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CHAPTER 1
OUTLINE OF METEOROLOGICAL HISTORY

I. EARLY TRENDS

The development of meteorology and weather lore has always been
dependent on the weather in its relation to the security and
comfort of a people. In those civilizations where the weather was
seldom rigorous little was done toward the development of either
a system of meteorological lore or a science of the weather. On
the other hand, those civilizations dependent on the weather for
their continued security and prosperity developed elaborate
weather superstitions and, in some cases, the beginnings of a
weather science. These early trends toward scientific meteorol-
ogy were usually observational and deductive with little tendency
toward an..inductive development and the  use”of instrunents
for observational purposes. The invention of instruments and
the development of physmal theories came about at a later date.
The early approaches to science in weather study utilized mainly
a systematic accumulation of observational data and systems of
classification and organization of these data. The method was
largely cumulative rather than experimentally scientific.

II. THE EGYPTIANS AND BABYLONIANS

A. While the Egyptians developed such sciences as astronomy and
related sciences they did little to develop a science of the weather.
Their independence of the weather due to the presence of the Nile
for irrigation purposes discouraged the development of meteorol-
ogy in ancient Egypt.

B. The Babylonians enjoyed a mild climate although not quite so
equable as that of the Egyptians. At a very early date they de-
veloped a wind rose of eight rhumbs, ""During the interval from
about 700 to goo B.c. the Babylonian knowledge of atmospheric
phenomena was formed into the semblance of a profession by the
priests and correlated with their astronomical knowledge to form
a system of astro-meteorology.

I1I. GREEK WEATHER LORE (400-300 B.C.)
A. Aristotle collected all the previous writings on meteorology in

“ his treatise, Meteorologica. For nearly 2000 years the Meteoro-
logica remuined the standard textbook on weather. The four
I
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books comprising the Meteorologica contained a much wider
range of subjects than is now believed to be the scope of the
science. Everything of a physical nature pertaining to the earth,
sea or air was included. Quotations and criticisms of Pythagoras,
Anaxagoras, Socrates, Hippocrates and Democritus, his prede-
cessors, and their concepts of the subject were included.

B. Theophrastus (about 375-285 B.C.) was a pupil of Aristotle.
His treatise on the weather represented a combination of sci-
ence and folklore. Theophrastus’ Book of Signs contained at
least 80 signs for rain, 45 signs of wind force and direction, 50
for storms and 20 for fair weather.

1. The main essence of some of his quotations having a more
scientific aspect is given below.

a. Little rain will occur when there is fog.

b. When winds conflict with one another hurricanes and
cloudbursts may occur.

c. Rain may be expected when the clouds are like huge
fleeces of wool.

d. Streaks of clouds from the southward indicate rain
within three days.

2. On the other hand, many of the signs given by Theo-
phrastus represented merely a compilation of the folklore
on the subject. Representative extracts are given below.

a. Sheep and cattle fighting more than usual for their
food, or an ass shaking its ears excessively, indicates
a storm.

b. When flies bite vigorously it is a sign of rain.

c. If cattle eat more than usual and lie down on the right
side rain is to be expected.

d. If many berries are found on the scarlet oak many
storms will occur.

e. If nonaquatic birds wash themselves, it indicates
either rain or storms.

1V. ROMAN WEATHER LORE
Little was added to the science of meteorology by the Romans.
Even the folklore on the subject was borrowed from Theo-
phrastus.

The most notable Latin treatise was written by Virgil. Rep-
resentative extracts from Virgil’s first book of the Georgics
are included below.

a. The crane soaring high, the heifer gazing up into the
sky and snuffing the breeze, the swallow darting in
circles around the pond and the croaking of frogs all
portend rain.
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b. A rising sun when dappled and sunk in a mist indi-
cates showers. This sign further indicates that a gale
is bearing from the seaward.

c. Falling stars with long tails indicate a gale.

d. When light chaff and leaves flutter in the air as they
fall, or feathers dance along the waves, a storm and
gale will occur.
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Fig, 1

V. THE MEDIEVAL PERIOD
A. An example of the tendency to maintain the authenticity of the
old proverbs and superstitions about the weather is exemplified
by some of the following quotations and extracts.
1. Erasmus Darwin wrote a summary of this common weather
lore in verse form. Following is a selection:
a. The hollow winds begin to blow,
The clouds look black, the glass is low,
The soot falls down, the spaniels sleep,
The spiders from their cobwebs peep.
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Last night the sun went pale to bed,
The moon in halos hid her head,

The boding shepherd heaves a sigh,
For, see! a rainbow spans the sky.

b. The only sign of advancement from the time of Theo-

phrastus is the mention made of a meteorological in-
strument.

2. The Shepherd of Banbury’s Rules are of obscure origin.
They were first published in 1744 by a Mr. Claridge but
their authorship is believed to be much earlier. They are
interesting because they represent a rather unique collec-
tion of astro-meteorology, cumulative methods and folklore.
The following extracts were made from these rules.

a. When the time is near to the full moon and the sun

rises into a mist there will be fair weather.

b. When there are mists in the time of the old moon

there will be rain in the time of the new moon.

- c. If rain is sudden it will not last long.
d. When the air becomes thicker by gradual degrees and

the moon and stars or the sun shine continually dim-
mer, then it is likely to rain in six hours usually.

. When the sun rises fiery and red, wind and rain will

follow.

. When it is cloudy and the clouds decrease fair weather

may be expected.

. When mists appear over the low ground and soon

vanish, fair weather may be expected.

. When mists continue to rise to the level of the hill-

tops rain may be expected within a day or two.

. During the summer or fall when high towering clouds

with black on the nether side are observed after the
wind has been from the south for two or three days,
thunder and rain will occur suddenly.

. It is time to make haste to shelter when two such

clouds arise, one on either hand.

. When a cloud is seen arising against the wind or side

wind the wind will blow the same way that the cloud
came when it gets up to your place of observation.

. Fair weather may be expected for several days when

the clouds are small, round and dapple gray and fly
with a north wind.

m. When small clouds increase there will be heavy and

continued rain.

n. Fair weather will follow the decrease of large clouds.
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o. South winds and fair weather for a week are likely to

produce a great drought.
— p. The strongest winds occur when the wind shifts from
the south to the northwest.
«q. If it starts to rain before sunrise it will cease before
noon.

r. If the rain starts within two hours after sunrise the
rain will continue through the day unless the rain was
preceded by a rainbow.

s. When there is much snow and frost in October and
November, January and February will be mild.

t. If the last eighteen days of February and the first ten
days of March are rainy, then the spring and summer
quarters are apt to be rainy also.

B. Astro-meteorology. Since the beginning of weather science many
people have fancied a relationship between the movement of
celestial bodies and weather changes. Study of the movements
of the sun, moon, stars and planets gave rise to astrological fore-
casts. With the invention of printing, these astrological fore-
casts received wide distribution and did much to influence pop-
ular beliefs. These mystical astrological forecasts, of course,
receive no credence in modern science. However, another type
of semi astro-meteorology has some scientific basis. Those
weather proverbs and folk sayings which tell of the appearance
of celestial objects as influenced by the conditions of the inter-
vening atmosphere often represented visual recognition of phys-
ical processes. Recently a special study has been started of a
celestial object, the sun, in order to understand better the sun-
spots which have been found to influence the weather indirectly.

1. Astrology and astrological terms, as applied to the weather,
have exerted an influence on our language as exemplified by
the words jovial, saturnine, martial, and mercurial. Prov-
erbs based solely on astrology have little scientific meaning.
For example:

a. “The prudent mariner oft marks afar
The coming of tempests by Bdotes’s star.”

b. “The bonnie moon is on her back;

Mend your shoes and sort your thack.”

c. “It is sure to be a dry moon if it lies on its back so
that you can hang your hat on its horns.”

2. The weather sayings concerned with both celestial objects
and atmospheric phenomena are represented as follows:

a. “When the stars begin to huddle,

The earth will soon become a puddle.”
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b. “When the stars begin to hide,
Soon the rain will betide.”
c. “Moonlight nights have the heaviest frosts.”
d. “Clean mcon,
Frost soon.” .
e. “When the sun is in his house it will rain soon.”

V1. THE DEVELOPMENT AND USE OF INSTRUMENTS

A. After the early beginnings which were limited to visual observa-
tional methods, the era of instruments opened new vistas of ad-
vancement to the weather science. The nearly infinite difficulties
encountered by these early experimenters with new methods and
procedures are usually not recognized by the modern student in
this scientific age. To illustrate these difficulties, and the matter
of their solution, the following brief history of the development
of thermometry is offered.

B. Early Thermometry. The prototype of the modern thermom-
eter, consisting of a expansible liquid in a sealed tube, was de-
veloped in Italy. The first sealed-stem thermometer was made
at the Florentine Academy in 1682. One of the most difficult
concepts for these early experimenters to master was that of
reliable reference points. Many repeated experiments were made
to obtain high points and low points on the sealed-tube ther-
mometer and establish divisions in between. In 1688 Dalence
used the temperature of air during freezing for his low point and
the temperature of melting butter for the high point. Other
experimenters used the heat of summer and the cold of winter or
ice at the severest frost. Even the temperatures of deer and
cows’ blood were used at various times. Of course, the obvious
fault with these reference points lies in the fact that they vary
from one time to the next and have no constant value.

1. About 1710 Gabriel Daniel Fahrenheit invented the ther-
mometer scale which bears his name. The zero point on
this scale was determined by the temperature of a certain
cold winter’s day in Danzig. This point was later specified
as the temperature of a given mixture of ammonium chloride,
common salt and snow. The other reference point was taken
as what he erronequsly believed to represent the normal
temperature of the human body. The interval between
these two reference points was ultimately divided into 96
divisions or degrees. On this illogical scale the freezing point
of water fell at 32° and at sea level the boiling point fell at
212°. This scale has the advantage of natural small scale
divisions and the further advantage that, in temperate or
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torrid zones, it 1s rarely cold enough to require negative
readings.

2. In 1731 the French philosopher and scientist Réaumur
invented a temperature scale. This thermometer made use
of alcohol as the expanding liquid. The zero reference was
the freezing point of water. A degree was arbitrarily taken
as one thousandth of the volume contained by the bulb and
tube up to the zero mark. The boiling point of water at
standard conditions falls at 80° in this scale.

3. The Centigrade scale was designed by the Swedish astrono-
mer, Anders Celsius, about 1742. Originally the scale was
graduated downward from the boiling point of water, at
standard conditions, which was taken as o0°, to the freezing
point of water at 100°. The degree is thus defined as one
hundredth of the difference between the two reference points.
The modern Centigrade thermometers have reversed the
original scale so that now freezing occurs at 0° and boiling
at 100°.

4. The Absolute or Kelvin scale of temperature was developed
by Lord Kelvin after 1850. This scale starts at the Abso-
lute zero (— 273.13° C. or — 459.6° F.). For most work
the Absolute scale assumes an Absolute zero of — 273°,
thus the freezing point of water on the Absolute scale be-
comes 273° A. and the boiling point 373° A.

vIil. THE DEVELOPMENT OF METEOROLOGY AS A
SCIENCE

A. Francis Bacon (1561-1626), author of Novum Organum, and
an exponent of the inductive method, is believed to have made
some contributions to the adoption of the scientific method in
meteorological circles.

B. Galileo Galilei (1564-1642) was the inventor of an air ther-
mometer in addition to his triumphs in many other fields of
science. He is also believed to have first given Torricelli a clew
as to the true nature of atmospheric pressure.

C. Evangelista Torricelli (1608-1647) discovered the principle of
the barometer.

D. Robert Boyle (1627-1691) experimented with the physics of
gases. He discovered and gave name to the law expressing the
relation of volume to pressure. The expression of this law was
the first step toward a dynamics of the atmosphere.

E. Robert Hooke (1635-1703) received his first opportunity as an
assistant to Robert Boyle. They were both members of the
“Invisible College” which later became the Royal Society. In
addition to his many contributions to general physics, Hooke
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invented several meteorological instruments including a wind
gauge, wheel, double and marine barometers and a rain gauge
(Fig. 2).

F. Edmund Halley (1656-1742) has been called by many the
“father of dynamical meteorology” because he endeavored to
connect the distribution of the sun’s heat over the earth’s surface
with the general circulation of the atmosphere.

G. Benjamin Franklin (1706-1790) was awarded the Copley
medal of the Royal Society for his famous experiment with kites
in his study of atmospheric electricity in 1752 which led to his
invention of the lightning rod. He is believed to be the first
American to recognize the general west-to-east movement of the
weather in temperate regions of North America.

H. During the period from 1600 to 1850 there were many develop-
ments in meteorological instruments. Some of these have al-
ready been mentioned in more detail. However, the main
improvements of note were as follows:

1. The first Florentine thermometers were originated about
1600.

2. Ferdinand II, of Tuscany, invented the condensation hy-
grometer in 1650.

3. Wren’s meteorograph was first demonstrated in 1664.

4. From the period 1665 to 1736 the various thermometer
scales were originated.

5. Around 1750 Benjamin Franklin experimented with at-
mospheric electricity and about that time he invented the
lightning rod.

6. In 1783 de Saussure invented the hair hygrometer.

7. The anemometer is credited to Waltman in 1790.

8. Assmann invented the psychrometer in 1825. This was fol-
lowed by the inventions of the pyrheliometer by Pouillet in
1837 and the aneroid barometer by Vidie in 1847.

I. In addition to these instrument inventions many milestones
were being passed in the development of the theoretical aspects
of the science.

1. In 1624 von Verulam first indicated the significance of the
rotation of the winds with the sun.

2. In 1687 typhoons were recognized by Dampier as revolv-
ing storms.

3. Dalton made early discoveries about the gas laws in 1793.

4. In 1805 Beaufort originated the Beaufort scale of wind
force.

5. Carots made many studies about heat and radiation about
1820.
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Hooke’s plate anemometer.

Courtesy Julien P. Friez & Sons, Inc.

Anemograph—mechanical wind direction and
velocity recorder.

Early rain gauge.

Continuous weighing rain gauge.

Fig. 2
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Microbarograph.

Fig. 2—concluded.

6. Pouillet first expounded the idea of the solar constant in
1837.

VIII. THE DEVELOPMENT OF THE SYNOPTIC CHART AND
UNIFIED WEATHER NETWORKS

‘A. The earliest weather charts may be traced back to Brandes in
1820. About 1860 Napoleon 111, the French emperor, instructed
the scientist Le Verrier to develop a system of weather forecast-
ing. The early work done by Le Verrier gave rise to a wave of
enthusiasm. Within a few years networks of meteorological sta-
tions developed in many countries. Since the rules of thumb and
statistical methods, used for forecasting at that time, were soon
proved to be inadequate the early enthusiasm quickly waned.
The early progress was then followed by a profound lull.

B. Descriptive and statistical meteorology, on the other hand, con-
tinued at a good pace during the period of Le Verrier’s frustra-
tions.

1. The first map of world pressure was produced by Buchan
in 1869. Mohn followed this accomplishment with an atlas
of storms in 1870.
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2. Loomis studied the statistics of precipitation and in 1882
he prepared the first world map of precipitation.
3. Hann prepared the first meteorological atlas in 1887.

C. In the middle of the nineteenth century the invention of the
telegraph made possible the collection of a great many simul-
taneous observations and the construction of a daily weather
chart. Networks of stations were organized, government subsi-
dies obtained, and the nucleus of the present elaborate weather
systems was first created.

1. The use of the electric telegraph for transmitting weather
observations for forecasting purposes was first proposed by
Carl Kreil, at Prague, in 1842.

2. In 1848 John Ball made a similar, but more elaborate, pro-
posal to the British Association.

3. In the United States the proposal was first made by Henry,
Secretary of the Smithsonian Institution, in 1849.

D. In 1860 the first organization of a service of forecasts and
storm warnings in Europe was accomplished by Buys Ballot,
Professor of Physics at the University of Utrecht in Holland.

E. The Meteorological Office in London was established in 1854
as a department of the Board of Trade. Admiral Fitzroy was
placed in charge. The Meteorological Committee of the Royal
Society was organized and started to function in 1867 after con-
siderable preliminary work by Francis Galton. Due to the
tendency for scientific circles to expect astronomical accuracy
from weather forecasting, the work of the early committee met
many reverses in England. In 1872, international co-operation
had been obtained by an international meeting of meteorologists.
However, it was not until 1879 that a unified weather service
was finally able to get under way in England.

F. As previously mentioned, due to the work of Le Verrier, the
weather service of France is unbroken from 1863. From that
time to the present a daily weather report has been made and
issued to the various French ports.

G. In North America the first two weather stations had been es-
tablished by Thomas Jefferson in 1772. One station was estab-
lished at Monticello and the other at Williamsburg. However,
the United States Weather Bureau, as we know it today, was ﬁrst
Jprovided for by the bill of February 9, 1870. The first bureau
was under the direction of the Secretary of War. The following
is quoted from the original bills. Points indicative of dominating
trends in meteorological interest are italicized.

1. Bill of February 9, 1870 (Under Secretary of War).

Be it resolved by the Senate and House of Representatives
of the United States of America in Congress assembled.



I2 AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

That the Secretary of War be, and he hereby is, authorized
and required to provide for taking meteorological observa-
tions at the military stations in the interior of the continent
and at other points in the States and Territories of the
United States, and for giving notice on the northern lakes
and on the seacoast, by magnetic telegraph and marine sig-
nals, of the approach and force of storms.

2. Bill of June 10, 1872.
The appropriation bill approved provided: For expenses of
storm signals announcing the probable approach and force
of storms throughout the United States, for the benefit of
commerce and agriculture; and that the Secretary of War
be, and hereby is, authorized and required to provide, in the
system of observations and reports in charge of the chief
signal officer for such stations, reports, and signals as may be
found necessary for the -benefit-of agriculture and commer-
cial interests. T

3. Bill of October 1, 1890.
Transfer to Dept. of Agriculture from signal officer. The
Chicf of the Weather Burcau, under the direction of the
Secretary of Agriculture, shall have charge of forecasting
the weather; the issue of storm warnings; the display of
weather and flood signals for the benefit of agriculture,
commerce, and navigation; the gauging and reporting of
rivers; the maintenance and operation of seacoast telegraph
lines and the collection and transmission of marine intelli-
gence for the benefit of commerce and navigation; the re-
porting of temperature and rainfall conditions for the cotton
interests,; the display of frost, cold wave, and other signals;
the distribution of meteorological information in the interest
of agriculture and commerce; and the taking of such mete-
orological observations as may be necessary to establish and
record the climatic conditions of the United States, as are
essential for the proper execution of the foregoing duties.

4. With the increasing importance of aviation the United
States Weather Bureau found it necessary to expand to
meet airway needs in 1926, 1938 and 1940.

IX. THE STUDY OF THE UPPER AIR
The study of the upper air was begun with the first scientific bal-
loon ascents by Charles in 1803.
1. In 1890 mountain observatories were erected to study con-
ditions in the free air.
2. During the period from 1870 to 1910 balloons and kites
were used extensively for meteorological purposes.
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3. The era of the modern methods in the investigation of the
upper air may be dated from Hermite and Besancon ex-
periments starting in 1892.

4. In 1907 Dines developed a meteorograph which did not
depend upon the functioning of a clock. This most inter-
esting and original instrument has been modified by several
meteorologists such as Patterson of Canada. Regener and
Dines devised methods for obtaining samples of air from
great heights. Simpson and Scrase have devised an in-
genious recording electrometer for measuring the earth’s
electrical field.

‘5. In addition to the nonradio type balloon meteorograph,
from 1917 the airplane meteorograph has also contributed
much to the study of the upper air. One of the best-known
types of aerometeorograph is the Lindenberg pattern mete-
orograph, made by J. and J. Bosch (Fig. 3).

Fig. 3. Aerometeorograph.

6. With the development of the vacuum-tube oscillator it
became possible to construct instruments to transmit mete-
orological information about the upper air automatically
from a free balloon. Such methods had been suggested by
Buys Ballot as early as 1868, and again by Olland in 187s.
In 1917 F. Herath and M. Robitsch developed a method
for transmitting signals from a meteorograph along the kite
wire. This method never gained wide recognition, and it
was not until Bureau and Idrac, in 1927, received weather
signals from a small radio transmitter attached to a balloon
that had reached the stratosphere that the present type
radio meteorograph started its development. Since this ini-
tial experiment, many such instruments have been con-
structed, some types of which have proved very successful.
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Since the results are immediately available such observa-
tions may be used for actual forecasting.

X. AIR MASS AND FRONTAL ANALYSIS METHODS

A. About 1840, Redfield recognized the extratropical cyclone as a
revolving storm. In the same year Dove published his theory of
storms in which he indicated that storms originate when polar
an‘ tropical air are brought into juxtaposition. This treatise was
probably the earliest forerunner of modern methods. In 1852,
Blasius advanced the thesis that advancing cold, polar air un-
derrunning a warm, nearly saturated tropical air would push it
upward causing the formation of cumulus clouds and precipi-
tation.

B. In the United States the basic hypothesis of the polar front
theory was first advanced by Bigelow in 1goo. He maintained
that large opposing currents of dissimilar air in the temperate
latitudes were basically responsible for weather conditions. Of
course, this is the main contention of present-day methods. How-
ever, Bigelow’s ideas were not developed due to the universal
adoption of pressure-type forecasting. The main exponents of
this latter type of forecasting procedure were Abercromby and
Marriot (Fig. 4).

Fig. 4. Abercromby’s weather in a depression (Northern Hemi-
sphere).

