.82 49.52
Burns, Oreg. 4 3.8 576 7.29 9.27 8.49 5.68 40.33
Hermiston, Oreg. 6 4.03 5.48 7.47 8.47 6.82 4.38 36.65
Moro, Oreg. 7 4.54 6.27 8.01 9.35 8.54 4.28 40.99
Ardmore, S. Dak., 5 3.81 5.24 7.21 8.71 7.56 6.06 38.59
Newell, S. Dak. 10 4.23 5.57 6.99 8.43 6.93 4.85 37.00
Amarillo, Tex. 11 7.03 8.79 10.17 10.38 9.11 7.23 52.71
Big Springs, Tex. 3 7.40 10.03 12.72 11.65 9.88 7.32 59.00
Chillicothe, Tex. 5 6.48 7.90 8.98 10.14 9.11 6.30 48.91
Dalhart, Tex. 10 7.49 9.52 10.56 10.61 9.63 7.58 55.39
San Antonio, Tex. 11 5.70 6.69 8.69. 9.61 9.01 6.35 46.05
Nephi, Utah, 10 4.56 6.16 8.78 9.52 9.23 6.36 44.61
Archer, Wyo. 5 3.65 5.06 7.17 7.95 6.88 5.63 36.34
Sheridan, Wyo. 1 3.14 491 582 9.81 7.85 5.14 36.67
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TABLE 5.—SUMMARY OF EVAPORATION MEASUREMENTS, IN INCHES,
MADE BY THE WEATHER Bureau

No. of Total
Station years April May June July Aug. Sept. April
to Sept.

Silverhill, Ala. 1 450 5.75 6.90 5.33 .... 4.45 ...,
Mesa, Arizona 2 7.58 9.20 10.48 9.98 8.58 6.70 52.52
Roosevelt, Arizona 3 8.05 10.93 14.00 12.81 11.29 9.82 66.90
Willcox, Arizona 2 10.82 11.80 11.87 10.96 9.43 9.53 64.41
Yuma, Arizona 2 8.04 9.32 9.80 10.55 10.74 7.89 56.34
Oakdale, Cal. 1 6.21 9.07 14.23 13.94 12.67 5.65 61.77
Tahoe, Cal. 3 2.42 3.16 4.38 5.62 6.00 4.89 26.47

American University,

Dist. of Columbia3 4.64 6.06 6.23 6.50 5.82 4.22 33.47
Lawrence, Kansas 3 5.25 7.08 8.99 10.47 9.52 5.44 46.75
Columbia, Missouri 3 4.40 5.97 7.55 9.51 7.68 5.14 40.23
Bozeman, Montana 3 2.10 5.12 .7.46 8.52 7.44 4.16 34.80
Valver, Montana 3 3.54 6.16 8.65 6.51 7.52 3.94 36.32
Lincoln, Nebraska 2 5.76 7.44 9.92 10.32 9.54 6.44 49.42
Elephant Butte Dam,

New Mexico 3 12.12 14.89 15.47 12.87 10.99 9.43 75.77
Santa Fe, New Mex.3 6.68 8.71 11.28 9.15 8.05 6.98 50.85
Albany (near),

N.Y. 2 1.70 4.8 4.74 5.60 5.88 3.40 26.18,
Wooster, Ohio 3 3.35 4.88 5.3¢ 6.04 5.99 3.78 29.38
Rapid City, S. D. 3 2.99 5.20 6.55 8.19 7.16 5.15 35.24
Hills Ranch, Texas 3 6.74 7.52 9.36 10.04¢ 9.58 7.60 50.84
Laredo, Texas 2 9.25 10.17 11.10 12.91 12.22 8.76 64.41
Provo, Utah 1 4.18 5.8 7.20 6.81 6.32 4.34 34.71
Walla Walla, Wash. 3 4.46 6.48 7.10 8.23 7.62 4.37 38.26

196. Evaporation and rainfall.—At the Desert Labora-
tory in Arizona, the evaporation is 9.3 times the rainfall,
while in most sections of the arid West, the evaporation from
a water-surface is greater than the rainfall. Evaporation
determines the efficiency of rainfall in a great measure, par-
ticularly when the annual rainfall is below 25 or 30 inches.
A distriet of rather heavy rainfall, but with high evaporation,
may not be any better for crops than one with much less
rainfall if the evaporation is low.

197. Rainfall efficiency.—A rainfall of 21 inches in the
Texas Panhandle is no better for crops than 15 inches in the
upper Great Plains because the evaporation in Texas is nearly
double that in North Dakota. The line of 20-inch annual
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rainfall passes through the Red River Valley of the North,
where it is ample for the large grain crops in most years, while
in Texas it passes through a region that is necessarily devoted
to grazing or to drought-resistant crops. The seasonal dis-
tribution of rain is an important factor also in ‘these two dis-
tricts.

198. Evaporation from the soil.—The rate of evaporation
from a wet soil surface is about the same as from the surface
of water in a tank. The evaporation from the surface of the
soil with the water level maintained 6 inches below the sur-
face was found in Wyoming to be 95 per cent of that from a
water surface; with the water level at 12 inches, 70 per cent;
18 inches, 45 per cent; at 22 inches, 35 per cent. By stirring
the ground once a week to the depth of 2 inches, the evap-
oration was retarded about 19 per cent when the water level
was 22 inches below the surface; when the stirred surface was
4 inches deep it was retarded 23 per cent; and when 6 inches
deep, 45 per cent.

199. Water requirement of plants.—It is not often that
a crop has during its entire life just the quantity of water that
best serves its needs, although there is no such thing as a def-
inite water requirement which is constant for any one kind
of plant. A plant requires different amounts at separate pe-
riods of growth and under varying conditions of temperature,
wind, and sunshine. Investigators have disagreed on the
water requirement, due in a large 