C. During the period of 1914-18 of World War I, a group of
Norwegian scientists began to experiment with Dove, Blasius
and Bigelow’s ideas. Shaw and Lempfert had furnished them
with the observational data for our present concept of the extra-
tropical cyclone. Helmholtz, Margules and V. Bjerknes studied
the concept of atmospheric fronts and their effects. J. Bjerknes,
the son of V. Bjerknes, and H. Solberg began in 1918 to make
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practical application of these methods to forecasting procedures.
Since then the forecasting methods of air mass and frontal analy-
sis have been nearly universally adopted.

D. Probably the latest innovation in forecasting procedure, and
the method most likely to produce revolutionary advances in the
science, is the method known as isentropic analysis which is now
being developed by Rossby and his collaborators at the Massa-
chusetts Institute of Technology and the University of Chicago.

TEST QUESTIONS ON METEOROLOGICAL HISTORY

1. Early meteorology was largely a(n) (inductive, method.

2. The study of weather was probably most important to the (Greeks
Babylonians, Egyptians). 2,
3. The (Greeks, &byloma;ﬁ Egyptians) were most interested in
astro-meteorology. -
4. The Meteorologica was written by (Virgil Anstotle, Theophrastus
Democritus). k__/ —_—
5. Criticisms of Pythagoras were included in (T%e Boo____j Signs,
First Book of the Georgics, Shepherd of Banbury’s Rules, M eteorologica).
;@.—_—a

6. The material in Virgil’s book on the weather was borrowed largely

from (Darwin, Socrates, Anaxagoras, (Igéoplirastus)) 6.
7. During the Medieval Period the

. Ty was to Qainﬁa}n\,,dis-
card, substitute for) the authenticity of the old proverbs and lons.

8. Meteorological instruments had been invented@ not until
after) the time of Erasmus Darwin’s weather verses -
" _9. The Shepherd of Banbury's Rules were first (collected written,
Dublished) in 1744. —
“The Shepherd of Banbury’s Rules were originated by (Mr Claridge,
an unknown) a meteorologist).
——Early almanacs published yearly forecasts based upon (astro meye-
Grology, folklore, weather signs). ) § S
12. The a;@ of celestial objects as seen through the intervening

air (is never/may beg) is always) a reliable forecast method.

12,

13. “Clear moon, frost soon.” This saying (hay/has no) scientific
basis. 130 —
14. “The bonnie moon is on her back; Mend your shoes and sort your
thack.” This saying (has,fas no) scientific basis. 40—
15. Experiments with ometers were first undertaken by the

(“Academy,” “Invisible College,” Wemﬁ Virgil).
15—

16. There are 180 divisions between freezing and boiling points of
water on the (Réaumur, Centigrade, Fahrenheit) scale.
- 16.
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17.In thermometry the original technical difficulty was in (figding ref-
efénce points, sealing the tube, obtaining suitable expansible fluids).
- 170 —
18. The (Réaumur, Fahrenheit, Centigrade, Absolute) scale was orig-
inally graduated from o at the boilﬁg point of water to 100 at the freezing
point of water. 8
19. The Fahrenheit scale was originally (arbitrarily, scientiﬁcally, quasi-
scientifically) obtained. -
20. The prin \Qle of the barometer was discovered by (Hooke, Aristotle,
Halley, ’I‘omcelh) 20, —
(Boyle, Charles, Vu'gllk Bacon, Darwin) was the author of the
Novum Organum. -—~ P}
(Franklin, Halley, von Verulam, Dampier) is known as “the father

of dynamlcal me gy.” 22

23. The permq of instrument development in meteorology was between
(A.D. 1600-1850, 400-300 B.C., AD. 1500-1600). 23—
" 24: ‘The psychrometer was mvented by (de Saussure, Dalton, Carots,
Assmann)-in 1825. 240
- 257 The earliest weather charts were developed by (Ball, Thales,
Brandes, Henry). 25, —
~ 26. .In France the first weather service was developed by (Mohn, Le
Verrier, Descartes, Kreil) in 1860. 26.

27. The development of weather networks mainly depended upon the
(invention of the t elegraph development of instruments, training of

sbservers). 27—
28. Unified weather networks were first developed in the middle of the
(seventeenth, eighteenth, mnctee_t),tll) century. 28,
29. (Buys Ballot, Hen itzroy) was first placed in charge of the
Meteorological Office in London: — 29 ——
30. The first weather stations in the New World were established by
(Jefferson, Washington, Standish, Franklin), 30—
-31." The United States Weather Bureau was established un the
directorship of the Secretary of (Interior, Agriculture, Navy, Cﬁg,xr) in
1870. 3I.
32. The United States Weather Bureau was originally established for
‘commercial, agricultural) military) purposes. 32.

33. In 1890 the United States Weather Bureau was. transferred to the
lirectorship of the Secretary of (the Interior,(Agriculturé, Navy, War).
o~ 33 ——

34. The first scientific balloon ascents were initiated by (Bosch, Charles,

Dines, Buys Ballot) in 1803. Y T I
35. The aerometeorograph is carried aloft by (balloonﬁgp\lafea, kites).

3 M.
36. The first radiometeorograph was sent aloft by £Bureau and Idtac,
Herath and Robitsch, Buys Ballot) in 1927.
37. (Dlnes, Bacon, Le Verrier, Wren) developed the first meteorograph
10t requiring a clock movement in its mechanism. 37—
38. The main exponent--ef-the pressure system of weather forecasting
was (Redfield, Dove,(Abercromby, |Bjerknes). 38.
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39. The dominant thesis in air mass analysis is that the weather is pri-
marily due to (gradual temperature changes, m;g_r_ggmgs between air of
contrasting properties, pressure differences within an air mass)

40. The methods of isentropic analysis are being developed by ’(Eossby:
Solberg, V. & J. Bjerknes, Shaw). 40.




CHAPTER 1II
BASIC CONCEPTS

1. DEFINITIONS

Meteorology is the science of the atmosphere and its phenomena as
related to both weather and climate. In keeping with the trend toward
division and specialization meteorology, like other sciences, has been
subdivided into many branches. This subdivision of meteorology ac-
cording to the field of human activity served, such as agricultural
meteorology, aeronautical meteorology or forest-fire meteorology, is
often used for special study. However, the standard divisions as rec-
ognized by all students of the subject are as follows:

A. Dynamic Meteorology. In dynamic meteorology the ideal is
to apply the tools of mathematical and classical physics to a
strict mathematical interpretation of the physical processes of the
atmosphere.

B. Synoptic Meteorology. This branch of the science is the most
widely used for present-day forecasting. The method consists
of collecting many simultaneous observations over a large area,
transmitting them by telegraph and radio to central points where
they are entered on the weather map and interpreted in terms of
the meteorologist’s knowledge of all the physical data available.
The task of the synoptic meteorologist consists first in analyzing
present weather conditions and, then, in extrapolating these con-
ditions and trends into the future for forecasting purposes.

C. Aerology. The term aerology has in the past applied to the
study of the free atmosphere. All data gathered from upper air
soundings, such as from aerometeorographs, was considered to be
its special province. In many meteorological groups the term is
now used as a synonym for meteorology. Tn the United States
Navy, officers specially trained in meteorology are called aero-
logical officers and the meteorological stations are called aero-
logical stations. For this service branch, then, aerology and
meteorology are synonymous. Most theoretical meteorologists,
however, still use the term in reference to the study of the upper
or “free” atmosphere.

D. Air Mass and Frontal Analysis. The present method of weather
forecasting developed from those methods was pioneered by the
Norwegian School of meteorologists. The primary thesis of the
method is that overrunning and lifting of air occurs when cold

18
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air masses meet warm air masses. Another axiom of all weather
forecasting is that weather in the temperate zones moves from
west to east (Fig. 5a).
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Fig. sa. Three-dimensional drawing of a frontal system.

.

1. The Cold F ront. When cold air from high latitudes flows
southward it pushes the warm air before it and also under-
runs the warm air mass. As a result the warm air is forced
upward so that it cools and its moisture condenses out in
the form of clouds and rain or snow (Fig. s5b).

Line represents

Line olong which
warm oir 18 over-
H running cold ar.
\ = o] 'I,/I - COLD AR
) . n— 'B
1 100 it———-— Miley ~———————————
/ g‘“Mulu_'.l 600 Miles :

Fig. sb. Cross-sectional drawing of a frontal system.

2. The Warm Front. As the warm air moves from the low
latitudes it overtakes any retreating cold air and flows up
over it. In flowing up over the retreating cold air the warm
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air is lifted to high altitudes where it cools, condensation
takes place and its moisture is precipitated as rain or snow
§ (Fig. sb).

3. The Occlusion. Due to the general west-to-east movement
of the weather cold fronts usually overtake the warm fronts.
When sucb a circumstance occurs the warm air is lifted
entirely from the ground.

As the weather has been demonstrated to follow a regular pat-
tern in forming these fronts between air masses of dissimilar
properties, and, since each front has its own weather peculiarities,
a complete understanding of the method of air mass analysis is
indispensable to the modern meteorologist.

I1l1. PHYSICAL AND CHEMICAL PROPERTIES OF THE

ATMOSPHERE

A. Composition of Matter. Since meteorology is related to many
sciences it is necessary to develop a scientific vocabulary. Many
of the terms used are related to the structure of matter. Matter
is the name given to all things of a material nature. Men and
mice, an airplane and the air through which it flies, all things
animate and inanimate are composed of matter. The basic units
of matter are submicroscopic particles of positive and negative
electricity called protons (positive) and electrons (negative).
All electrons are identical as are all protons. While any one par-
ticle is like any other, different combinations of these two basic
particles will result in different substances with unlike properties.
The electrons and protons of tin are identical to those of oxygen.
It is the difference in their arrangement that causes the two sub-
stances to be so dissimilar. A cathedral or a pigsty might both
be made of the same kind of bricks, the dissimilitude of their
form would be due to the arrangement.

1. Atoms and Elements. Atoms are composed of electrons
(negative particles) and protons (positive particles). There
are 92 varieties of atoms. Each different arrangement rep-
resents an element. Oxygen, nitrogen, copper, lead, and tin
are all elements.

2. Molecules and Compounds. When atoms combine by
sharing their electrons the larger aggregates are called
molecules. In some cases the atoms of an element may
combine with others of their same element. For example,
active gases like oxygen, chlorine, nitrogen, hydrogen and
bromine may combine with themselves. O (Oxygen atom) -
O (Oxygen atom) — O, (Oxygen molecule). On the other
hand, atoms of different elements combine to form molecules
called compounds. Thus, water, H,0, is a compound com-
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posed of two atoms of hydrogen combined with one atom of
oxygen. Carbon dioxide (CO,), sugar (C,2 Hz: Oy1), sul-
phur dioxide (SO.), and table salt (NaCl) are all examples
of compounds (Fig. 6).
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| Oxygen Atom + 2 Hydrogen Atoms = | Woter Molecule

® = Proton (positive charge)
O = Electron (negative charge)

Fig. 6. Chemical reaction.

3. Ions. Atoms of the elements in the uncombined state
have the same number of protons as electrons. When an
atom gains electrons it becomes negatively charged since it
then has more negative particles than positive particles. If
an atom loses electrons it becomes positively charged since it
then has more protons than electrons. Such charged atoms
are called ions (Fig. 7).

B. Pressure and Weight. Air has weight and exerts a really tre-
mendous pressure at the earth’s surface. At standard pressure
our bodies are subjected to a pressure of 14.7 1b. per square inch.
Such a prosaic statement usually fails to Impress the student but
a few implications of this statement will. It would be a feat for
some superman to support a weight of over a ton on his chest,
yet this is what the average man supports, in terms of atmos-
pheric pressure, on each square foot of his body. 1 sq. ft. = 144
sq. in. 144 times 14.7 = 2116.8 lb. This weight is equal to
the weight of 34 cu. ft. of water. One cu. ft. of water weighs 62.4
Ib. Since our bodies are surrounded on all sides by an equal
pressure, both externally and internally, the great pressure causes
no discomfort. Cl‘he atmospheric pressure at the earth’s surface
is the result of the weight of the atmosphere itself. The greatest
pressure is f(mnd\ax,t.b.&lmt\_l_altitudes. As altitude is gained
the atmospheric pressure becomes ess.) For eveer
gain in altitude the pressure is, roughly, one half of its original
value. For the same reason that the pressure is greatest at the
bottom of the oceans, the pressure is greatest at the bottom of
the atmosphere. Obviously this is true because the earth’s sur-
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Fig. 7. Method of ionization.
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face is comparable to the ocean floor in the atmospheric ocean
of air. As elevation is gained pressure decreases because there is
less atmosphere overhead. Just as a diver finds the pressure less
and less as he approaches the ocean’s surface so does an aviator
find a decrease of the atmospheric pressure as he flies upward to
higherTevels (Fig. 8).

C. Density. The density of a substance depends upon the amount
of matter in a given volume. In the case of liquids the density
cannot be appreciably changed because they are not easily com-
pressed, but in gases the particles (molecules) of which they are
composed are more mobile, hence, gases may be compressed.

hus, the water at the bottom of the ocean is of nearly the same

ensity as the water at the surface while, on the other hand, at
the earth’s surface the atmosphere is compressed by the weight
of the atmosphere above it and has a greater density.) As an
aviator flies upward he finds that not only the pressure of the
atmosphere decreases but also its density. In physics these rela-
tionships are expressed in the following manner (Fig. 9).

7000 # HEEH HEH FEEE R B R I B HI HHH 13 MILE HEIGHT)
+ + 1 mgdlagasi 198 t1 4
L T i FHFH
Note shghty greater ratio 5.
60,000 ft pressure drop ot high almudel
HH H H a8
H 10 MILE HEIGHT)|
50,000 # H
1 +4+44
40,000 H
A ly one half of HHH H
e the 18,000" value /1 HHH
H
30,000 #t HHHH HH
Sansen $ MILE HEIGHT
T 44
H HH
Hi
20,000 ft Pressure, one half of
the surfoce volue
{ous
H
}
10,000 #
SL .
) 100 200 300 400 500 600 00 800 900 1000

PRESSURE IN MILLIBARS

Fig. 9. Up to 10,000 ft. there is approximately a 1-in. change in
atmospheric pressure for each goo-ft. change of elevation.

1. Density = weight/volume, (more correctly) density =
mass/volume. For example, 1 cu. ft. of water weighs 62.4
Ib., while 1 cu. ft. of mercury weighs 848.64 Ib. Hence, the
density of water is 62.4 Ib. per cubic foot and that of mer-
cury is 848.64 Ib. per cubic foot.
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. Specific gravity — density of substance/density of water.

Specific gravity of mercury — 848.64/62.4 = 13.6. Thus
it can be seen that a given volume of mercury is 13.6 times
as heavy as an equal volume of water. In the metric
system the density values and the numbers representing
the specific gravity are the same, as one gram of water has a
volume of one cubic centimeter at 4° C. Density of water
= 1 gram/1 cc = I gram per cc. Density of mercury —
13.6 grams/1 cc = 13.6 grams per cc. Specific gravity of
mercury = 13.6 (density of mercury) /1 (density of water)
= 13.6. Whereas 1000 cc of water weigh 1000 grams an
equivalent volume of air weighs only 1.29 grams at sea level
and O° C. However, the average depth of the ocean is
only about two and one-third miles while the atmosphere
extends upward to over 600 miles.

. Effect of Pressure on Density. D/P = D’/P’. First

density /first pressure = second density/second pressure.
1.29 grams per liter/14.7 1b. per square inch = D’/7.35 Ib.
per square inch. D’ — .645 gram per liter. From this ex-
ample it may be seen that the density of the air is directly
proportional to the pressure. Thus, at 18,000 ft. the weight
of a given volume of air is only about one half its surface

value.
e o o
o o o
0o 0o °°°°0°0°°

‘GASES ARE COMPRESSIBLE GASES EXPAND WHEN
Oensity 3 directly proportional to HEATED

the pressure. The volume of (q_gas s di-

rectly proportional to the

temperature (Absolute).

Fig. 10. Physics of gases.

4. A given volume of air has a certain density because it

contains a certain amount of matter in the form of mole-
cules. When the air is heated these molecules of which the
air is composed increase their speed and, if allowed, the air
will expand. Since the same number of molecules then
occupy a larger amount of space (greater volume) the
density (weight per unit volume) is decreased. Heating air
causes it to expand and become lighter. Light (warm) air
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will float on heavy (cold) air; thus, it is commonly said
that warm air rises. Actually a parcel of warm air rises
because it is displaced and forced upward by the surround-
ing air which is cooler and more dense. This parcel of warm
air will continue its upward motion until it reaches a
level where the density of the surrounding air is just equal
to its own density (Fig. 10).

5. Following is a short table of comparative densities of some
representative substances given in grams per cubic centi-
meter at 20° C.

Aluminum 2.65
Copper 8.93
Gold 19.32
Iridium 22.41

Iron 7.86
Lead 11.37
Water (at 4° C.) 1.0000
Air 0.001293
Hydrogen 0.000899
Oxygen 0.001429

CompositION OF PURE AIR AT SEA LEVEL

CONSTITUENT VoLuMmE Per CENT
Water Vapor Content
0% 0.2% 0.9% 2.6%

Ni e
O;t;;eg:n 78.08 77.9 77.4 76.05
Argon ... 20.95 20.9 20.8 20.4

gon  ........... 0.0 .93 092 091
Carbon Dioxide 003
Hydrogen . ...... less than o.o1
Neon .. ......... 0.0018
Helium ............ 00005
Krypton ........... 00001
Xenon  ......... 0.000009
Ammonia 00000026
Ozone .. 0 000002
Hydrogen Peroxide 0 00000004
Todine . . trace
Radium Emanation trace

D. Chemical Composition. The atmosphere is a mixture of gases.
This mixture is found to be fairly constant in chemical compo-
sition when samples of it are taken at any place in the earth’s
atmosphere. Roughly, the atmosphere is four fifths nitrogen and
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one fifth oxygen. All the other gases are found in only small
amounts. Certain-of the constituents, such as water vapor, vary
with changing conditions.

Distribution of Oxygen with Height.

The pressure of the atmosphere at standard conditions at
sea level is 14.7 1b. per square inch. On a barometer this
pressure is represented by a mercury column 29.92 in. in
length or 760 mm or by 1013.25 (mb). (One inch of mer-
cury = 33.86 mb.) Of the various gases of the atmosphere
oxygen is the life sustaining element. For the purpose of
high-altitude flying many studies have been made of the
distribution of this vital element with altitude. At sea level
about 200 mb of the total pressure of 1013.25 mb is con-
tributed by the oxygen content of the air. When this con-
centration of oxygen is available the physiological reactions
of a person are normal. When an aviator is flying at 10,000
ft. the atmospheric pressure has decreased to 700 mb and
that of the oxygen to 140 mb. With no oxygen equipment
the aviator’s physiological reactions would be subnormal.
At an altitude of 24,000 ft. the atmospheric pressure would
be 400 mb, the oxygen pressure only 8o mb, and the pilot
would be unconscious.
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Fig. 11. Vertical structure of the atmosphere.

11I. THE VERTICAL STRUCTURE OF THE ATMOSPHERE
A. Height of the Atmosphere. Due to compression, one half of
the weight of the atmosphere lies below the 18,000-ft. level. The
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greatest volume of the atmosphere is above this level. Meteors
or “shooting stars” have been observed up to heights of 200
miles. Since meteors only become visible when heated to incan-
descence by the friction of the atmosphere the air must be fairly
dense at even this great altitude.( The Auroras, which are be-
lieved to be electrical discharges in rarefied gases, have been
observed by photographic means to altitudes of 620 mi.) The
height of this phenomenon is believed to represent the extreme
outer limits of the earth’s atmosphere. (Fig. 11)

B{ Troposphere. The layer of air nearest to the earth’s surface
is called the troposphere. The depth of the troposphere varies
with the seasons. The average depth of the layer is 55 miles
at the poles, 77 miles over the temperate zones and 11 miles
over the equator. Due to cooling effects of expansion the cold-
est place in the earth’s atmosphere is found at the top of the
troposphere over the equator. Characteristically, throughout
this layer of the atmosphere all the vertical air currents are
found. This is also the layer of clouds, precipitation (rain, snow,
etc.) and weather. As altitude is gained through the troposphere
the temperature usually decreases. The average rate of tem-

_ perature drop with gain in altitude is 0.55° C. per 100 meters.

C)‘ Tropopause. Between the lowest layer of the atmosphere and
the outer layer there is a transition zone known as the tropo-
pause. This zone is characterized by the fact that there is no
change of temperature with altitude. No convective currents,

__ clouds, or weather are found in the tropopause.

1?. Stratosphere. Above the tropopause the stratosphere extends
upward to outer space. As in the tropopause no_convective cur-
rents, clouds, or weather are found in the stratosphere Recent
experlments have demonstrated that there is a pronounced gain
in temperature with altitude above the 15-mile elevation. At
18-miles’ altitude the temperature has risen from — 80° C. to
— 50° C. while at 31 miles the temperature is 70° C.

Ionosphere. In the stratosphere the number of free ions of
air are found concentrated in several .trata. Since many
interesting electrical phenomena take place in these layers
they are often classified together as the iomosphere. The
aurora borealis and aurora australis occur at high latitudes
in these layers. In addltlon the 1mt and
absorb radio waves and absorb certain wave bands of the
sun’s energy. The layers of the ionosphere are classified as
follows:

a. The D layer is found at an altitude from 18 to 28
miles. It reflects and absorbs long-wave radio trans-
mission.
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b. The E, or Heaviside-Kennelly, layer is the ionized
1ayer between §5- to 75-miles’ altitude. Radio waves
of 300 to 400 meters are reflected by this layer.

C. At an altitude of 135 to 162 miles the F, or Appleton,
layer reflects short radio waves and absorbs energy from
the ultra-violet wave band of the sun’s energy.

TEST QUESTIONS ON BASIC CONCEPTS
v

1. The study of the upper air is (dynamic meteorology, aerology,
synoptic meteorology). | S,
2. When cold air underruns warm air the discontinuity line is called
a(n) (cold front, occlusion, warm front). 2
3. When the warm air is lifted entirely from th; ground the discon-

tinuity line is called a(n) (cold front, occlusion, warm front).

3 g—

4. The smallest negative particles of matter are the (electrons, protons,
atoms, molecules). —_—
5. The smallest positive particles of matter are (electrons pro( tons,
atoms, molecules). —_—
6. The smallest particles having the properties of elements are (elec-

trons, protons, atornfs, molecules). 6.
7. The smallest particles having the properties of compounds are
(electrons, protons, atoms, molecules). 7.

8. When atoms are unbalanced electrically they are called (protons,
electrons, neutrons, ions, positrons). . —
9. Anything occupying space and having mass is called (density, vol-
ume, matter, compounds, molecules). -
10. In the following list check the element (sugar, brass table salt,

aluminum, water). 0 —
11. Atoms become charged positively by (gaining, losing) (electrons,
protons, neutrons). II.
12, Liquids are (easily compressible, difficultly compressible).
12,
13. Gases are (easily compressible, difficultly compressible).
130 —
14. The atmospheric pressyre at sea level is (34 lb. per square inch,
29.92 lb. per square inch, 14.7’lb. per square inch). 4 —
15. The pressure is decreased hy one half for every (18co-ft., 36,000-ft.
18,000-ft., 10,000-ft.) gain in altitude. 15.

16. The total force exerted by the atmosphcre on the surface of an
evacuated tin can 4x8x12 in. at sea-level pressure is (5474.8 1b., 940.8 1b.,

384 1b., 11890.4 1b., 5174.4 1b.). 16.
17. The volume of 312 Ib. of water is (10 cu. ft., 5 cu. ft., 4 cu. ft.,
6 cu. ft.). 17.

" 18. The weight of 2 cu. ft. of an unknown substance is 980.93 lb. Its
specific gravity is (11.37, 7.86, 8.93, 2.65). 8 e
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19. Abo r? 4/5 of the atmosphere by volume is (oxygen, carbon dioxide,
xenon, nitrbgen). 9 — 8 —
20. At sea-level pressure about (300 mb, 200 mb, 375 mb, 500 mb)

of the total pressure is due to the oxygen content. 200 ——
21. The atmosphere is believed to extend to a height of (200 miles,
162 miles, 400 miles, 620 miles). 21,
22, ;The Auroras are electrical discharges occurring in the (troposphere,
stratdsphere, tropopause) 20—
23. The layer of air ig which weather occurs is the (troposphere, strato-
sphere, ionosphere, tropobause). 23
24. The transition zon \/of the atmosphere is the (troposphere, strato-
sphere, ionosphere, tropopausc) 24.

{j The temperature increases with gain of altitude in the (troposphere,

strafosphere, tropopause). 25.



CHAPTER III
ATMOSPHERIC THERMAL RELATIONSHIPS

1. THE NATURE OF HEAT AND TEMPERATURE

The atmosphere is primarily a heat engine. All the multiplicity of
complex changes occurring constantly in the gaseous envelope sur-
rounding the earth are possible because of an unfailing energy source,
the sun. If the sun’s energy were not continuvally available the atmo-
sphere would freeze and life would cease to exist on a frigid world
covered with drifted heaps of frozen gases.

A. Heat and Temperature. Heat is molecular energy. If all the
molecules in a body were to cease their movement the temper-
ature of that object would drop to Absolute zero and its heat
content would be zero. The amount of heat in any body depends
upon the mass of the body and the degree of movement of its
molecules. For example, an ordinary parlor match when lit
burns at a high temperature (500° C.) yet, although it will sear
a person’s finger, its total heat content is not great enough to
melt an ice cube. On the other hand, an ice cube of similar
mass would be melted if it were placed in a pail of cold water
at a temperature of only 10° C. Temperature represents the
average level of the thermal energy of a mass. Small objects,
even though they may be heated to high temperatures, cool rap-
idly because their heat content is small although the degree of
heat is high. (Fig. 12)
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Fig. 12. Comparison of heat and temperature,
30
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B. Measurement of Heat. Heat is measured by the effects it
produces.

1. The gram calorie is the amount of heat necessary to raise
one gram of water one degree Centigrade.

2. The kilogram calorie is the amount of heat required to
raise one kilogram (1000 g) of water one degree Centi-
grade.

3. The British thermal unit, or B.t.u., is the amount of heat
required to raise one pound of water one degree Fahrenheit.
One B.t.u. is equal to 252 gram calories. One pound of coal
liberates between 11,000 to 16,000 British thermal units.
One pound of gasoline liberates 19,000 British thermal units
or about 114,000 British thermal units per gallon.

C. Specific Heat. Certain substances heat more quickly than
others. A substance that heats quickly will also cool quickly.
When dry land and the ocean are both exposed to equal amounts
of solar radiation, the dry land will heat much more quickly and
to a higher temperature. (At night the land will cool more
quickly than the water. The heat required per degree rise of
temperature varies as the mass of the substance times a constant
whose value is determined by the nature of the substance heated)
At 15° C. one gram calorie is required to raise the temperature
of one gram of water one degree Centigrade; hence, the specific
heat of water is one. The specific heat of a substance is the num-
ber of gram calories required to raise the temperature of a gram
of the substance one degree Centigrade. An amazing fact is
that of all ordinary substances, except hydrogen, water has the
highest specific heat. Following are some comparative values for
specific heat:

Ice at o° == 0.502

Steam at 100° = 0.42T

Mercury = 0.0331
Iron == 0.114

Crown glass = 0.16

Ordinary soil  about o.25

D. Measurement of Temperature.

1. Temperature is now commonly measured on three scales,
namely: Centigrade, Fahrenheit, and Absolute. The Fahr-
enheit scale is used popularly in the United States and
Great Britain. In meteorological work the Fahrenheit scale
is used to indicate the temperature on teletype sequence re-
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ports. The Centigrade and Absolute scales are used for
most scientific work. (Fig. 13).

FAHRENHEIT CENTIGRADE ABSOA.UTE REAUMUR

| 212° || 100° 1 {373° || 80° g Boiling Point of Water
at Stondard Am:‘c-
pheric Pressure
180 100 80
Scale Scale Scale 101325 mb
Divisions Divisions Dwimons
L 1)32* | {Jo* ||273° | 10° e Freezing Point of
[Tmp] Water
-40" -40° ] 233* 25.6°
I Une]l I I
i--ssu i Jra Mo i-zwf «— Absolute Zero

Fig. 13. Comparison of thermometer scales.

F.—32X5/9g=C. or F —32/18 =C. LX9/5+32—10r(.><1
F. — 32 X 4/9 = Réaumur X 5/4 = C. C. X 4/5

8 +- 32
::R

R X 9/4 -+-32=F, (,entlgrade + 273 = Absolute

Fahrenheit + 459.4 = Fahrenheit Absolute

2. Since the Centigrade, Fahrenheit and Absolute scales are
all used in meteorological work, it often becomes necessary
to convert one scale to the other. The conversion may be
accomplished as follows:

a.

Centigrade to Fahrenheit. Water boils at 212° F.
or 100° C.; hence, these two temperatures must be
equivalent. Water freezes at 32° F. or 0° C. There
are just 100 divisions of the Centigrade scale to repre-
sent this range between freezing and boiling points of
water. On the Fahrenheit scale, however, there are
212 minus 32 or 180 scale divisions to represent the
same range. Then, one division on the Centigrade scale
must equal 1.8 divisions on the Fahrenheit scale. For
example, 100° C. X 1.8 =180°. At the freezing
point of water the Fahrenheit scale is already 32 de-
grees above its zero so 32° must be added to the above.
Hence, 100° C. X 1.8 4+ 32 = 212° F. As a formula
this conversion may be expressed as: C. X 1.8 4 32°
=F.

Fahrenheit to Centigrade. Applying the above rea-
soning in the reverse order 32° is first subtracted and
the resultant difference is divided by 1.8. For ex-
ample, 212° F.— 32° — 180° /1.8 =100° C. When
working with minus temperatures the addition of 32°
is performed algebraically. Thus, — 40° F. — 32°
=—72/1.8 =-—40° C. As a formula this conver-
sion may be expressed as: F. — 32°/1.8 = C.
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c. Centigrade to Absolute. Gases, at constant pressure,
expand 1/273 of their volume at zero for each rise in
temperature of one degree Centigrade. Since the con-
verse of this is true for the lowering of temperature
below zero degrees Centigrade, the Absolute zero was
determined to be — 273° C. (This is the theoretical
value, the actual value is believed to be slightly lower,
—273.13° C.) If the Absolute zero is — 273° C.
then 0° C. = 273° Absolute. To change any Centi-
grade temperature to Absolute, the Centigrade tem-
perature is merely added algebraically to 273.
For example, 20°C. + 273 = 293° Absolute.
—30°C. 4+ 273 = 243° Absolute. Obviously,
there are no negative Absolute temperatures as
the Absolute zero is the temperature where, theoreti-
cally, all molecular motion ceases and no heat exists.
There could be no colder temperature than no heat at
all.

d. Fahrenheit to Absolute. One degree on the Centi-
grade scale is equal to one degree on the Absolute scale,
hence, one degree on the Absolute scale must be equal
to 1.8 degrees on the Fahrenheit scale. Between the
Centigrade zero and the Absolute zero there are 273
Centigrade or Absolute scale divisions. 273 of these
divisions are equal to 273 X 1.8 — 493.4 Fahrenheit
scale divisions. However, zero on the Fahrenheit scale
is 32 Fahrenheit degrees below the Centigrade zero.
Hence, Absolute zero on a Fahrenheit thermometer
would be at 493.4 — 32 = 459.4 F. To change Abso-
lute to the Absolute Fahrenheit equivalent it is only
necessary to add the Fahrenheit temperature algebra-
ically to the conversion factor 459.4. For example,
20° F. = 459.4 + 20 =479.4° Fahrenheit Absolute.
—30° F. = 459.4° — 30 = 429.4° Fahrenheit Abso-
lute.

E. M/et.hqu of Heat Transfer
1. fbnduction is the transfer of heat by direct contact. This
eans of thermal transfer is of secondary importance in at-
mospheric phenomena since the air is a poor conductor.
Conduction is only important in heating layers of air in
_direct contact with the ground.

/2. /Radiation is the transference of energy in straight lines
through space not occupied by matter or through matter
without its being affected. Radiation is the means whereby
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energy is transferred through space without the aid of a
gﬁ;@m@dium. The atmosphere is transparent to most
e radiation of the sun, but some wave lengths are par-
. tially absorbed.

///3.‘ Convection is the transfer of energy by means of currents
set up in fluids. This means of transfer is of prime impor-
{ance in creating weather in the troposphere. The heating
by conduction of air in direct contact with the warm earth
causes this air to expand and decrease in density. Because
of its consequent increased buoyancy this warm air is then
forced to rise in small masses through the surrounding cooler
air. As these warm air masses ascend, they expand under
the lower pressure around them, thus cooling. This process
of “convection” is compensated for by the sinking of the
denser, cooler air surrounding the rising, warm air. Thus,
it may be said that convection is a means of transporting
heat upward in the atmosphere from the earth’s surface by
the actual bodily ascent of air which has been warmed by
contact with any part of the surface warmer than the air
layer immediately above it. The above process represents
true thermal convection. When air is forced to rise by blow-
ing against objects in its path the process is known as
mechanical convection.

4. Absorption of radiant energy by matter results in the
transformation of one form of energy to another kind. An
example is the absorption of short-wave radiation by the
ground and the rerad;atlon of long-wave radiation, or the

giving off of heat ener

VISIBLE LIGHT »
. /38310 18y r:v'l:h 300000
WAV CREST__ (186,000 mies)

LENGTH —=
from source n
. one second.
WAVE

= LENGTH — TROUGH
PATH OF PROPAGATION ——————=b,

VELOCITV OF LIGHT
» Frequency * Wave Length
v 300,000 km per Second
(Frequency s equal to the number of
vibrations per second)

Fig. 14. Propagation of light by transverse waves.
I1. THE ELECTROMAGNETIC SCALE OF ENERGY
N LMWWW?&M&
netic ener gy Many and varied are the properties of the energy
types ranging from gamma rays to radio waves. Gamma rays
will penetrate a foot of lead while ultra-violet rays on the same
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scale are highly absorbable even by transparent media. The
wide range in the properties is due to frequency and wave-
length differences. (Fig. 14)

I.

Wave Length. The different energy types on the electro-
magnetic scale have a common property inasmuch as they
are all transverse waves. Transverse waves vibrate at right
angles to their path of motion. The wave length is the dis-
tance from equal phases of one wave to equal phases of the
next. Thus, the wave length might be measured from
the trough of one water wave to the trough of the next,
or, from crest to crest. Electromagnetic waves are measured
by using very small units. One unit used is the micron, ab-
breviated ¢ (mu). This unit is equal to 1/1000 millimeter
or 1/1,000,000 meter. Another unit is the millimicron
which is 1/1000 micron. Still another unit is the Angstrom
unit equal to 1/10,000 micron.

Frequency. The speed of electromagnetic energy is 186,000
miles per second or 300,000 km per second. Since in all
wave motion the velocity — frequency X wave length, and
velocity is constant, if the wave length is shortened the fre-
quency must be increased. For example, when a light wave
is generated the first wave crest has moved 186,000 miles
from the source in one second. If the distance from the
crest of one wave to the crest of the next (wave length) is
some microscopically small figure like .00038 of a milli-
meter it becomes obvious that an extremely large number of
these waves will be required to cover the enormous distance
of 186,000 miles or 300,000 km. Hence, the shorter the
wave length, the greater must be the frequency.

. Visible Light. The range of visible light is included in the

wave band from 0.38u to 0.78u./~The colors range from the
violets at the short-wave end to red at the long-w end.
The colors in correct order of frequency from long wave to
short wave may be remembered as ROY G. BIV. They are
red, orange, yellow, green, blue, indigo and violet.

a. Ultraviolet (.orzu to .38u). The wave band just
below that of the visible range is that of the ultraviolet.
Although the energy of this band is invisible it stim-
ulates chemical activity. It is the energy in the ultra-
violet that causes sunburn, as well as the formation of
vitamin D under our skl_ns_b;LJLstlmulatlon of the
ergosterol. In refraction, violet and ultraviolet waves
are bent more than the red and infrared.
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b. Infrared (.78u to 1ou). The energy band just above
the visible reds is the infrared. This band is akin to
the heat wave band (10u to 250u) and produces heat-
ing effects. Pictures may be taken in a dark room by
using special infrared sensitive film. Reradiated energy
from the earth is at its maximum at 1og.

Scale of Electromagnetic Energy

00002
Gamma F ¥
Rays — 00007p
from Radium
— 00137y
X-rays
Unmeasured
— Ol32p
Ultraviolet
— 38u-
Visible Light
— 78y
Infrared

— 10y = wave length of

reatest recadiation
Heat irorn the earth.

1 250 Y]
Short
Electric — 320
Waves
— 10,000
Electric
Waves
— 50,000,000 u
Radio

— 10,000,000,000 u

. Sources of Heat. In meteorology the sun is considered to be
the only significant source_of heat since on a day.when_the ayer-
age temperature is 75° F. all other.sources—eentribute--onty
0.25°F, The surface temperature of the sun is about 10,300° F.
Othet sources include starlight, light from the planets, our moon,
and heat from the interior of the earth. Energy received from
the sun is called insolation.

II? SOLAR RADIATION
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B. Nature of Solar Energy.

1. The sun radiates electromagnetic waves of short wave
length including those of visible light. These waves are sim-
ilar in quality to radio and X-rays, being shorter than the
former and longer than the latter.

2. Visible light yaries from .38u in the violet to 0.78u in the
red. Infrared ranges from .78y to jou where there is an

overlap with the very short heat waves. Ultraviolet ranges
from .38u to o.or3u where there is an overlap with the
“soft X-rays.” P
3. The limits of solar energy lie between @.24 to 3u. This is

distributed as follows: >

a. 5% below .38u (ultraviolet)

b. 43% between .38u to o0.78u (visible spectra).

c. 52% above o.78.

C. The Solar Constant. The rate at which the sun sends out radi-
ant energy is measured by observing the intensity of radiation at
the earth’s surface and by calculating the intensity at the top of
the earth’s atmosphere. The average amount of solar energy
received per minute at the top of the atmosphere on an area of
one square centimeter is 1.94 calories. (I sq. cm = 0.155 sq. in.
This would raise the temperature of one pound of water 7.15° F.
per minute if incident on one square foot.) This constant fluc-
tuates slightly due to solar disturbances.

IV. TERRESTRIAL RADIATION AND THE HEAT BALANCE
OF THE ATMOSPHERE
A. Factors Affecting Insolation. Insolation is dependent on the
following factors:
1. Season.
2. Directness of the sun’s rays (latitude).
3. Nearness of the sun (91,300,000 miles in January; 94,-
500,000 miles in July). Causes 7% variance in the inten-
sity of rays. (Fig. 15)
4. Nature of the atmosphere.

- 5. Duration of insolation.

g/ Heat Balance. There is a keat balance in the earth’s atmos-
phere. If the same amount of heat did not pass out into space
as was received by the earth it would become progressively hotter
or colder. Much of the outgoing radiation from the earth is of
the long-wave type beyond the visible spectrum?)

C.(Temperature and Altitude. In the troposphere the principal
w_to be absorbed is the mg@;g_tp_r_re\su‘m%ggi;
ation. The absorption of incoming solar radiation is secondary.
Hence, the conditions of radiative equilibrium demand % decrease
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of temperature with height. The expansion of rising air also
contributes to the cooling effect with gain of altitude.)

SEPT 23
AUTUMNAL EQUINOX

FALL

DEC 22 JUNE 21
WINTER Qe— 91,300,000 miles —o = 94,500,000 miles ————o® SUMMER
SOLSTICE SOLSTICE

MAR 21
VERNAL EQUINOX

SEPT 23
AUTUMNAL
EQUINOX

DEC 22 SUMMER
WINTER SOLSTICE
SOLSTICE

VERNAL
S "equiNOX .

BEAM OF SUNLIGHT I

Sun’s energy covers
largest area
o

Same amount of
energy covers
smaller area
i)

o® 5@
WINTER SOLSTICE SUMMER SOLSTICE

Fig. 15. The seasons.

In the Northern Hemisphere the earth is actually farther from the sun n
the summer than in the winter. The sunlight is warmer because the tilt of
the earth’s axis causes the sun to strike the earth’s surface at an angle nearer

to the vertical than in the winter:)

V. DEPLETION OF SOLAR RADIATION IN THE
TMOSPHERE
A.\; About one two-billionth of the total radiation of the sun is
incident on (strikes) the upper limits of the earth’s atmosphere.
This incident energy is either reflected, transmitted, diffused or
absorbed. The permanecnt gases composed of nitrogen, oxygen,
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hydrogen and the “inert” gases absorb some of this solar energy.
However, the greatest amount of absorption and diffusion is due
to the variables. The wariables consist of H2O vapor o to 4%
by volume, carbon dioxide o to 0.03%, ozone and the “solid im-
purities” such as dust, smoke, chemicals, microdrganisms and
clouds. The permanent gases exist in nearly the same propor- '
tions at all heights; the variables show a rapid decrease with
altitude. The variables serve to deplete solar radiation by scat-
tering, reflection, and absorption. (Fig. 16)~

\‘ ,/ Reflcted Ditused ’ B
N\ 4 2 i . '
_'\:\\\ ///{< &rd’:"’s,&..,,y
= ]
Z NS
[——<oF OF ATMOSPHERE
Radiated to
Atmosphere

Absorbed by 14%

by ot o,
Short-wave Radiation . Long-wave Radiation o
(incoming) ./ . " (outgoing) t/o i

Fig. 16. Heat balance of the atmosphere.

B. On the basis that the average cloudiness is 529, about 43%
of the incident solar energy is reflected back into space before it
has penetrated any more than the higher levels of the atmos-
phere. Of this 43% about 19% is due to diffusion in the upper
atmosphere. This diffused light results in the phenomenon of
the blue sky and is known as sky radiation)

C[ Of the remaining 57% of the solar radiation about 12% is
absorbed by the water vapor in the atmosphere, 5% is absorbed
by permanent gases, dust and clouds. 40% of the total incident
solar energy finally reaches the ground to be absorbed or reflected
from the surfac

D. Varying amounts of energy incident on the earth’s surface are
reflected. The amount of reflection depends on the nature of
the material at the surface. Snow reflects 70 to 80%. Rock and
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dry mold reflects about 13 5. Wet mold reflects 9%. Grass
reflects from 10 to 33%. /When the sun is at 47° from horizon
a_water surface will reflect 2% of incident sunlight. When the
sun is 5.5° above the horizon 71% of the incident sunlight will
be reflected. The earth reradiates solar energy as heat waves
with wave lengths between 3u to sou. The maximum intensity
of reradiated energy is at 1ou.

E. The previous figures assume a 52% covering of the sky with
clouds. When the sky is completely overcast the upper surfaces
of the clouds may reflect back as much as 80% of the incident
sunlight.

F. The absorption and reradiation by water vapor is important in
the study of the heat balance of the atmosphere. Water vapor
is the main constituent of the atmosphere capable of absorbing
light and emitting it as long wave-heat radiation. Surface radi-
ation is largely suppressed by the blanket of water vapor lying
immediately above the surface. Hence, it is only from layers
well above the surface of the earth that an appreciable quantity
of radiation escapes into space. Near the equator the incoming
solar radiation exceeds that lost to space. From latitude 38°
tm"___,____ﬂang_the_ yearly cycle of seasons a greater amount of
adiation is lost to spdce than is received. The primary circu-
[ation of the atmosphere is largely dependent on the above facts.

G. Absorption of Short- and Long-wave Radiation.

1. (Dry air absorbs short-wave radiation poorly. Moist air
absorbs short-wave radiation better. During the winter the
smoke and dust of some large cities will absorb over 50%
of the incoming short-wave solar radiation.

2. (Since the water vapor transmits short-wave radiation, and
absorbs long-wave radiation, a phenomenon known as the
greenhouse eflect results. Incoming solar radiation is largely
transmitted (allowed to pass). Outgoing terrestrial long-
wave radiation is absorbed. (T\/Iost of the absorbing _water
vapor is concentrated in the lo low altitudes. As the earth is

the radiating source of _ the I long-wazg adlatlpn and the
absorbing medl aisata rela.tmely low altitude, a “blanket”

or greenhouse effect results. It is partly due to the green-
house effect that the air becomes colder with a gain in
altitude in the troposphert?

3./ In the stratosphere mosf of the heating of the air results
from absorption of incoming short-wave radiation. Hence,
an inversion of the normal vertical temperature gradient of
the troposphere is found in the stratosphere, with the air
being heated to a greater extent by the incident short-wave
radiation as altitude is gained.
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H. Heating Effects.

1. Summer. In the summer on cloudless days, terrestrial
radiation and resulting convection by heating from the
ground warm the first 10,000 ft. of the atmosphere consider-
ably. At night (since the soil is a good radiator) the ground
radiates heat rapidly to outer space if there are no clouds
to absorb the escaping energy. At the levels near the ground
superheating will occur in the daytime resulting in strong
lapse rates. At night supercooling may give rise to inver-
sions and the formation of radiation fog.

. Winter. In the winter the ground heats but little due to
the reflection of the snow. Inasmuch as the snow cover-
ing prevents the ground from absorbing heat, if clouds are
lacking and the water vapor content of the air is low, the
lower layers of the air will cool quickly at night. If a cloud
layer forms the following day, and protects the ground
from further heating, a temperature inversion formed in the
above manner may persist for several days. Under other
circumstances when there is no snow covering the ground
the heat will radiate into space more quickly if there is no
cloud covering. In these conditions when the clouds cover
the sky at night they absorb much of the terrestrial radiation
and emit short-wave length radiation at their own temper-
ature. Such varying conditions as those just described exer-
cise marked influence on the vertical temperature gradient
(change of temperature with altitude).

3. Land. Over the land the air near the ground is cooled at
night by contact with the rapidly cooling ground. In the
daytime the air near the ground is superheated. Hence,
there is a rather wide range of temperature variation occur-
ring daily over the land. ™ This effect is due to the facts that
ordinary earth is a good absorber, a good radiator, and has

a low specific heat. (Fig. 17)
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Fig. 17. Diurnal variation of lapse rates over the land in clear weather.

4. Sea. Over the sea very little surface temperature variation
occurs, Water has a high specific heat. Water is also per-
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meable to sunlight; hence, it is heated to greater depths than
land and, consequently, takes much longer to change in
temperature. Due to_its high specific heat water does not
cool rapidly at nigbt. Hence, temperatures over the ocean
remain fairly constant and exhibit only slight diurnal
changes. This effect is important in modifying many of the
weather elements. (Fig. 18)
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Fig. 18. Lapse rates over the ocean.

Ql‘he temperature of the ocean remains nearly constant both night and dayv
Since there 1s little surface heating (less than .55° C) or cooling the air tem-
perature remains nearly constant in the lower levels. )

VI. ADIABATIC RATES:

Q\diabatic rates are the rates at which individual parcels of air, mov-
ing independently, change their temperature with vertical displace-
ment. When a small parcel of air is displaced upwards it expands and
cools. Air brought down from aloft contracts and heats. These
heating and cooling processes go on without the transfer of energy
from, or to, the surrounding atmosphere™ Such processes resulting in

temperature changes without the additi r loss of energy to outside
sources are called adiabatic. ig. 19)
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Fig. 19. Adiabatic rates.

CWhen air rises up through the atmosphere it cools first at the dry adiabatic

rate (1° C. per 100 meters) and then at the moist adiabatic rate (.55° C. per

1oo meters) after condensation. If air is brought down from aloit it will heat
at the dry adiabatic rate.)
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A. Dry Adiabatic Rate:
When parcels of air rise, their molecules do work against the
pressure of the outside air as the parcel expands. The energy
required for this work is drawn from the parcel. As a result the
temperature of a rising parcel of air falls at a steady rate of
approximately 1° C. per 100 meters. (1° C. per 102.39 meters.)
IIthe parcel is forced downward the temperature will rise at the
same rate, THIS rate of change in the temperature of an unsat-
urated parcel of air as it gains or loses altitude is known as the
dry adiabatic rate.

\B. Moist Adiabatic Rate:
M%ﬂwmt_h water vapor it cools at
a new rate due to the energy made available by the heat of con-
densation released. This new rate of cooling of saturated air is
known as the moist adiabatic rate. The mean moist adiabatic

rate = .55° C. per 100 meters. Moist adiabatic rates may vary
from 0.4° C. per 100 meters to nearly the dry adiabatic ratq.//'
VII. VERTICAL TEMPERATURE DISTRIBUTION
(LAPSE RATES):

The change of temperature per unit vertical distance as one changes
altitude through the atmosphere is known as the lapse rate. (Fig.
20a and b)

A. Normal lapse rate:

Through the first 18,000 ft. (5500 meters) of the troposphere
the normal or average decrease of temperature with altitude is
.ais_"_,(jws. (.3° F. per 100 ft.) (Under these con-

itions if the temperature at the surface were 20° C. at 1000
meters the temperature would be 14.5° C. «

B. Inversions:

Inversions are listed as negative lapse rates. 0.8° F./100 ft. (in-
crease in temperature with height) is recorded as a lapse rate of

—o0.8° F./100 ft. I_’L"w@ clgse vicinity to
the ground in low lying places at all seasons. In the winter when

snow covers the ground inversions may”ﬁcome quite deep and
persistent. In polar regions inversions sometimes extend up to
as high as 2000 meters with temperature increases of as great
as 20° C. in this height."

C. (Isothermal Conditions. When the temperature remains the
same with change of altitude the thermal condition is known as
isgthermaj. Continued heating in lower levels of isothermal air
may result in changes of 0.18° C. to 0.36° C. per 100 meters.
Such thermal conditions are known as weak lapse rates.

D. Dry Adiabatic L . When the lapse rate is equal to

the dry adiabatic rate (1° C. per 100 meters) it is known as
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the adiabatic lapse rate. Superheating near the ground often
causes the lapse rates in the lower layers to surpass the normal
lapse rate. Lapse rates between .56° C. per 100 meters and
.99° C. per 100 meters are known as strong lapse rates. When
the rate equals 1° C. per roo meters it is the adiabatic lapse rate,
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Fig. 20

E. Superadiabatic Lapse Rates. Quring the summer, in the after-
,hoon, continued heating may causé the lapse rate in the lower

layers to exceed the adiabatic lapse rate. L}pse rates greater
than 1° C. per 100 meters are superadiabatic.

F. Auto-corivective Lapse Rate. In certain special cases it is be-
lieved that the lapse rate may become so strong that rising air
cools rapidly enough to maintain a constant density even though
pressure decrease with altitude causes the air to expand. When
the lapse rate of 3.42° C. per 100 meters is reached simultaneous
overturning results in such phenomena as dust devils.
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G. Co cts on Lapse Rates:» In the daytime an overcast sky
will prevent the lapse rates from becoming as strong as under
clear conditions. The clouds act as a blanket to prevent either
supercooling or superheating of the earth’s surface. Within the
main cloud mass itself lapse rates go to neither extremes of inver-
sion nor the superadiabatic. Under ordinary conditions the lapse
rates in the clouds are near to the average or normal lapse rate
of .55° C./100 meters.

VIII. STABILITY OF THE ATMOSPHERE

In the previous paragraphs it has been shown that the air in the
troposphere exhibits changes in temperature with changes in altitude.

has ising air cools at a definite rate
(1° C. per 100 meters) until saturation occurs, then at a Iesser-rate; -
the value of which varies with the amount of water vapor being con-
densed. If a particle of air that is being forced upward remains cooler
than the surrounding air at all times it will have a tendency to sink
due to its own density level upon the removal of the lifting force.
(Note: The density of an air particle is dependent upon its temper-
ature and pressure. If the pressure is the same a particle of air at a
higher temperature will have less density than a particle of air at a
lower temperature.) © Obviously, then, the stability of an air mass is _
dependent upon its lapse If the temperature within an air miass
Wﬁﬁaﬁn the temperature of a rising particle
might be higher than the surrounding air after it has risen. In that
case it would continue to rise because of its own buoyancy and the air

would be unstable. In stable air a displaced particle of air will tend
to return to its original level. (Fig, 21) *
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A. Stabls. fWhen the ]apse rate is less than either the dry or moist
adlabats, the atmospheric temperature is always higher than that
of a rising air parcel] which in rising cools at a more rapid rate,
hence, this condition represents stability. Isothermal, or nega-
tive, lapse rates (inversions) represent very stable conditions
since the rising air becomes relatively colder and denser while
the atmosphere remains the same temperature and density or
becomes warmer and relatively less dense.l (Fig. 22)
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Fig. 22. Absolute stability.

In this diagram it will be noted that if the lapse rate had been greater the ris-
ing air might have become unstable after condensation. If the lapse rate had
been superadiabatic, instability would have occurred before condensation. As

illustrated, the rising air parcel is always colder than the surrounding air.

B. Unstable. When the lapse rate is greater than either the dry
adiabatic rate or the moist adiabatic rate then the atmospheric

temperature is-always lower than the rising air parcels which can

cool only at the adiabatic rates. Hence, this condition represents
an unstable condition. (Fig. 23)
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Fig. 23. Absolute instability.

If a rising particle of air is at all times warmer than the sun'oundmg air
mass it will always be hghter and will continue to rise. When this is the case
the air is said to be absolutely unstable.

C. Conditionally Stable. When the lapse rate is bf_tlvggn_lw
gdlabatxc rate and the moist adnabat‘?r’aﬁé;_‘ﬁﬁt’urated rising air
is stable umtil condensation takes place when theair may become
unstable or become neutrally stable depending on the amount of
moisture present. (Fig. 24)
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Fig. 24. Conditional stability.

-
{ If a rising particle of air ongmally colder than the surrounding air mass
becomes, warmer than this air mass it is said to be condmonally stable. Con-

+his condition is also illustrated by a rising air partlcle originaily

versely,
warmer than the surrounding air that becomes colder than this air mass upon
rising)
D. Stable. When the lapse rate is equal to the dry adia-

batic rate the atmosphere’s temperature drops at the same rate as
rﬁﬁgﬁrﬁarce]s hence, it is neutrally stable to dry air. When
the lapse rate is equal to the moist adiabat of the rising air the
atmosphere is stable to rising dry air until condensation takes
place, upon which it cools at a neutral rate. (Fig. 25) .
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Fig. 25. Neutral stability.

When a rising particle of air Mr_‘_éﬁwwfpm_wwyho
air i 1s ngltaﬂy-stable Under these conditions a particle © tend to
remain at the level to which it is displaced. In this example the rising air

becomes unstable after condensation (from B to C).
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Fig. 26. Relation of lapse rates to stability.

TEST QUESTIONS ON THERMAL RELATIONSHIPS

1. The temperature at which all molecular motion ceases is (boiling
point, solar constant, Réaumur zero, Absolute zero). 1.

2. The amount of heat necessary to raise one gram of water from 15°
to 16°C. is the (kilogram calorie, gram calorie, B.t.u., degree).

2

3. The average thermal energy of a mass is its (heat content, tem-
perature, heat index). 3
4. The amount of heat necessary to raise the temperature of one gram
of a substance one degree centigrade is the (kilogram calorie, B.t.u,
specific density, specific heat). 4. —
5. —18°C. is equal to the following Fahrenheit value (—o0.4°F.,
+46F+22F—4F) 5
6. 45°F. is equal to the following Centigrade value (23.4° C.,
7.22°C.,, —7°C,, 10°C.). 6._____.
7. One hundred degrees’ divisions on the Centigrade scale are equal to
(100, 212, 450.4, 180) on the Absolute scale. e—_
8. To change Centigrade to Absolute the Centigrade value is added
algebraically to (273, 459.4, 180, 212). 8.
9. To change Fahrenheit to the Absolute Fahrenheit the Fahrenheit
value is added algebraically to (— 459.4, — 273, 273, 459.4).

9
10. When heat is transferred through molecular contact the process is
(absorption, advection, conduction, radiation, convection)

11. When heat is transferred by currents set up i;) ﬂUIdS the process is
(absorption, advection, conduction, radiation, con ctlon)

12. When heat is transferred through space without the negessity

intervening matter the process is (absorption, advection, conduction, radi-
ation, convection). 2.
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13. When radiant energy from the sun is trangformed into other forms
of energy (absorption, advection, conduction, radiation, convection) has

taken place. 30—
14. The speed of electromagnetic energy is (300,000 m.p.s., 186,000
m.p.s., 300,000 m p.s., 1080 f.p.s.). 4 —
15. The Angstrom is equal to (10,000 microns, 1 micron,
I micron, 100,000 microns). 1,000,000
10,000 15.

16. The wave lengths of vjsible light are included between the wave
lengths (.01324 to .38, .38« to .78u, .78u to 10, oM to 2501).

16, —
17. The wave length of the infrared band is (.o132u4 to .38u4, .38x to
.78u, .78u to 1o0m, Iopm to 25u). Al —
18. The wave length of the ultraviolet band is (.0132x to .38x, .38« to
.78u, .78u to 1om, IOp tO 250u). 8
19. The shortest wave lengths, of visible light are those of the (blue,
red, green, indigo, opange, violet, yellow). 19.
20. The (ultraviolet, infrared, visible light, radio) waves are most
chemically stimulating. 2 —
21. The limits of solar energy are (.3# to 2m, .2z to 3m, .38% to
.78k, 01324 tO 5K). 21.

22. The amount of insolation received at the top of the earth’s atmos-
phere and measured in caloyies per minute per square centimeter is the
(greenhouse effect, solar constant, selective absorption, ionizing layer).

\/ . 22 —
23. The earth is (nearer, farther, same distance) (to or from) the
sun in January than in July. 23.

24. The fact that the earth eventually loses as much energy as it
receives is called (insolation, greenhouse effect, heat balance, selective

absorption). 24 —
25. The “variables” absorb about (43%, 55, 40%, 7%, 12%) of the
incident insolation. 25
26. About (80%, 5%, 40%, 7%, 12%) of the total incident insolation
finally reaches the earth’s surface. 26.

27. Since water vapor is more permeable to short-wave radiation than
long-wave the resulting phenomenon is known as (insolation, greenhouse

effect, heat balance, solar constant). , 27—
28. Snow-covered ground and clear skies cause (inversions, superadia-
batic rates, strong lapse rates, instability). 28.

29. On clear days during the summer over the land in the afternoon
(inversions, superadiabatic lapse rates, isothermal conditions) will be
found. 20—

30. Rising parcels of unsaturated air cool at the rate of (.55° C. per
100 meters, .18° C. per 100 meters,. 7° C. per 100 meters, 1° C. per 100
meters). 300 —

31. Rising saturated air parcels cool at the rate of (.55° C. fer 100
meters, .18° C. per 100 meters, .7° C. per 100 meters, 1° C. per 160 meters).

31
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32. The temperature at the surface is 20° C., at the 1000 meters’ alti-
tude the temperature is 16° C. This is a (stable, unstable, neutrally stable)
lapse rate. 320 —

33. At sea level the temperature is 21° C., at 1000 meters the tem-
perature is 10°C. This is a (weak, strong, normal, adiabatic, superadia-
batic) lapse rate. 33—

34. When the temperature remains the same with change of altitude
the condition is (inversion, normal, superadiabatic, isothermal, adiabatic).

34—
35. The auto-convective lapse rate is (3.42° C. per 100 meters, 1° C.
per 100 meters, 2.73° C. per 100 meters, 3.65° C. per 100 meters).

35—

36. Lapse rates in the air under a cloud layer become (stronger, weaker,
remain the same). 36 —

37. If arising particle of air is at all times cooler than the surrounding
air a (sta’ﬁ;, unstable, neutrally stable, conditionally stable) condition is
represented. 37—

38. If a rising parcel of air is at all altitudes warmer than the sur-
rounding air the stability condition is (stable, unsfa/l')tle, neutrally stable,
conditionally stable). 38.

30. If the rising parcel becomes warmer than the surrounding air due
to the liberation of its latent heat of condensation the stability condition
is (stable, unstable, neutrally stable, conditionmy stable). 30, —

40. If the lapse rate is equal to the rate of cooling of the rising air
parcel the stability condition is (stable, unstable, neutrally stable, con-
ditionally stable). 40, N



CHAPTER 1V

HUMIDITY, TEMPERATURE AND PRESSURE
RELATIONSHIPS

I. VAPORIZATION

When liquids are transformed into the gaseous stite the process is
called vaporization and the product is a vapor. The name vapor is
used because gases near the point of liquefaction deviate so far from
the laws of Boyle and Charles that it is desirable to distinguish this
state by a special name.

A. Evaporation. When the vaporization process takes place only
at the free surface of a liquid it is called evaporation. Evapora-
tion takes place at the surface of a liquid when molecules break
away and assume the gaseous condition. This process takes place
at all temperatures between the freezing points and boiling points
of liquids. The most rapidly moving molecules vaporize first,
leaving the remainder of the liquid with a lower energy content.
Hence, evaporation is a cooling process.

B. Ebullition (Boiling). When sufficient heat is applied to a
liquid, vaporization takes place not only at the surface but
throughout the liquid. At the boiling point the vapor pressure
of the liquid is equal to the atmospheric pressure.

C. Sublimation. Heat generally converts solids into liquids. How-
ever, certain substances such as camphor, “dry ice”, iodine and
musk are changed directly from the solid to the gaseous state.
This process is called sublimation. Meteorologically, water vapor
in the atmosphere is said to sublime when it changes directly from
the vapor state to the solid state (ice crystals in cirrus clouds)

ithout passing through the liquid condition.

jLaws of Evaporation. The amount and rate of evaporation is
important to many meteorological processes. The rate of evapo-
ration is influenced by the following considerations:

N8 The rate of evaporation increases with an increase of tem-
perature.
2. The rate of evaporation increases as the surface area of
the liquid increases.
3. The rate of evaporation varies with the liquid.
4. The rate of evaporation is increased with a reduction of
pressure.
5. The rate of evaporation increases as the relative humidity
is reduced.

51
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6. The rate of evaporation increases with the rate of change
of the air in contact with the liquid.

II. HEATS OF VAPORIZATION, CONDENSATION AND
FUSION
When a substance undergoes a change of state, as from solid to
liquid or liquid to gas, an energy exchange is required. Heat must
be added to change a solid to a liquid or a liquid to a gas. Since
energy cannot be destroyed, this energy is released when the changes,
vapor to liquid and liquid to solid, are effected. (Fig. 27)
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Fig. 27. Thermal history of one gram of ice.

A, Heat of Fusion. The number of calories necessary to change
one gram of a substance from the solid to liquid state is known
as the heat of fusion of the substance. 79.6 calories (roughly 80)
are required to change one gram of ice at 0° C. to one gram of
water at 0° C. The melting points and heat of fusion of some
common substances are given in the following brief table.

Melting Point Heat of Fusion
Aluminum 657° C. 77 calories
Silver 960° C. 21 ¢
Mercury —39°C. 3 ¢
Ammonia —15°C. 108 ¢

B. Heat of Vaporization. The number of calories necessary to
evaporate one gram of a liquid at constant temperature is known
as the heat of vaporization of the liquid. At 100° C. and stand-
ard pressure about 539 calories are required to change one gram
of water to one gram of steam at the same temperature. At
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0° C. about 595 calories are needed to vaporize one gram of
water. The heat of vaporization of some of the more common
substances is given in the following table.

Heat of
Substance Boiling Point Vaporization
Ammonia — 385°C. 341 calories
Hydrogen — 253.0° C. 108 ¢
Alcohol (ethyl) 78.3° C. 208 ¢
Mercury 356.7° C. 68 “

C. Heat of Condensation. Since heat is required to vaporize a
liquid (heat of vaporization) a like quantity of heat is liberated
upon condensation. Hence, when water vapor condenses heat is
liberated. This liberated energy is known as heat of conden-
sation. Evaporation produces cooling. Condensation causes
heating.

I1I. HUMIDITY

The amount of moisture present in the air at any given time, tem-
perature and pressure is very important to the meteorologist. Humid-
ity is expressed in a number of different ways. The most common and
important of these humidity relationships are included in the follow-
ing discussion.

A, Capacity. The amount of moisture that can be contained in a

L/ given volume of air is known as capacity.

(9 Absolute Humidity. The amount of moisture present in a unit
volume of air expressed as grams per cubic meter is known as the
absolute humidity. Absolute humidity may also be expressed as
_grains per cubic foot.

C Relative Humidity. The ratio of the amount of moisture which
/i the air does contain to what it could contain if saturated is known
as the relative humidity. This value is expressed as a percentage.
1. Example: A given volume of air is found to contain 4.58
grams of water vapor per cubic meter at o° C. The capa-

city at this temperature is 4.83 grams per cubic meter.

.‘1‘;_8 X 100 = 95% relative humidity at o° C.
4.53
If the air is heated to 20° C. it is found that the capacity
increases to 17 grams per cubic meter at 20° C,
458
17
/2. From the above example it is noticeable that when the
water vapor content remains constant increasing the tem-
perature decreases the relative humidity.
3. The average water vapor in the air is 1.2% by volume.

= 26% relative humidity at 20° C.
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The maximum water vapor content is 4% by volume. The
water vapor content replaces the nitrogen in the air to
77.08% and the oxygen to 20.75%.

D. Dew Point.

" 1. The dew point is the temperature to which unsaturated air
must be cooled in order to reach the state of saturation.
When this point is reached and exceeded any excess of water
vapor will condense.

2. Warm air can contain more moisture than cold air. Air
that is near the saturation point in a warm room will soon
become saturated if chilled. Any excess moisture will con-
dense and be forced out of the air. Hence, rising warm
air will reach a certain altitude in rising where the dew point
and the temperature will be the same. At this altitude
clouds will first appear. It is apparent that the altitude at
which clouds will appear will depend upon the rate of cool-
ing of the rising air and its water vapor content. In a
homogeneous air mass the dew-point temperature decreases
at the rate of .2° C. per hundred meters. Hence, if at the
surface the dew point were 10° C. and the temperature
20° C. condensation would not occur at 1ooo meters be-
cause at that altitude the dew-point temperature would have
decreased to 8° C. Since the dry adiabatic rate is 1° C.
per 100 meters and the dew-point drop is .2° C., the lapse
rate effective for convective cloud formation must then be
.8° C. per 100 meters.

k= (T — T, 100

& = height of convective clouds in meters.
T = air temperature at surface.

T, = dew-point temperature at surface.
Substituting in this formula:

k= (20— 10) -Isﬂ') = 1250 meters.
(height of formation of convective clouds).

1V. THE PSEUDO-ADIABATIC CHART

Many different types of energy diagrams have been used for the
interpretation of upper-air soundings. Notable among these have
been the Hertz-Neuhoff diagram, the emagram and aerogram of Refs-
dal, and the tephigram of Shaw. The commpasebject of all these
energy charts is to fugmih-a diagram upon which an aerological sound-
ing may be plotted so that the path of any choseh particle of air may
be traced as it ascends or descends through the surrounding medium.
In this manner it becomes possible to determine whether mechanicat
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energy must be furnished to force the particle to rise. On such dia-
grams a necessary assumption is made that only one particle will rise
through a stationary environment. Since such an assumption is arti-
ficial and does not fully or truly represent actual conditions in the
atmosphere the successful interpretation of aerological data by use of
energy diagrams is largely dependent upon a correct choice of a repre-
sentative particle.

A. Co-ordinates of the Chart. The energy chart now in most
common practical use throughout the United States is the pseudo-
adiabatic chart. On the pseudo-adiabatic chart the abscissas are
temperatures in degrees Centigrade, the ordinates are the 0.288
powers of the pressure in millibars. These values are represented
on the chart by yellow lines drawn at right angles to each other.
Sloping straight lines in yellow are used to represent dry adiabats.
Moist adiabats are shown as slightly curving, broken red lines.
Sloping, solid red lines are curves of constant saturation mixing
ratio. These lines give the water-vapor content, in grams per
kilogram of dry air, required for saturation at the indicated tem-
peratures and pressures. (Fig. 28)

B. Plotting of Information on the Pseudo-adiabatic Chart. The
temperature curve as obtained from upper-air soundings is drawn
as a full line with mixing ratio values written in to its right. In
addition a heavy dashed line is drawn on the chart with the
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Fig. 29. Method of plotting information on the pseudo-adiabatic
chart.
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determining points being the mixing ratio values. This curve, the
depegraph, serves to show at a glance the humidity conditions of
the atmosphere in a manner similar to the way that the temper-
ature curve indicates the thermal condition. The relative humid-
ities are usually written beside the points of the depegraph.
(Fig. 29)

C. Dew Point. Dew-point temperature may be found by merely
tracing along the same pressure line (isobarically) as that of the
point until the mixing ratio line for the value indicated is reached.
For example, if the pressure at the point was ggo mb, the tem-
perature 20° C. and the mixing ratio value g grams per kilo-
gram, the dew-point temperature would be 12° C. (Fig. 30)
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Fig. 30. Finding the dew-point temperature.

D. Lifting Condensation Level (LCL). To determine the level
and temperature at which a parcel of air will become saturated
if lifted mechanically, trace from the point up or parallel to the
nearest dry adiabat until the mixing ratio line indicating satura-
tion is intersected. For example, if the pressure temperature and
mixing ratio at the point were as above in paragraph C the LCL
would be at 10.5°C. and 885 mb. If a parcel of surface air
were lifted to this point condensation would occur. (Fig. 31)
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E. Convective Condensation Level (CCL). When air is heated
it will rise. Because it is heated, however, such heated air will
have to rise to a higher level before condensation will occur than
it would if it were merely lifted mechanically in the first place.
To find the level at which condensation will occur, when the air
rises due to surface heating, follow the temperature curve up to
the point at which it intersects the mixing ratio line indicating
saturation. (Fig. 32)
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Fig. 32. Finding the CCL.

F. Temperature Necessary for Convection. An estimate of the
temperature necessary for convection can be made by finding the
CCL and then tracing down or parallel to the nearest dry adiabat
to the surface. Once this temperature is reached thermal con-
vection will take place freely and but little further surface heat-
ing can be expected since the heat will be distributed through
the lower layers by convection. If the lapse rates are weak
through a considerable depth of the lower atmosphere intense
surface heating will be necessary to bring about free convection.
Under the prevailing conditions of the time such intense surface
heating might be highly improbable. This fact must be allowed
for in using the above method for estimating maximum temper-
atures. In forecasting maximum temperatures for the surface
the forecaster should be familiar with the locality for which he
is forecasting. (Fig. 35)

G. Maximum Temperature. A similar method in common practice
is to take for the maximum temperature of the day the surface
temperature found by tracing from the top of the ground inver-
sion or stable surface lapse rate down a dry adiabat to the sur-
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face. The physical reasoning behind this procedure is that the
surface inversion will preclude any thermal convection until it is
removed by surface heating. Further heating will be inhibited
beyond the removal of the ground inversion since most of the
excess heat will be carried upward by convection and the temper-
ature at the surface will remain at a fairly constant maximum.

(Fig. 33)
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Fig. 33. Forecasting the maximum temperature.

H. Positive and Negative Areas. Positive and negative areas are
plotted on the pseudo-adiabatic chart to show at a glance the
stability conditions of the prevailing air mass. The parcel used
to plot these areas must be chosen carefully. In choosing the
mixing ratio value of the parcel which is to rise through the sur-
rounding air mass it is common practice to select the mean value
of the observed mixing ratio values through the lowest layers
up to the condensation level. In other cases the humidity selected
may be the mean humidity up to the top of any ground inversion
or slable layer having relatively high humidity. (Fig. 34)

1. For thermal convection positive and negative areas may be
plotted by choosing a surface particle and first finding its
LCL. When the LCL is found trace up the mixing ratio line
until the temperature curve is intersected and from that
point (the CCL) follow a moist adiabat to the top of the
chart. Areas enclosed by these lines lying to the left of the
temperature curve are shaded in blue and represent neg-
ative energy areas. Areas enclosed by the lines described
above but lying to the right of the temperature curve are
shaded in red and represent positive energy areas. If the
method just described is used to plot positive and negative
energy areas the negative energy found at the surface levels
is not strictly comparable area for area with the energy
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Fig. 34. A method for plotting energy areas for thermal lifting.

areas found aloft. However, if this method is used consist-
ently the analyst soon learns to recognize the comparative
values of the positive and negative areas even though these
areas have different real values. When negative areas can
no longer be plotted in the surface layers by this method
then, by necessity, the lapse rate necessary to produce con-
vection has been reached by surface heating. An alternative
method now much in favor for plotting negative areas in the
surface layers is shown in Fig. 35. The negative energy as
plotted by this method has the advantage of being strictly
comparable area for area with positive and negative areas
found aloft. To plot negative areas at the surface by this
alternative method the CCL is found first by tracing along
the temperature curve until the saturation mixing ratio line
is intersected. The saturation mixing ratio to be used is
selected in the manner previously described. After finding
the CCL the next operation is to trace parallel to a dry adia-
bat back to the surface. The area to the right of the temper-
ature curve bounded on the left by the line drawn parallel to
a dry adiabat from the CCL to the surface is shaded in blue



HUMIDITY, TEMPERATURE AND PRESSURE RELATIONSHIPS 61

to represent the negative energy to be neutralized before
convection can take place. Actually this negative surface
area also shows the amount of heating required to cancel the
effect of the stable surface layers and permit free convection
from the surface (temperature necessary to produce con-
vection). Air parcels must be lifted mechanically through
negative energy areas; in positive areas these particles rise
freely. Hence, large positive areas indicate instability with
free convection while large negative areas represent stability.
Since thunderstorms are associated with instability, air
masses showing large positive areas, when either of the above
procedures are carried out on the chart, are indicative of
possible thunderstorms. (Fig. 35)
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Fig. 35. An alternative method for plotting negative energy in the
surface layers.

2. For mechanical convection positive and negative energy
areas are plotted by selecting a surface particle and first
finding its LCL. The moist adiabat is followed from the
LCL to the top of the chart. Negative and positive energy
areas lie in the same relative positions to the temperature
curve as plotted by the method illustrated in Fig. 34. Energy
areas are plotted for mechanical convection in forecasting



62

AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

the possibility of thunderstorms associated with frontal or
orographic lifting. When air is lifted along a frontal surface
or over mountain barriers it will cool at the dry adiabatic
rate until saturation. If the lapse rates in the air mass
through which the air parcel is being mechanically lifted
are stable in the lower layers and unstable or conditionally
stable aloft, sufficient lifting beyond the LCL may result in
the parcel becoming warmer than the surrounding air mass.
As a result free convection will occur and convective type
weather will result if the air can be lifted mechanically
until the above condition is realized. The point at which
the cooling rate of the rising parcel intersects the prevailing
lapse rate may be designated as the mechanical convective
level (MCL). (Fig. 36)
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Fig. 36. Plotting energy areas for mechanical lifting.

I. Recognition of Fronts and Cloud Layers.

I.

The presence of frontal surfaces is indicated by upper air
inversions and by an increase in moisture content. The
position of the surface front may be roughly estimated by
allowing a slope of one-mile altitude per 50 miles horizontal
displacement in the case of cold fronts and one mile to 150
miles for warm fronts. Thus, if the inversion occurs at an
altitude of one mile on the chart and the front is a cold
front, then the surface front must be so miles away, or if a
warm front, 150 miles distant.

The radiometeorograph will indicate a relative humidity
of, or near, 100% while passing through layers of clouds.
Hence, cloud layers are indicated when the depegraph co-
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incides with or closely parallels the temperature curve. The
probable height of convective clouds may be estimated by
examining the height of the positive areas as plotted on the
pseudo-adiabatic chart. The top of the positive area aloft
represents the point of maximum upward acceleration of the
rising air parcel. Due to inertia, the rising air will usually
continue upward until it has risen half of the vertical dis-
tance of the previous positive area beyond the point where
it tends toward stability. Since the rising air is forming the
convective clouds as it rises beyond the CCIL or MCL the
height of these clouds may be estimated in the manner
described.

V. CONSERVATIVE THERMAL PROPERTIES

Ordinary properties of the air, like those of temperature and hu-
midity, are variable. Due to adiabatic cooling and heating the par-
ticular temperature of any mass of air depends to a great degree
upon the altitude at which it is found. The meteorologist must find
properties of the air which are not so variable. As a result the so-
called conservative properties have been derived. The theoretical
reasoning involved in determining some of these conservative proper-
ties is presented, in outline, in the following paragraphs. Since the
conservative properties may be recognized and determined by the
use of the pseudo-adiabatic chart these methods are also given.

A. Although no physical property of the atmosphere can be strictly
conservative, those physical properties which do not change
quickly or frequently with the changing dynamical, kinematical
and physical states of the air are called conservative properties.
Such properties are useful in identifying air masses since they
are not constantly changing.

B. Isothermal conditions are those where the heat content varies
but the temperature remains constant. Isentropic, or adiabatic,
are those conditions where the temperature may vary but the
heat content remains constant. Many atmospheric changes are
close to being isentropic. This is true because the portions of
the atmosphere being considered are generally large enough so
that changes within them are but little affected by their sur-
roundings. Heat may be gained or lost by radiation or through
turbulence.

C. Potential Temperature

1. For many meteorological purposes it is often desirable to
compare the temperature of the air at different elevations
and thus at different pressures. Since the temperature of
tise air is directly proportional to its pressure, if the tempera-
ture of air at various elevations is to be compared, all tem-
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perature readings must be reduced to a common elevation.
When this is accomplished adiabatically the resulting tem-
perature at the 1ooo-mb level is called the potential tem-
perature.

2. Equation for potential temperature:

T
f:-: —m - R
(p},))k K== (de,,)

T = Absolute temperature.
1 = pressure in millibars.
P = standard pressure.
£ —= constant involving the gas constant R.
md — molecular weight of dry air.
C, = specific heat of dry air at constant pressure.

In the lower levels of the atmosphere, the adiabatic change
in temperature with altitude amounts to 1° C./100 meters.
If no heat is gained or lost an air particle, in being lowered
from the 1500-meter level to the 5oo-meter level, will be
heated 10 degrees Centigrade. If condensation does not
occur, the air will be cooled a similar amount by rising the
same distance. The potential temperature is conservative
only when no condensation takes place. The rate of change
of temperature in saturated air varies with the water vapor
content. With a gain in altitude the air is unable to contain
as much water, hence, at higher altitudes the lapse rate for
saturated air approaches more closely that for dry air. Po-
tential temperature is wholly conservative in regard to pres-
sure changes if no condensation takes place.

D. Equivalent Potential Temperature. While the potential tem-

perature is conservative insofar as pressure is concerned, it varies
when condensation occurs. The equivalent potential temperature
(8.) is obtained by lifting a particle of air‘to infinity (zero pres-
sure) adiabatically, thus removing all its moisture and adding
this heat energy derived from the latent heat of condensation of
the water. (Upon condensation water vapor liberates about 580
calories per gram. This is known as latent heat of condensa-
tion.) The parcel is then lowered at the dry adiabatic rate to the
1000-mb level. This property is conservative to both pressure
and condensation changes.
Lw

03 = an -C?T

e = base of Naperian logarithms.,

L = latent heat of condensation.
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w == water vapor content in grams of water per gram
of dry air.
Cp = specific heat of dry air at constant pressure.

£. Equivalent Temperature. The equivalent temperature is found
in the same manner as is the equivalent potential except that the
particle is returned to its original level rather than to the 1000-mb
level. Hence, equivalent temperature is conservative for con-
densation processes but not for pressure changes.

F. Virtual Temperature. Moist air has a lower density than dry
air. At any given pressure, the density is lowered by increasing
the temperature. For certain practical purposes a fictitious in-
crease in temperature can be made in just the right amount to
account for the lower density caused by the presence of the water
vapor. The temperature thus arrived at is known as the virtwal
temperaturc. The virtual temperature rarely exceeds the actual
temperature by more than 3.5° C.

Equation of state.

pv:ET orp:éET
m m

p — pressure in dynes per cubic centimeter.

v = specific volume (number of cc occupied by 1
gram of gas) v — 1/ where 6 — density.

T — Absolute temperature.

m = gram molecular weight (28.99 for dry air and
18 for water vapor).

R — constant (universal gas constant).

Using the above units this last factor is the same for all
gases and equals 8.315 X 107 ergs per degree centigrade
per mol.

1 foot pound = 13,560,000 ergs.

mol = molecular weight in grams.
Thus the molecular weight of carbon dioxide is derived as
follows: :

Atomic weight of carbon = 12.
Atomic weight of oxygen = 16.

Since there are two atoms of oxygen for each atom of
carbon dioxide, one mol of carbon dioxide would weigh 40
grams and would occupy 22.4 liters at standard conditions.

T=t (14 0.6q)
g =number of grams of water vapor per kilogram of
humid air (specific humidity).
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The equation of state then becomes:

P = 6—13_ T
md

P — total pressure.
d = density.
md — molecular weight of “dry air.”

V1. CONSERVATIVE HUMIDITY PROPERTIES
A. Specific Humidity. The mass of water vapor present in a unit
mass of air is known as the specific humidity. The mass of the
unit of air taken is considered still to be composed of the usual
gas mixture plus the water vapor. The water vapor present is
small compared to the mass of dry air with which it is associated.
/B. Mixing Ratio. The mass of water vapor in a unit mass of dry
air is called the mixing ratio. Since the mass of a unit of dry air
differs but little from the mass of a unit of moist air, the mixing
ratio and the specific humidity are nearly numerically equivalent.
As unsaturated air particles ascend adiabatically, both the mass
of the air and of the water vapor remain constant. Thus, both
specific humidity and mixing ratio which depend on the ratio of
these two quantities remain unchanged. It thus becomes ob-
vious that these quantities are conservative. Such conservative
properties, as given above, are useful in identifying air masses.
C. Formula for Specific Humidity.
g = 622¢/p
g = specific humidity.
¢ = existent vapor pressure.
p = total atmospheric pressure.

The units for ¢ and p may be chosen arbitrarily, as they repre-
sent a ratio. The only requirement is that the unit chosen is the
same for both values.

VII. RELATIVE CONSERVATISM OF PHYSICAL
PROPERTIES

In the drawing (Fig. 37) it can be seen that as the air is forced to
rise over the mountain certain properties change while others remain
constant. The pressure changes from 1000 mb at 1, to 910 at 2,
800 at 3 and back to 1000 at 4. The relative humidity changes from
64% to 100% to 35%. The more conservative the property, the
smaller will be the change observed. Thus, equivalent potential tem-
perature remains constant at 296° A. at all points.
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Fig 37. Comparison of conservative properties.

6., = potential wet-bulb temperature. ¢ == actual specific humidity.
6, = potential equivalent temperature. RIT == relative humidity.
= potential temperature. T == temperature.
Ty, = temperature of dew point. P == pressure.

ViIl. EXAMPLES OF THE PRACTICAL USE OF THE
PSEUDO-ADIABATIC CHART
Given: Parcel of air at temperature == - - 5° C. (Fig. 38)
Pressure = goo mb.
Mixing ratio = 1.7 g/kg. .
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Fig. 38. The pseudo-adiabatic problem.
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Find: (A) Saturation mixing ratio

(B) Relative humidity

(C) Dew point at ground

(D) Wet-bulb temperature

(E) Wet-bulb potential temperature
(F) Equivalent temperature

(G) Equivalent potential temperature
(H) Potential temperature

(I) Temperature at saturation

(J) Pressure at saturation

A. Saturation Mixing Ratio (. r,).

/B. Relative Humidity - - —

C.

Read mixing ratio line which goes through goo mb and
-- 5° C. This is 2.93 g per kilogram.

actual mixing ratio

" saturation mixing ratio

RIL = =T % 100 —= 58%
2.93
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Fig. 39. The dew-point temperature.

Dew Point at Ground (Ta4,) (Fig. 39).

Cool parcel isobarically (along the same pressure line) until it
intersects the 1.7 g/kg mixing ratio line. Read the tem-
perature.

D.P. = —12°C.
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D. Wet-bulb Temperature (T.») (Fig. 40).
Trace up the dry adiabat to the saturation point, then down
the moist adiabat to the original level. Read off the tem-

perature. Wet-bulb temperature — — 7° C.
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Rig. 40. Plotting the wet-bulb and potential wet-bulb temperatures.

E. Wet-bulb Potential Temperature (8.+) (Fig. 40).

Follow up the dry adiabat to saturation, then down the moist
adiabat to the 1ooo-mb level. Read off the temperature.
Wet-bulb potential temperature — — 1.1° C,

F. Equivalent Temperature (T.) (Fig. 41)

Follow up the dry adiabat to saturation, then up the moist
adiabat to the top of the chart (top of atmosphere). Using
the nearest dry adiabat (or parallel to it) to the right of the
moist adiabat originally traced, come down to the original
level and read off the temperature. Equivalent tempera-
ture = — 1.8° C.

G. Equivalent Potential Temperature (6.) (Fig. a1).

Use the same procedure as in finding the equivalent tempera-
ture, except continue down the dry adiabat to the 1ooo-mb
level and read off the temperature. Equivalent potential
temperature = 7° C.

H. Potential Temperature (8) (Fig. 42a).
Trace down the dry adiabat to the 1000-mb level. Read the

temperature, Potential temperature = 3.6° C.
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Fig. 41. Plotting the equivalent and the equivalent potential tem-
peratures.

I. Temperature at Saturation (T,) (Fig. 42b).
Follow the dry adiabat until it intersects the mixing ratio
line which corresponds to the actual mixing ratio. Read off
the temperature. T; = —13.1° C,

J. Pressure at Saturation (P;).
Read off pressure at saturation point.
P, = 8og mb,
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Fig. 42a. Plotting the potential temperature.
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Fig. 42b. Finding the temperature at saturation.
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Fig. 42c. The completely plotted pseudo-adiabatic diagram. Coded
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IX. THE COMPLETE PSEUDO-ADIABATIC CHART

In the preceding part of this chapter the various operations that
must be accomplished on the pseudo-adiabatic chart have been pre-
sented in detail. In Fig. 42c the completely plotted chart is illus-
trated. Three curves are drawn on the completed chart, namely: the
Pt (pressure-temperature) curve, the Pw (depegraph or humidity)
curve and Pz (altitude) curve.

A. Pt Curve. The pressure-temperature curve is plotted by enter-
ing a point at the intersection of temperature abscissas with
pressure ordinates. A circle is drawn around the plotted point
and the relative humidity and mixing ratio are written to the
right of the point as indicated in Fig. 42c.
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B. Pw Curve. The pressure-dew-point curve or depegraph is
plotted by connecting dew-point temperatures for each point by
a dashed line. The method for finding dew-point temperatures
is described on page 57. Each point is placed in a small triangle.

C. Pz Curve. The pressure-height curve is plotted on the basis
of the information given in the third group of the code as to
the sooo-ft., 10,000-ft. and 20,000-ft. levels and the altitude of
the station above sea level. An altitude scale is superimposed
over the temperature scale as illustrated in Fig. 42c. 40° C. is
designated as sea level; each degree to the left is equal to 100
meters altitude. Thus, 39° C. is cqual to 100 meters, 30° C. is
equal to 1000 meters, etc. Since one meter is equal to approxi-
mately 3.28 ft., the 5000-ft. altitude level is equal to 1524 meters
and is plotted isobarically opposite the point on the Pt curve
given in the code as the sooo-ft. level. On the superimposed
scale the so00-ft. level is found along the 24.76° C. isotherm.
5000
3.28
24.76° C. If the 24.76° C. isotherm is followed until isobarically
opposite the point on the Pt curve designated as the 5o000-ft.
level, the second point on the Pz curve will be placed. Similarly
the 10,000-ft. point is placed along the g.52° C. isotherm oppn-
site the Pt point designated in the code. Finally the 20,000-ft.
point is plotted along the —20.96° C. isotherm opposite the Pt
point designated in the code. Each point of the Pz curve is
inscribed in a square and the points are connected with a straight
line thus completing the Pz curve. By tracing isobarically from
the Pt curve to the Pz curve and reading in terms of the super-
imposed altitude scale along the bottom of the chart, the alti-
tude in meters of any point or phenomenon such as cloud levels
can be determined. Thus, the base of the clouds at point B in
Fig. 42c is at about roro meters above sea level and the top of
the clouds at D is at about 1750 meters.

= 1524 meters. Since 1° C. = 100 meters, 40 — 15.24 =

Tn Fig. 42c perform the operations listed below: (See page 228 for
explanation of radiosonde code.)

1. Tdentify the lapse rate type between each pair of points. Thus
the first type might be: Surface to Point A — isothermal. Print in
space provided.

2. Calculate the relative humidity for each point.

3. Find the dew-point temperature for each point.
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4. Find the equivalent temperature for each point.

5. Find the equivalent potential temperature for each point.

6. Find the potential temperature for each point.

7. By comparing the lapse rate from point to point with the dry and
moist adiabatic rates list, in the space provided, the stability type repre-
sented.

TEST QUESTIONS ON HUMIDITY, TEMPERATURE AND
PRESSURE RELATIONSHIPS

1. At temperatures between the freezing point and boiling point of
a liquid, when the liquid changes to the gaseous state the process is (ebul-
lition, evaporation, sublimation, boiling, vaporization). ) S,
2. When the liquid changes to the gaseous state only at the free sur-
face of the liquid the process is (ebullition, evaporation, sublimation, boil-

ing, vaporization). 2 —
3. At the (freezmg point, boiling point, melting point, decomposition
point) vapor pressure is equal to atmospheric pressure. 3.

4. When a gas changes directly to the solid state without passing
through the liquid state the process is (ebullition, evaporation sublimation,
boiling, vaporization). -

5. The rate of evaporation is (decreased, increased, remains the same)
with an increase of the atmospheric pressure. -_

6. The number of calories necessary to effect the change from solid
to liquid per gram of substance without causing a temperature change is
the heat of (vaporization, condensation, fusion). 6.

7. The number of calories liberated per gram when a gas changes to
a liquid is the heat of (vaporization, condensation, fusion).

.

8. The number of calories necessary per gram to cause a liquid to
change to a vapor without changing the temperature is the heat of (vapo-
rization, condensation, fusion). 8

9. The moist adiabatic rate is less than the dry adiabatic rate because
energy is received from the heat of (vaporization, condensation, fusion).

9

10. The amount of moisture that can be contained in a given volume
is the (capacity, absolute humidity, dew point, relative humidity, specific
humidity, mixing ratio). 10.

11. The number of grams of water vapor per kilogram of dry air is the
(capacity, absolute humidity, dew point, relative humidity, specific hu-
midity, mixing ratio). 1I.

12. The ratio of the amount of moisture in a given volume to the
saturation value is the (capacity, absolute humidity, dew point, relative
humidity, specific humidity, mixing ratio). 12, —

13. The number of grams of moisture per kilogram of moist air is
the (capacity, absolute humidity, dew point, relative humidity, specific
humidity, mixing ratio). 130 —
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14. The number of grams of water vapor per cubic meter is the (capa-
city, absolute humidity, dew point, relative humidity, specific humidity,
mixing ratio). 4 —

15. When the temperature of moist air is lowered the (capacity, abso-
lute humidity, dew point, relative humidity, specific humidity, mixing
ratio) will eventually be reached. 5, —

16. The temperature of a homogeneous air mass is 18° C. and its dew
point is 10° C. If convection takes place, clouds will begin to form at
(640 meters, 1250 meters, goo meters, 1000 meters, 875 meters).

16, —

17. The dew-point temperature of a homogeneous air mass decreases
(2°C, 4°C,.1°C, .15°C, 2°C.) per hundred meters. 17. —

18. The pseudo-adiabatic chart is (an upper air wind velocity chart,
a humidity graph, a temperature graph, an energy diagram, a synoptic
chart). 18,

19. Slightly curving, broken red lines on the pseudo-adiabatic chart are
(dry adiabats, isobars, isotherms, mixing ratio lines, moist adiabats, depe-
graphs). 19 —

20. Straight, solid, slanting yellow lines on the pseudo-adiabatic chart
are (dry adiabats, isobars, isotherms, mixing ratio lines, moist adiabats,

depegraphs). 200
21. The depegraph is drawn on the pseudo-adiabatic chart as a (solid
line, red line, solid black line, broken dashed line). 21.

22. When a parcel of air is moved up the dry adiabat until the satura-
tion mixing ratio line is intercepted on the pseudo-adiabatic diagram, the
point is the (dew point, wet-bulb temperature, LCL, potential temperature,
equivalent potential temperature, CCL, equivalent temperature).

220

23. Trace isobarically from the point on the temperature curve to the
saturation mixing ratio linc and the point found is the (dew point, wet-
bulb temperature, LCL, potential temperature, equivalent potential tem-
perature, CCL, equivalent temperature). 23—

24. Follow the temperature curve until it intersects the saturation
mixing ratio line; the point is the (dew point, wet-bulb temperature, LCL,
potential temperature, equivalent potential temperature, CCL, equivalent
temperature). 240

25. Find the LCL then follow the moist adiabat to the top of the chart,
then back down the nearest dry adiabat to the original level, the point is
(dew point, wet-bulb temperature, LCL, potential temperature, equivalent
potential temperature, CCL, equivalent temperature). 25.

26. Follow the dry adiabat from the point on the temperature curve to
the 1000-mb level, the point is the (dew point, wet-bulb temperature, LCL,
potential temperature, equivalent potential temperature, CCL, equivalent
temperature). 26, —

27. Trace from the LCL along a moist adiabat to the top of the chart
then back the nearest dry adiabat to the 1000-mb level, the point is (dew
point, wet-bulb temperature, LCL, potential temperature, equivalent poten-
tial temperature, CCL, equivalent temperature). 27—

28. Find the LCL, then follow the moist adiabat to the original level,
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the point is (dew point, wet-bulb temperature, LCL, potential temperature,
equivalent potential temperature, CCL, equivalent temperature).
28,

29. Find the LCL, then follow the moist adiabat to the 1000-mb level,
the point is (dew point, wet-bulb potential temperature, LCL, potential
temperature, equivalent potential temperature, CCL, equivalent tempera-
ture). 20—

30. The area on a pseudo-adiabatic chart bounded by the temperature
curve, a dry adiabat and the saturation mixing ratio line is (positive energy
for thermal lifting, negative energy for thermal lifting, positive energy for
mechanical lifting, negative energy for mechanical lifting).

30 —

31. The area on the pseudo-adiabatic chart bounded by the temperature
curve and a dry and a moist adiabat is (positive encrgy for thermal lifting,
negative energy for thermal lifting, positive energy for mechanical lifting,
negative energy for mechanical lifting). 3I.

32. The temperature necessary to bring about thermal convection may
be found by finding the CCL and then tracing down a (moist adiabat, dry
adiabat, temperature line, mixing ratio line) to the surface.

32—

33. The maximum temperature may be estimated by tracing down a
dry adiabat from the (LCL, top of inversion or stable surface layer, top
of nearest surface unstable layer, isothermal layer) to the surface.

kX [ —

34. When the depegraph approaches and touches or remains closely
parallel to the temperature curve (instability, unsaturation, subsidence,
clear skies, cloud layers) are indicated. 34—

35. An upper-alr inversion with decreasing humidity usually indicates
(frontal overrunning, cloud layers, precipitation, subsidence).

36. An upper-air inversion with increasing humidity usually indicates
(frontal overrunning, cloud layers, precipitation, subsidence).

36 ——

37. Underline the conservative properties in the following list. (Surface
temperature, relative humidity, specific humidity. absolute humidity, capa-
city, potential temperature, equivalent temnperature, equivalent potential
temperature, mixing ratio.) 3 —_—

38. The temperature of ten grams of ice is raised from —10°C. to
110° C., with the ice changing to water and then to steam. (Specific heat
of ice =.5 approx. Specific heat of water = 1. Specific heat of steam
= .5 approx.) (819, 7290, 730, 5000, 1500) calories will be required to
effect the change. 38—

39. Select the most conservative property of the following list. (Dew
point, potential temperature, equivalent temperature, equivalent potential
temperature. ) 39.

40. The conservative property which is conservative for condensation
processes but not for pressure changes is the (dew point, potential tem-
perature, equivalent temperature, equivalent potential temperature).

40.




CHAPTER V
PRESSURE PHENOMENA AND WINDS

I. CAUSES OF THE WIND--THERMAL CAUSES AND
GRAVITY EFFECTS

A. The primary cause of wind, as well as all other weather phe-
nomena, can be traced to differences in the solar and terrestrial
radiation which set up irregularities of temperature. These dif-
ferences aid, in turn, in causing pressure differences. Gravity
acting on the winds, which are set up to counteract these pressure
differences, serves as the operative force.

B. All weather phenomena are fundamentally related to such at-
mospheric circulation. l.arge-scale air currents carry hot, mois-
ture-laden air from the tropics into the temperate latitudes.
Other large-scale air currents bring cold air from the poles to
react with the warm tropical air, thus producing the large extra-
tropical storms that bring most of our temperate zone weather.
Small secondary circulations help bring about conditions modi-
fying the general storm trend. Fohn winds melt away the snow.
Sea breezes break the heat of a hot afternoon. Warm, moisture-
laden air moves shoreward producing dense fogs. All of these
conditions, and many more, are dependent on atmospheric cir-
culation. )

II. PRESSURE

A. Historical. In past history, at various times, there was doubt as
to whether the air was really matter. Air was thought to be a
spiritual substance; hence, not akin to matter. At other times
air was believed to be the essence of life. The reasoning was that
living things breathe, dead things do not; hence, the difference
between life and death is dependent upon partaking of this divine
essence, the atmosphere. Such an attitude was, of course, un-
scientific and little progress was made in studying the air when
erroneous ideas of this nature were universally held. When air
was finally accepted as material in nature, then progress could
be made in studying its properties.

1. Boyle’s Law. Robert Boyle was one of the early scientists
who worked with air as an experimental medium. He no-
ticed that a variation in volume is produced in a gas by
applying pressure. His law states: “If the temperature

77
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remains constant the yolume of a gas will vary inversely with
the pressure applied.” Thus, if a given volume of gas under

one atmosphere’s pressure is subjected to two atmospheres’
pressure, its volume will be reduced to one half its original
volume. This law has been expressed as: P.V = P'. V'

P — first pressure.

V = first volume.

P’ = second pressure.
V' = second volume.

Example: First pressure of 1 cu. ft. of gas was 14.7 1b./sq.
in. The pressure was then changed to 29.4 lb./sq. in.
What was the final volume after the pressure change?

14.7.1=29.4.V
V' = .5cu. ft.

A corollary of this law states that the density of a gas

varies directly with the pressure. This is expressed mathe-
DI

matically as: — = —

P P

D= first density.
P—= first pressure.
D’=second density.
P = second pressure.

Example: A gas has the density of .0765 lb./cu. ft. at a
pressure of 14.7 1b./sq. in. What will its density be at
29.4 1b./sq. in.?

.0765 D’
= ——— D" = o.153 Ib./cu. ft.
14.7 29.4

. Charles’ Law. Another early scientist working with gases

noted that heating caused expansion and that gcooling

caused contraction. This law may be stated in the follow-
ing manner: The volume of gas varies directly with the
Absolute temperature. This is expressed mathematically
vV v’
as: — —= —
T T

V= first volume.

T= firét Absolute temperature.
V’'=second volume.

T'= second Absolute temperature.
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Example: One cubic foot of air at a temperature of 0° C. is
subjected to a temperature of 273° C. What is the final

volume?
Note: The Absolute temperature equals 273 -+ the Centi-
grade.
1 |4
273+ o0 273 + 273
V' = 2 cu. ft.

3. Correction for both Temperature and Pressure. Boyle’s
and Charles’ Laws can be combined to yield the following
formula:

PV PV’

T T

P— first pressure.

V= first volume.

T= first Absolute temperature.
P’'=second pressure etc., etc.

Example: Find the volume, at 20° C. and 740 mm pressure,
of a 500-cc sample of air taken at 30° C. and 770 mm
pressure,

770+ 500 740 V'

273 + 30 273 + 20
V' = 503.1 cc (new volume)

4. Pressure and Force Exerted by Wind. The pressure of a
wind is proportional to the square of its velocity.
F = .0o05 Av*
F= total force.
.005= constant (dependent upon pressure and tempera-
ture of the air).
A= area in square feet.
V= velocity in miles per hour.

A wind of 15 m.p.h. will exert about 124 lb. pressure per
square foot; at 30 m.p.h., 424 Ib. per square feet; and at
6o m.p.h., 18 1b. per square foot.

B. Material Nature of the Air. We are living at the bottom of a
“sex of air.” ~Our bodies sustain pressure because of the depth
and density of our atmosphere. Since the air stays with the
earth despite its rotation and great velocity through space, air
must respond to the pull of gravity; hence, the conclusion that
air is matter and has weight. A room full of air (10 ft. on a
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side) weighs about 8o Ib. In comparison one cubic foot of water
weighs 62.4 1b.

C" The weight of air produces pressure. If a column of air, one
inch on a side and as high as the atmosphere, was weighed, it
would be found to weigh about 14.7 Ib. So we conclude that at
standard conditions (temperature — o° C.) and at sea level the
atmospheric pressure — 14.7 lb. per square inch.

, In 1643, Torricelli, by using mercury instead of water, proved
that it is the pressure of the atmosphere that sustains
liquids in exhausted tubes. The first barometer was a
medium-size glass tube about one yard long and closed at
one end. The variations of the height of mercury in such
a tube give indications of the variations in atmospheric
pressure. Pressure decreases roughly at the rate of one
inch per 1000-it. gain in altitude. Temperature variations
help to bring about noticeable pressure changes. There is
a diurnal change in the temperature that brings about a
consequent diurnal pressure change which is superimposed
on the prevailing pressure field. The highest diurnal pres-
sure occurs at 10 a.m., the lowest at about 4 p.m. Charac-
teristic planetary pressure zones can also be traced to such
thermal differences. )

6 Cause of Pressure Variations. The atmosphere is not heated
at all points with equal intensity. When air is heated the
molecules of which it is composed are accelerated. They then
tend to draw away from each other and the air expands. Since
the molecules now occupy a greater volume, the density of the
parcel of heated air has been decreased. As a result, the heated
air will be buoyed upward by the surrounding denser air and will
rise. Such rising air currents (thermals) tend to reduce the air

- . — T . 33— . . .
pressure at a given locality, and the denser air flowing in to fill
in the low-pressure areas thus gives rise to horizontal currents or
winds. Hence, the conclusion that winds are primarily due to
pressure differences in the atmosphere which owe their presence
to irregularities in heating. )

III. THE PRIMARY CIRCULATION OF THE ATMOSPHERE
Several modifications of the general scheme of the primary circu-
lation, as presented here, are extant. Since all of these methods at-
tempt to generalize and simplify a very complicated natural condition
the system given is as true in its representation of the planetary,air
movements as is necessary for a general understanding. (Fig. 43a)
A. Doldrums. TTw?Emst heating takes place at the equator.
The air Tises at the equator thus creating a zone of low pressure
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of ab 10° each side of the thermal_equator known as the

oldrums. (The_thermal equator is an imaginary line passing
through the center of the belt of high temperature where max-
irﬁ\_ﬁ_tﬂu_s_glgt_imLi_s_r_ecgixed. At the time of the equinoxes the
thermal equator and the geographical equator coincide.) As the
air rises from the doldrums the resultant expansion due to reduc-

ing pressure aloft causes the air to cool and it very quickly
reaches its dew point.) Inasmuch as _equatorial air character-

HORSE _ATITUDES

AILING WESTE’?LI\ES

\ /

g
PR B N

Fig. 43a. The general circulation.

istically has a high specific humidity the conditions are favorable
for heavy rai ily i The trade winds

from northeast and southeast, because of both convergence and
heating, rise above the surface as they near the equator. Be-
neath these converging winds aloft a belt of light variable winds
and calms are found at the surface. (In this hot, stagnant, moist
air at the surface conditions are favorable for convection and
heavy rainfall.) Because dry air is more dense than moist air,
as the rising air precipitates its moisture its density is increased.
In addition, expansional cooling contributes to the density in-
crease of the rising air with the result that as it reaches the
upper limits of the troposphere it ceases to rise. Since it is
impossible for this risen air to sink immediately to the surface
because of the converging surface winds it sEirals poleward while
it remains aloft. Traveling poleward aloft as antitrade winds



82

AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

the air further cools by radiation to space.(”The rotation of the
earth deviates these upper troposphere antitrades from their
straight path into a spiral so that at latitudes 30° to 35° north
and south a partial damming effect impedes the poleward flow.
Subsidence, due to the increased density caused by cooling, and
the damming effect combine to produce the high pressure belts
known as the horse latitude,

B. Horse Latitudes. Because of the cloud dissipating effects of

heating by subsidence a belt of calms or light variable winds and
fine, clear weather is found between the trade wind belt and the
zone of prevailing westerlies. The belts are about 10° in width
_and are located about 35° N. and 30° S. of the thermal equator.
Surface winds blow northward from these horse latitudes result-
:Mrlieé ‘and southward resulting in the trade winds.
Due to the motion of the earth these northerly and southerly
winds are made to veer (be deflected to the right of the path of
motion) in the Northern Hemisphere and back (be deflected to
left of path of motion) in the Southern Hemisphere, thus assum-

ing their characteristic direction.’)

C. Polar Front. As shown in diagram (Fig. 43a), some of the

upper winds continue on beyond the horse latitudes and proceed
spirally poleward. In subsiding at that point they create a polar,
high-pressure area. Easterly winds then blow out from the
poles. At about 60° latitude these polar winds encounter the
winds of the prevailing westerlies. Since the air in these polar
winds is cold it does not rise over the westerlies. Instead, it is
dammed up and, when a sufficient quantity of air collects, the
entire reservoir spills over into more southern latitudes. It is
this spilling over of the cold polar air into southern latitudes that
is so '}mportant in creating our temperate zone weather. (Fig.

43b)

N 4/?/me

Polar Front Outbreak of orma’flon of Cyclonic
in_Normal Cold Polar Circulation in Vicinity
Position Air of Polar Qutbreak

Fig. 43b. The ideal polar outbreak.

D. The Trade Winds. These winds blow southward from the

horse latitudes. The rotation of the earth gives rise to a change
in their motion. Instead of pursuing their course in a great circle
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they are deviated to the right in the Noxthern Hemisphere and
to the left in the Southern Hemisphere.>
1. Coriolis Force, If the wind is moving with the velocity 1’
the acceleration to the right is given by d — 2cwsingV.
w is the angular velocity of the earth (one revolution per
day or 271/24 radians per hour), and ¢ is the angle of
latitude. d == Coriolis force. (Fig. 44)

DISC AT REST DISC ROTATING
Ball rolled from A will Ball rolled from A to B
move straight to B. will be displaced to C

Fig. 44. Effect of the earth’s rotation on wind direction.

( 2. Due to the deviating effect of the earth’s rotation, the trade
winds of the Northern Hemisphere are northeast trades and
those of the Southern Hemisphere become southeast trades.
At high altitudes some returning winds are noticeable. These
are known as the antitrades)

E. W@g\%ﬁt@ﬁg& From the high-pressure zone of
the horse latitudes, winds blow in a poleward direction toward
the low-pressure area near the polar front. These winds, due
to the earth’s rotation, veer to the right in the Northern Hemi-
sphere and to the left in the Southern. Hence, they assume a
westerly component from which they derive their names. In
the_Southern Hemisphere, where there is relatively more open
ocean and the winds are not influenced by surface irregularities,
the westerlies are of high velocjty. Because of this fact a region
around the southern tip of South America has been given the
name of the Roaring Forties. The Forties refer to the approx-

, imate latitude.)

F. The Centers of Action, The main modifications of this simple
ideal circulation occur at the centers of action. In the northern
Pacific, near the Aleutian Islands, the semipermanent Aleutian
Low is found, while on the Atlantic side, the Icelandic Low
reaches its maximum activity during the winter. In the general
vicinity of The Horse latitudes the Azores High is found in the
Atlantic Ocean. In the Pacific Ocean the Pacific High lies off
the coast of southérn California during the summer_while in the
winter it moves inland over this region. In the winter, seasonal’
highs are found over northern Canada, the North American
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High, and over Siberia, the Siberian High. These semipermanent
centers impress their cyclonic or anticyclonic circulations on the
general ideal circulation described previously. (Fig. 45)

!
| N
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g'.r
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Fig. 45. Centers of action.

Northern Hemisphere, showing the winter highs as they occur over Canada
and Sibera.

G. Factors Affecting the Primary Wi m. As has been
demonstrated the primary wind system is a function of thermal
differences inherent to our earth as a planetary body. CDiffer-
ences in heating give rise to differences in pressure which in turn
set up wind systems. ) These winds are influenced in their direc-
tion over the earth’s surface by:

( 1. Earth’s rotation.
Centrifugal force.
3. Frictional and topographical effects.
4. 'The secondary circulation. v

Wind increases in speed with height due to a freedom from fric-
tional and topographical effects. Over the sea surface the wind
is reduced to ahaut two thirds of its speed in the free air.” Over
fhe land the speed at the surface may be reduced to gne third
«. — -

of that of the free aird

H. Ferrel's Law. The effect of the earth’s rotation on the wind
has been stated in the form of a law. Thus, Ferrel’s law states
that: ‘(W hen a mass of air starts to move over the earth’s surface
it is deflected to the right in the Northern Hemisphere and to
the left in the Southern Hemisphere, and tends to move in a
circle whose radius depends upon its velocity and its distance
from the equator.” The operation of this law is more effective
oV sea than over the land where turbulence interferes. -

I. Forces Acting on Moving Air. (Fig. 46)




PRESSURE PHENOMENA AND WINDS 85

1017, 1014 o1 1008 1005 1002 999 /oae
~N

DIRECTION OF WIND
DIRECTION OF WIND Vs
ABOVE FRICTION LAYERS*\ ABOVE FRICTION LAYER:
1020

993

DF ? PG,
8
Fe PG
. s
DIRECTION OF WINDS
DIRECTION OF WINDS e \D RO Oy
AT vergeneal Converaunce)
- s F A = Gradient Wind for Anticycl DF « PG « CF

g':‘ - g::r:f'uq:“Fuc- C = Gradient Wind for Cyclone DF s PG - CF
PG = Pressure Grodient B « Geostrophic Wind v/ OF « PG
Fr = Frictional Force D = Effect of Frichion

Tig. 46. Balance of forces.

/11 Pressure Gradient. The air originally starts to move over
- the earth’s surface because of pressure differences. The rate
of change per unit distance in the horizontal direction is
known as the pressure gradient. Strong winds blow when
the pressure gradient is steep,; when the pressure gradient
is flat or weak the winds are light. The strength of the pres-
sure gradient is indicated by the spacing of the isobars on the
synoptic chart. Isobars are lines drawn on the chart to
connect points of equal pressure. When the isobars are
close together it indicates that the change of pressure in the
horizontal direction is rapid and the pressure gradient is
steep. When the isobars are widely spaced the converse is
true and the winds are light. Once a body of air is set in
motion, due to pressure differences in the horizontal direc-
tion, the air will continue to move until its original energy
is dissipated by friction, orographic and mixing effects.
(Newton’s First Law of Motion: A body tends to remain
..at rest or continue in its original path of motion until acted
upon by an outside force.)

é) Coriolis and Centrifugal Effects. After the air is set in .
motion by the original pressure gradient force, other forces
start to act on the moving air. The Cerielis-ferce, as pre-
viously described, tends to cause the wind to veer to the
right of its path of motion in the Northern Hemisphere. As
the air starts to assume a circular path, centrifugal force
begins to act upon the moving particles. In a low-pressure
area above the friction layer, gradient force just equals the
combined effect of the Coriolis and centrifugal forces. {In



86

AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

.a high-pressure area above the friction layer, gradient and
centrifugal forces balance the Coriolis force. (When these
“forces balance each other and the wind blows parallel to
curved isobars the wind is known as the gradient wind]
wind blowing parallel to straight isobars is known as the
Eeostroghzc wind,) At the equator where Coriolis force is
rative a wind comparable to the above is called

c clostro hic. These winds are all upper-air winds and
are found above the friction layer (above 1500 to 2000 ft.).

Frictional Effeefs. While the above winds may be found
in the upper air, the wind next to the surface tends to drift
across the isobars. This effect is the Tesult of the Tact that
of\fﬁefge/%r’anorces acting upon moving air only gradient
force is independent of the velocity of the moving air. Cori-
olis and centrifugal forces are both increased by an increase
in velocity. Friction slows the air speed near the surface.
As a result the Coriolis and centrifugal effects are lessened
and the air starts to flow at an angle across the isobars re-
sulting in canvergence at _the surface in low-pressure areas
and dlvergence at the surface in high gh-pressure areas.

IV. THE SECONDARY CIRCULATION OF THE

ATMOSPHERE

In addition to the primary circulation of the atmosphere there are

many variations set up in these general planetary winds due to various
local effects. _Such effects include thermal, topographical and pressure
differences. @‘hg local variations in the primary circulation constitute
@ is known as the secondary circulation. ")

The Monsoon. The regions most favorable to the development
of monsoons are E}%@Mﬁ. -The term is applied to
certain winds which blow with great persistence and regularity at
definite seasons of the year. In fact, the word monsoon is derived
from the Arabic word for “‘se J” The wormrﬁﬂir referred
to the winds of the Arabian Sea, which blow for_about six months
from the southwest and 51x months from the northeast. The
most characteristic monsoon is found in India and southern Asia.
They also occur to a lesser extent in north Australia, parts of
western, eastern, and southern Africa, and North and South
America.}

(\The Indian Monsoon. In the summer the land, since it has a
ow specific_heat, will heat up more quickly and to higher
temperatures than the sea. To jncrease this effect the
t@'mue_qg,a.tqr r and surrounding zones move northward with
the sun in the summer. Hence, the broad land areas of
India heat rapidly and rising thermal currents are gener-
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ated. This results in a low-pressure area being set up
over the land. Then, relatively, the air over the Indian
Ocean represents a high-pressure area. Winds start to blow
from the high-pressure area to the low-pressure area. These
winds are of maritime origin; hence, they are moisture-laden.
Now a topographical effect of the continent of Asia becomes
noticeable. The land of India rises steadily from the coast
to the mountains of Tibet. The moisture-laden wind blow-
ing landward is forced to rise. In rising the air begins to
precipitate its water vapor. @hus, with the summer mon-
soon in India, torrential seasonal rains occur.) The winter
monsoon represents the reverse of these conditions. The air

nonsoon represents Y
blowing seaward is cold and dry - Very little rain occurs
uring the wmter months because of the dry winter mon-

soon. (Fig. 47)

THERMAL _EQUATOR ]
Southwest Monsoon (June—October) | Northeast Monsoon (October-March)

Fig. 47. The monsoons of India.

B. )Land and Sea Breezes. These winds are caused by unequal
eating and cooling of land and water areas as influenced by solar
radiation during the day and radiation to space at night. This
phenomenon produces a gradient of pressure near the coast. The
general description of the origin of land and sea breezes is the
same as that for the monsoon, with the difference that the change
is diurnal (occurring dallly_) rather than seasonal. The nocturnal
lanmeze the sea bréeze’s corollary, is usually less developed
than the sea breeze. The depth of the current of the sea breeze




88

AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

is shallow to start with but will increase to as much as 1800 to
2000 ft., at the time of maximum development. (Sea breezes
may extend to from 15 to 20 miles from the coast both inland and
seaward.” They usually originate about two miles seaward and
blow about ten miles inland. The speed of the sea breeze rarely
exceeds 12 m.p.h. On some occasions, however, it may reach
speeds as great as 25 m.p.h. The sea breeze usually becomes
oticeable between two and three o’clock in the afternoan. The
‘exact time varies according to local conditions and the distance
from the seashore. The onset of the sea breeze, when it takes
place suddenly, may be accompanied by a noticeable squall, a
sudden fall in temperature (as much as 6° C.), and an increase in
humidity. The intensity of the sea breeze incrﬂ%eé_i_n_l_w—‘ﬂi-‘
itudes. TIW decreases toward evening.) (Fig. 48)

e

Sea Breeze

Land Breeze

Fig. 48. Land and sea breezes.

Mountain and Valley Circulation. Air, in contact with the
ground of the valley walls is heated and cooled quickly by con-
duction, while air in the center of the valley can be cooled or
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heated only by radiation or convection. During the day the
air rises along the walls of narrow valleys producing ypdrafts.
At night the circulation is reversed with downdrafts_along the
walls of the canyon. Such air currents are to be avoided by
light planes and nonrigid airships, particularly in mountain
passes. (Fig. 49)

\\\\\\\’///// TN
= e
@ e (L (>

o
i

i
Valley sg‘:_l es heat quickly during day causing
updrafts along sides and downdrafts in_center.

‘ 4 /‘/2', %
s
Valley sides cool quickly during night causing
downdrafts along sides and W.

4

Fig. 49. Mountain and valley circulation.

D/. Anabatic Winds. When the surface of the ground has an
appreciable slope there is a tendency for surface winds to drift
up or down the slope. This effect is due to convection. If the
slope is heated by the sun the air in contact with it becomes
warmer than the air at the same level which is not in contact.
Hence, this heated air tends to ascend. Such ascending winds
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=% &
we— I\ S 3 =

178 C.—

Fig. 50. Anabatic wind.

are called anebatic winds. (Fig. 50) Often they are masked by
the effects of vertical convection. When anabatic winds are
intensified by the funnel effect of a valley they are called yalley
winds. (Fig. 51)

Fig. 51. Valley winds and the funnel effect.

E./ Katabatic Winds. The reverse of the anabatic wind is the
kafabatic wind, which occurs characteristically _gt(n_ight. These
winds occur when the ground on a slope is colder than the air at
that height. Since no vertical thermal currents are found in cold
air all of the air will flow downslope. The concentration of such
mmm% in fog or mist collecting in

allow valleys (radiation fog). On high, snow-covered moun-
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tains or glacier-covered country katabatic winds may occur dur-
ing the day. The “Bora” of the Adriatic sometimes reaches
speeds of 100 m.p.h. due to local effects, plus katabatism. Kata-
batic winds are also found in Greenland and the Black Sea.
Katabatic winds are cold and often have a high relative humidity
as the wind continues in contact with a cold surface and the con
sequent cooling renders the dynamical heating ineffective. (Fig

52)

. vam g [RTERIN

Fig. 52. A-katabatic wind. Cold air, acted upon by gravity, flows

downslope preserving its low temperature and high relative humidity.

F. rWQk). Winds may be forced to rise
mechanically over a mountain barrier. In this way adiabatic
cooling takes place and orographic rain may result (rain caused
by interference of rising land in the path of moisture-laden wind).
The condensing w or yields its latent heat of condensa-
tion to the rising air so that when it descends on the lee side of
the mountain barrier it regains its original temperature by adia-
batic heating, plus the added temperature, as a result of the heat
T)}'T:(Trﬁﬁmon. ince the condensation has taken place largely
on the windward side of the barrier, the descending wind then
is both warm and dry. Such féhn winds cause rapid thaws if
they occur in the winter or early spring. Fohn winds may be
accompanied by lenticular clouds. Fohn winds may cause tem-
perature rises of as great as 202 to 25° C. The weather in
southern California is often markedly modified in the winter by
a fohn wind known locally as the Santa Ana. (Fig. 53)v

G) Highs and Lows. Traveling disturbances of great area orig-
‘inate along the polar front. These pressure systems carry with
them their own wind systems. In the Northern Hemisphere
winds blow out of (diverge) high-pressure areas in a clockwise
direction. In lows, the winds converge and spiral toward the
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low-pressure center in a counterclockwise direction in the North-
ern Hemisphere. )

AIR
TEMP
B $73°C
Utilizes lotent heat e
of condensation Air descends ond 8
AR heated adiabahcallyA/
L | Temp 177 (:ohn wind)
(¥ |+ 10°C Now —
bt A / \\}\
il 1500 "
Arr rises J - 7 /METglzi \\
\\
Y
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e AN TEMP
i \\§~ s223°C
: N N
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Fig. 53. The fohn effect.

V. IRREGULAR VARIATIONS IN THE MEAN WIND

A.” Wind-shift Lines. In the part of the world where traveling
pressure systems occur, the winds are variable. The passage of
a front (line of separation between unlike air masses) brings
about wind shifts. The front where this wind shift occurs is,
then, also known as a wind-shift line.

B. Structure of the Wind (Gustiness and turbulence). Gustiness
and turbulence in the mean wind is best indicated by a pressure-
tube anemometer.

Gustiness Factor. To study the changing character of the
mean wind a factor has been developed known as the gusti-
ness Jactor. This factor is calculated on the basis of an
arbitrary unit time such as one hour.

Gustiness factor — range between lulls and flurries in
gusts/mean wind.
The gustiness factor is expressed as a percentage.
Example: Lowest wind =— 15 m.p.h.
Highest wind = 45 m.p.h.
Mean wind = 30 m.p.h.

45— 15
30

Gustiness factor = times 100 = 100%.

C. Causes of Gustiness.

1. Mechanical Effects. Irregularities in the terrain will lead
to mechanical effects and thus produce eddy currents which
are carried along by the wind. Over open, level country or
the sea such effects are minimized. Winds blowing offshore
from the land are apt to be gusty.
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2. Thermal Effects. Gustiness due to thermal effects is di-
urnal. Circumstances which cause little diurnal variation in
the surface temperature will tend also to eliminate the vari-
ation due to turbulence. Thermal currents are usually more
rlc_)_t’igaable to aircraft than mechanical gustiness, due to the
‘greater magnitude of the former. Thermal eddies may ex-
end to a mile or more. Eddies of this magnitude may re-
quire more than two minutes to pass a given point. When
this is true such eddies are classified as secondary disturb-
ances or squalls. To aircraft the strongest gusts to be
expected are more important than the mean wind, since they
are more likely to produce structural strains and difficulties
in landing or during the take-off. -«

3. Squalls. The essential difference between squalls and gusts
lies in the time factor. Gusts are merely transient increases
in the mean wind lasting for a period of a few seconds. The
squall is an increase in the mean wind lasting usually for
some minutes and then generally dying away. Squalls are
never entirely due to mechanical factors. Other factors
such as clouds, precipitation, and temperature variations
affect squalls.

Diurnal Variations in the Wind. During the night turbu-
lence is weak since uneven heating does not take place.
Hence, the undisturbed wind is reached at a low altitude
(500 to 600 ft.). In the daytime these lower layers lie
well within the frictional layer and thus suffer loss in mo-
mentum and deviation in direction. Turbulence smooths out
the differences between the free air and the surface layers.
As a result, sych differences are small in the daytime and
great at night.” For instance, on a clear night the surface
VMMQ 5 m.p.h., while at 2000 ft. the wind
may be 20 to 25 m.p.h. With the coming of day a veer in
direction of as great as 15° to 20° also may result along
with an increase in speed of the surface wind. v
D. Mechanical Deviations in the Wind due to Ground Contour.

1. Funnel Effect, Wind, in blowing against mountain bar-
riers, tends to flatten out and go around them. If the barrier
is broken by a pass or valley the air will be forced through
with considerable velocity. Under such circumstances
VﬁWﬂMMWMY
while the general wind is only 19 to 24 m.p.h. In such
narrow valleys the wind is always from one end or the other
and, hence, gives no reliable indication of the direction of
the general wind. Such foycing of wind through mountain
valleys is known as the funn?féﬁEEg "(Fig. 51)

B

*
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. Vertical Motion of the Atmosphere. Irregular currents

T — -

currents are usually not dangerous but annoying to aviation.
In conditions where the atmosphere becomes vertically un-
stable due to heating of the air near the ground or other
causes, particularly when cumulus or cumulonimbus clouds
develop, vertical currents may become very strong and reach
to 30,000 ft. or more. Upward currents are indicated by the
clouds and are found below and within them>

. Local Currents due to Buildings and Ground Contour.

When the air is unstable the whole air flow may be turbulent
to considerable heights. If the lapse rate is less than the
adiabatic rate, the undisturbed air flow is reasonably smooth.
Wind tends to go around objects rather than over them. In
front of an orographic obstacle the wind velocity is lowered
in the lower layers. In some extended mountainous areas,
as a result, the winds may have rather low velocities in val-
leys. A glider pilot knows from experience that compara-
tively low and extended slopes, such as sand dunes, are more
favorable for soaring than individual, isolated mountains,
although the latter might be much higher. When the change
from level ground to ridge is abrupt, turbulence and eddies
result. Steep grades and abrupt edges bring about eddies
and turbulence. Due to inertia of the air particles and lee
eddies, the highest point of a slope current is found behind
the ridge summit. To the lee of steep hills small but intense
downdrafts may be created by the lee eddy.

o. Winds below 20 mph

b. Winds above 20 mph

Fig. 54. Mechanical turbulence increases with increased wind velo-

city.

In Fig. 54, if the wind were blowing over the building in case (A)

toward the field, an airplane taking off over the building would expe-
rience a downward bump and then an upward bump. Buildings
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should be cleared by at least their own height if a take-off over them
is unavoidable. In some cases bumps over a ground obstacle may
reach to three or four times the height of the obstacle.

~ \
z D) —
\“ D) ‘\
/ A »/ T
/// I /22 2222

—

Fig. 55. Mechanical turbulence with slope and ridge currents.

The above cases represent conditions on a field adjacent to a change in
elevation As shown, such currents can be dangerous to aircraft particularly
if they are heavily loaded or underpowered.

TEST QUESTIONS ON PRESSURE PHENOMENA AND WINDS

1. One cubic foot of air at two atmospheres’ pressure is subjected to
five atmospheres’ pressure. The new volume becomes (500 cu. in., 691 2
cu. in,, .5 cu. ft., .3 cu. ft., 728.3 cu. in.). To——

2. Two cubxc feet of air at —162° C. are heated to 60° C. The new
volume becomes (1 cu. ft., 3 cu. ft, 4 cu. ft., 10 cu. ft., 6 cu. ft.).

. 2,

3. If the temperature remains constant the volume of a gas will vary
inversely with the pressure applied. This is a statement of the law of
(Charles, LaSalle, Dines, Boyle). 3

4. A gas has a density of .08 Ib. per cubic foot at 760-mm pressure.
At 3 atmospheres’ pressure if the temperature is uncharged the new density
will be (.026 1b. per cubic foot, .4 1b. per cubic foot, .04 1b. per cubic foot,

.24 Ib. per cubic foot, .8 1b. per cubic foot). 4 —
5. The total force excrted by a zo-mile wind on an area 2 ft. by 2 ft.
is (4 Ib, 8 Ib, 16 1b,, 2 1b, 6 1b.). 5
6. The highest diumal pressure occurs at (6 pm., 1 pm. 8 pm,
4 am,, 10 a.g,, 7 am.). 6. —
7. One-atmosphere’s pressure may be expressed as (underline all
correct answers) (600 Ib. per square foot, 2117 lb. per square foot, 10 1b.

per square inch, 14.7 lb. per square inch, 1013.25 mm of mercury, 760 mb,
ror3.25 mb, 34 ft. of water, 760 mm of mercury, 29.92 in. of mercury,
14.7 in. of mercury). 7
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8. When surface heating causes rising currents of air they are known

as (adiabats, isotherms, thermals, isobars, katabatic currents).
’ 8

9. A belt of relative calm near the thermal equator is the (horse
latitudes, trades, Pacific anticyclone, doldrims, mistrals).

0 ——
‘{o. At the }{ime of the summer solstice the thermal eqyator coincides
with the (equator, Tropic oI Cancer, horse latitudes, doldrums, Tropic of

Capricorn, polar front). 10, —
11. Winds are (westerly, .egérl , northerly, southerly) at the poles.
1I.

12. The latitude where polar winds meet the westerlies is known as the
(horse latitudes, doldrums, Tropic of Capricorn, polar front, Tropic of
Cancer). N e

13. d = 20 sin ¢ v is the formulx expressing (Boyle’s law, Charles'
law, force exerted by moving air, Coriolis force) centrifugal force).

13, —

14. A wind is named on the basis of (the direction from which it is
blowing, the dircction”to which it is blowing, the direction perpendicular

to its direction of travel). 40—
15. The trades are (east, west, north, south, southeast, northeﬁst, north-
west, southwest) winds in the Northern Hemisphere. 15.

16. The westerlies are really (east, west, ndrth, south, southeast, north-
east northwest, southwest) winds in the Northern Hemisphere.
, v 16.
17. The antitrades are (east, west, notth, south, southeast, northeast.
northwest, southwest) winds in the Southern Hemisphere.
7 —

18. List the permanent centers of action

19. List the seasonal centers of action

. . . v .
20. Over the sea surface the wind is reduced to (one third, two thirds,

one half, four fifths) the speed of the free air. 20.
21. The I?N that states the effect of the earth’s rotation on the wind is
(Boyle’s, Fefrel’s, Buys Ballott’s, Charles’). 21.

22. List the four effects that influence the direction of the wind.
) r e Cvaegloe s)f

_D corolih (knﬁ‘#_\gﬂ#y{@

<

23. Which of the above is independent of frictional effects?
23.
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24. Lines on the synoptic chart which connect points of equal pressure
are (isotherms, fronts, isallobars, isobars, isopycnals). 24 —

25. A wind that blows, parallel to curved isobars is a (katabatic, fohn,
anabatic, gradﬂt, geostrophic, cyclostrophic) wind. 25 ——

26. A wind that blows parallel to straight_isobars is a (katabatic, fohn,
anabatic, gradient, geos}{ophic, cyclostrophic) wind. 26.

27. Friction causes the wipds in a high-pressure area to (converge,

ascend, descend, subside, diverge) at the surface. 27.
28. In India the summer monsoon blows (landward, seaward).
28.

29. Torrential rains are associated with the (sun\/mer, winter) Indian
monsoon. 200 —
30. The monsoon effect is increased by the northwapd displacement of
the (equator, polar front, Tropic of Capricorn, therfal equator).
30.

. v .
31. Land- and sea-breezes are (seasonal, diurnal, monthly, semi-annual).
s/ 3L
32. Sea breezes extend to (5000, 10,000, 18,000, 1800) ft. altitude.
32

33. When the sea breeze occurs the pressure over the land is relatively
(higﬂ(r than, the same as, lower than) that over the sea. 33 —
34. 'The sea breeze may be expected at locations near the coast around

(3 ¥m., 6 pm, 9 am, 12 m, 1o am.). 34—
35. In narrow canyons (downdrafts, updrafts) may be expected alon,
the walls at night. 35. d@@é
36. Winds blowing upslope during the day are (geostrophic, ggabatic,
gradient, cyclostrophic, fohn, gradient) winds. 306, ——
37. The Bora is an example of a (geostrophic, anabatic, f6hn, gradient.
" cyclostrophic, kata‘ﬁ:tic) wind. v 37—
38. A warm dry wind blowing downslope is a (katabatic, geostrophic,
cyclostrophic, anabatic, fohn, gradient) wind. 38.

39. Thermal gustiness (is greater, is less) than mechanical gustiness.

39—
40. The lowest winds at the surface are usually (aé/ night, during the
day). 40.



CHAPTER VI
AIR MASSES

I. THE NATURE OF AN AIR MASS

When air of substantially the same horizontal structure covers a
large area it is called an air mass. An air mass has been defined as
an extensive portion of the earth’s atmosphere having approximate
horizontal homogeneity. After air masses have acquired their char-
acteristic properties they travel as an almost solid current. Air often
stagnates over sections of the earth’s surface where it acquires the
thermal and moisture characteristics of the region over which it has
stagnated. The depth to which an air mass will become modified by
the characteristics of its source region depends upon the length of
time that it remains there, and also on the relative temperatures of
the air and the surface over which it lies. When air lies over conti-
nental polar areas it cools from below. As a result thermal currents
do not develop and vertical mixing can take place only to a limited
extent through turbulence. If the air mass stagnates for some time
under such conditions, the inversions which originally developed, due
to surface cooling, are deepened by gradual subsidence from aloft.
Air masses originating under the above conditions are usually shallow.
On the other hand, air masses which acquire their characteristics from
heating at the surface are usually deep. When Polar Continental air
moves out over the northern Pacific Ocean it is heated from below.
As a result, vertical currents are set up and the heat and moisture
acquired at the surface are carried aloft. Air masses acquire the
characteristics of their sources much more quickly when they are
heated from below than when they are cooled from below.

II. CLASSIFICATION OF AIR MASSES

Air masses are classified according to source regions. The source
regions are those sections of the earth’s surface where air tends to
stand and assume the properties of the surface. Such source regions
lend their influence in determining the humidity and temperature of
the air masses. Because the thermal condition of these source regions
varies with the season, air masses which obtain their characteristics
from such areas also vary. However, in general, air from tropical
regions is warm, and air from polar regions is cold. The humidity of
an air mass is largely dependent upon whether it is of continental or
maritime origin. Again, in general, continental air is dry and mari-

98
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time air is moist. Air masses are also given a thermodynamic classifi-
cation. An air mass colder than the surface over which it is passing
is classified as a thermodynamically cold air mass. An air mass
warmer than the surface over which it is passing is classified as a
thermodynamically warm air mass. Air warmer than the surface
over which it is passing is designated by the symbol w. Air colder
than the surface over which it is passing is designated by the symbol
k. Thus, Tropical Gulf air warmer than the surface over which it
is passing would be designated as cTw.

III. MODIFICATION OF AIR MASSES

When air masses start to move they are influenced strongly at the
surface by the type of terrain over which they travel. The weather to
be expected in an air mass depends, to a considerable extent, on its life
history. The life history of an air mass is dependent on the source
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Fig. 56. Life history of a typical Maritime Polar air mass.

where it obtained its original properties, the path over which it has
traveled and the time it has spent on its journey. In the summer, air
from maritime sources is usually cooler than land areas over which it
may pass. In the winter, continental air masses are usually colder
than any water area over which they pass. Since the converse of the
above is also true the characteristic weather to be expected in an air
mass varies from summer to winter. For example, Tropical Gulf air
masses from the Gulf of Mexico are warmer than the land over which
they pass when they move northward during the winter. As a result
they cool from below, become stable and develop low stratus clouds
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or fog. In the summer, air masses from the same source region, as
they go northward and pass inland over the heated continental area,
are heated from below. During the summer such Tropical Gulf air
masses often develop instability, cumulus or cumulonimbus clouds and
thunderstorms. (Fig. 56)

A. Surface Heating. Surface heating raises temperature further
above the dew point; hence, the air near the surface usually be-
comes dry. For example, if the dew point of an air mass was
12° C. and the temperature was only 13° C., the relative humid-
ity would be high. If this air mass were heated at the surface to
20° C. and no moisture were added, the dew point would remain
at 12° C. and the relative humidity would decrease without either
the addition or deletion of moisture. Heating of the air at the
surface also tends to bring about strong, adiabatic or superadia-
batic lapse rates and instability. If the air mass has a high
specific humidity the resulting thermals arising from the insta-
bility will be topped with cumulus or cumulonimbus clouds.
Obviously, the higher the specific humidity the lower will be the
level at which convective clouds will appear. Since instability
brings about vertical mixing the collection of dust in the lower
layers will be prevented, as well as the formation of low-lying
stratus clouds, and, in general, the visibility will be good.

B. Surface Cooling. Surface cooling prevents or inhibits convec-
tion currents. Such cooling is confined near to the surface. The
lapse rate tends toward stability and inversions often occur.
Cooling may also produce condensation in the form of dew, mist,
fog, or low turbulence clouds. Drizzle may occur if humidity
is sufficient. Due to the absence of vertical currents when an
air mass is warmer than the surface over which it is passing, dust
particles, smoke and haze concentrate in the lower layers and
the visibility is usually poor.

1V. THE GENERAL CHARACTERISTICS OF AIR MASSES

Due to a combination of circumstances, each individual air mass,
as it has been recognized and classified, has been found to exhibit
certain individual properties. On the other hand, there are certain
properties which have been found to be common to polar air in gen-
eral or Tropical Maritime air in general. These properties have
been outlined in the following résumé:

A. Properties of Polar Air in General.

Below that of the sea surface
when blown to sea.

{Dry, especially near surface

Temperature {

unless it is modified over the
sea.

Humidity



Stability
condition
in other
than the
source
region

Weather
after
leaving
source
region

AIR MASSES

currents, gusts, squalls, or

{Unstable with convection
bumpiness.

Possible thunder.

{ Fair or showery.
Broken cumulus-type cloud.

B. Special Properties of Polar Maritime Air.

Temperature

Humidity

Stability
condition

Weather

May be warmer than land over
which it passes in winter.

Rather moist. Showery precip-
itation begins and ends abruptly
and visibility is good in summer
over the land.

(Stable in summer near the coasts.
Unstable in winter near coasts.
May become stable through sur-
face cooling in the winter inland.
Most characteristically steep
lapse rates, and instability in
| summer inland.

A

[ Variable sky. Fog or low cloud
from surface cooling in winter
over the land. Likely thunder,
4 cloudy and instability showers
in the summer. Turbulence,
gusts, and squalls possible in the
_ summer over the land.

After passing to low latitudes this type of air may return with

surface characteristics similar to tropical air.

polar air is often called subtropical air.)

C. Special Properties of Continental Polar Air.

Temperature

Very cold in winter. May
| become quite warm in summer-

I0I

(This returning
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Usually very dry.
Humidity Clouds usually high.
Cumulus clouds.
- Unstable in winter. Steep
Stab}h'ty {lapse rates as the air travels
conditions to lower latitudes.

Little tendency toward instabil-
ity showers. Too dry. May
Weather bring “cold wave.” Maximum
cloudiness in afternoon at time
of maximum surface heating.

D. Properties of Tropical Air in General.
Temperature { Warm

Moist.
Humidity Poor visibility in winter
over the land.

[ Stable.
Usually warmer than surface
< except in the summer over the
land. Inversions in lower
| layer in winter over the land.

Stability
conditions

[ Cloudless or with turbulence cloud
(stratus or stratocumulus).

Weather < Fine weather in summer or fog,

mist or drizzle in winter over

| the land.

E. Special Properties of Tropical Maritime Air.

Warmer than surface in winter.
Temperature May be cooler than surface in
the summer.

Humidity { Very moist.
Stability Unstable in summer.
conditions Stable in winter.

Subject to low clouds, fog
Weather or drizzle. In summer may

give cumulus clouds, possible

thunderstorms.
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F. Special Properties of Tropical Continental Air.

Temperature {Hot in summer,
Not always moist.

Humidity In the summer this air may be
very hot and dry.

Stability Stable.

conditions Usually warmer than surface.
Not subject to low clouds

Weather or fog. In summer dry,
with clear sky.

Tropical Continental air is not found, as a rule, in North America
because of the limited extent of tropical land areas in this
continent,

V. THE NORTH AMERICAN AIR MASSES

Willett, in his classification of North American air masses, has
pointed out that it is practically meaningless to classify any air mass
of this continent as either Equatorial or Arctic. Because all the gradi-
ations between true Equatorial and Tropical, as well as between
Arctic and Polar are found there is but small value in differentiating
between Arctic and Polar or Tropical and Equatorial air masses on
North American weather maps. Willett has classified North American
polar air mass types as: Polar Pacific, Polar Canadian or Polar Con-
tinental and Polar Atlantic. The tropical air masses have been classi-
fied as Tropical Pacific, Tropical Continental, Tropical Gulf, Tropical
Atlantic and Tropical Superior. Krick distinguishes another polar
air mass as Polar Basin. Since air masses acquire their properties
both in their primary source regions, the territory of their origin, and
in their secondary source regions, the territory of their modification,
both of these source regions have been included in the following table:

A. North American Air Masses Classified.

1. Polar Continental (cP). The primary source region of
this air mass is Alaska, Canada and the Arctic Ocean. It
is modified over southern Canada, the United States and the
north Atlantic. When it is found in these secondary source
regions it is known as modified or transitional Polar Conti-
nental or Polar Canadian (cPx). On those occasions when
its trajectory lies over the north Atlantic in summer it may
be cPw.

2. Polar Basin (8BP). The primary source region is the Great
Basin of the western United States. It is modified over cen-
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tral and eastern United States where it is called modified or
transitional Polar Basin (BPw or BPk depending on the
season). Characteristically this air is found over the United
States periodically from October to April.

. Polar Pacific (pP). Air from arctic sources receives its

maritime characteristics over the north Pacific. Polar Pacific
air is further modified over the western Pacific and the
North American continent where it is identified as modified
or transitional Polar Pacific (MPk or MPw depending on the
season). Polar Pacific outbreaks occur throughout the
entire year.

Polar Atlantic (AP). The primary source region of Polar
Atlantic air is the colder portions of the north Atlantic
Ocean. It is modified in the warmer portions of the north
Atlantic and eastern United States (modified or transitional
Polar Atlantic, APk or APw depending on the season). Peri-
odic outbreaks of Polar Atlantic occur throughout the entire
year.

. Tropical Pacific (pT). The source region of Tropical

Pacific and the Pacific Anticyclone coincide. The locale of
both lie between California and Hawaii and latitudes 20°
to 35° North. This air mass becomes modified over the
colder regions of the north Pacific (modified or transitional
Tropical Pacific, PTw). Tropical Pacific is only important
to United States weather from October to March.

. Tropical Gulf (¢T). The Gulf of Mexico and the Carib-

bean Sea serve as the primary source region for Tropical
Gulf air masses. They are modified over continental North
America (modified or transitional Tropical Gulf, ¢Tw in
winter or ¢Tk in summer over the land). Tropical Gulf is
found throughout the entire year.

. Tropical Atlantic (AT). Tropical Atlantic has a primary

source region coinciding with the locale of the Azores High
in the south Atlantic. Tropical Atlantic is modified over
the United States and the north Atlantic (modified or tran-
sitional Tropical Atlantic, ATw in winter or ATk in sum-
mer over the land). Tropical Atlantic air may be found
along the eastern coast of the United States periodically
throughout the year.

. Tropical Continental (cT). Tropical Continental is a

rather unimportant air mass in North America because of
the lack of a source region due to the orientation of the
North American continent. As a result, it is primarily a
summer air mass occurring from April to October when the
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southwestern United States and northern Mexico are warm
enough to serve as a source region.

9. Tropical Superior (sT). The northeastern sector of the
Pacific Anticyclone, when it extends over continental North
America, serves as a primary source region for an upper air
mass above an altitude of 5000 ft. Subsidence effects within
the anticyclone lead to the formation of Tropical Superior
air. Itis believed that the air which finally becomes a Trop-
ical Superior air mass might be originally from equatorial
sources in southern Mexico. Tropical Superior air may
occur throughout the year but most characteristically when
the Pacific Anticyclone is displaced inland over the conti-
nent in winter,

B. Properties of North American Air Masses. In addition to the
general characteristics of typical air masses, North American air
masses have certain individually identifying properties brought
about by the terrain over which they pass and the trajectories
taken. A qualitative presentation of these properties is pictured
in the following drawings. In addition, the tables present a
quantitative aspect for the various identifying characteristics for
summer and winter at representative stations. In the tables the
elevation in meters is the elevation above sea level. 6, is the
equivalent potential temperature on the Absolute scale. The
humidity is given in terms of mixing ratio in the column
W/g/kg. Lift indicates the number of meters that the air at
any given level would need to be lifted to reach its LCL. A
dry air mass necessarily has a large lift value. Thus, Tropical
Continental would have to be lifted 1300 meters above the
surface before clouds would form in the rising air parcels. In
contrast, Tropical Gulf air over Miami, Florida, in summer
would reach the condensation point if lifted only 200 meters
beyond the surface. A critical study of the tables will help
clarify the many statements in the drawings regarding the in-
dividual physical properties of the various air masses. It is
recommended that these values be plotted on the pseudo-adi-
abatic chart so that the student will be able to demonstrate
that the physical values given for each air mass definitely de-
termine its characteristics.
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Fig. 57. Polar Continental Air in winter.

TypicaL Pc AR IN WINTER
FAIRBANKS, ALASKA

B | e [ ] R [N [ ok | ol |
Surface —41 —42 -85 44 233 or
1000 —16 + 3 40 270 os 1300
2000 -—16 + 3 30 277 0.5 1400
3000 —21 -6 P 27 280 03 1500
4000 —~28 -8 |.. ...... 24 284 o1 2200
$000 —-35 -31 e 27 288 0.1 1500
AVERAGE Pc AR 1N WINTER
NDALE, NorTE DAKOTA
Elev Temp. Temp D.P R. H. 04 w Lift
Meters °C. °F. °F. % °A. /kg. Meters
Surface
(444) —26 —15 —-19 82 250 0.3 500
1000 —25 -3 | ... 82 256 o4 500
2000 -—20 -4 e 75 272 0.6 6oo
3000 —-22 - . . 63 280 os 800
4000 —25 —13 .. 71 288 oS 800
AVERAGE Pc_ Ar IN WINTER
BOSTON, MASSACHUSETTS
ool Il Il A i e A A
Surface
(4) -6 at 3 43 267 0.9 1400
1000 —14 6 50 268 o6 1200
32000 -18 o e eeeees 50 274 . o5 1200
3000 —-23 -9 44 279 0.3 1300
4000 - 20 -20 | ......... 48 283 o2 1200
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Fig. 58. Polar Continental Air in summer.

AVERAGE Pc AIR IN SUMMER
ELLENDALE, NORTH DAkKOTA

Elev. | Temp. | Temp. | D.P. | R. H. 0, w Lift
Meters{ °C. °F. °F. % °A. g/kg. Meters
Surface

(444) 19 66 43 42 312 6.3 1500

1000 16 61 J........ 45 313 5.6 1500

2000 10 so |........ 43 312 3.9 1500

3000 4 39 |....... 44 314 3.1 1400

4000 -3 27 e e 57 318 2.9 800

AVERAGE PC AIR IN SUMMER
PENsacoLa, FLoRIDA

Elev. | Temp. | Temp. | D.P. | R. H. 0, w Lift
Meter | °C. °F. °F. % °A. g/kg. Meters
Surface

@) 33 73 66 79 332 13.4 500

1000 20 68 |........ 65 330 9.8 900

2000 12 54 ... ....] 67 1 325 7.2 800

3000 7 45 |oieeene.] 57 324 5.0 1000
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Fig. 59. Polar Basin Air (a winter air mass).

TypicaL PB AR IN WINTER
Sarr Lake Ciry, UtAar

Elev. | Temp. | Temp. | D.P. | R. H. CA w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface
(1280) | — 2 [+ 28 24 82 201 3.2 300

2000 + 5 /S S PO 39 303 2.6 1600

3000 + 2 36 |...... .|l 3t 309 1.9 1800

4000 - 4 25 | eeieeen 25 313 1.2 2000

5000 —10 ) Z PR 23 314 o7 2100

TypicaL P8 A1r 1N WINTER
DEeTROIT, MICHIGAN

Elev. | Temp. | Temp. | D.P. | R. H. 0, w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface

(75) 4 39 32 75 289 3.9 500

1000 8 46 |........ 40 300 3.1 1500

2000 I 34 |- ... 39 301 2.0 1500

3000 -5 23 feeiennnn 48 303 1.7 1300
, 4000 —-11 b £ TR 74 300 2.0 500

5000 —18 (-2 R 88 31z 1.7 200
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Fig. 60. Polar Pacific air masses in winter.

TypicaL PP Arr (N WINTER
FAIRBANKS, ALASKA

Elev. Temp. Temp. D.P. R, H. A w Lift
Meters °C. °F. °F. % °A. g/kg. | Meters
Surface

(150) —14 7 6 96 262 1.3 o

1000 o 32 |eeeii... 40 287 1.7 1400

2000 - 3 27 e e 34 292 1.3 1500

3000 — 8 18 45 208 1.4 1200

4000 —10 14 e . 8o 310 2.1 soo

5000 —15 L P 8s 314 19 300

AVERAGE PP AIR IN WINTER
SrATTLE, WASHINGTON

Elev. Temp. ‘Temp. D.P. R. H. 6. w Lift
Meters °C. °F. °F. % °A. g/kg. Meters
Surface

) 8 46 36 66 292 4.4 4 700
1000 o KT T P 64 289 27 700
2000 -~ 8 8 ... 64 288 1.5 900
3000 —14 7 52 289 o8 1200
4000 -~ 19 —2 ..., 35 204 o4 1600

AVERAGE PP A IN WINTER
ELLrNDALE, NoOrRrH Dakora

Elev. Temp. Temp. D.P. R.H. 0, w Lift
Meters °C. °F. °F. % °A. g/kg. Meters
Surface

(444) - 30 26 83 284 3.0 300
1000 7 45 43 209 3.0 1400
2000 + r 34 44 300 2.2 1400
3000 -7 19 48 301 1.5 1200

4000 —14 7 l..... ... 6o 302 1.1 900
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Fig. 61. Polar Pacific air masses in summer.

AVERAGE PP AIR IN SUMMER
SEATTLE, WASHINGTON

Llev. | Temp. | Temp DP R. H. 0, w Lift
Meters | °C. °F °F % °A. g/kg. Meters
Surface

(s) 17 63 [ 62 308 71 1000

1000 9 48 91 308 6 400

2000 5 41 60. 307 3.9 goo

3000 I 34 . 1 42 309 23 1400

3500 -2 28 . 33 3to 1.7 1600

TyricaAL Pp AIR IN SUMMER
Sart Lake City, UtAR

Elev. | Temp. | Temp. | D. P R. H. 0, w Lift
Meters | °C. °F. °F. % | °A. g/kg. Meters
Surface
(1280) 16 61 43 53 322 7.1 1100

2000 21 7o . ... 33 334 6.7 2000

3000 14 57 loeoeenn. 34 331 4.6 1900

4000 6 43 o el 43 332 4.1 1400

5000 -2 28 |........ 55 33t 3.2 1000
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Fig. 62. Polar Atlantic air masses.
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Fig. 63. Tropical Superior air masses.
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Fig. 64. Tropical Gulf and Tropical Atlantic air masses in winter.
TveicaL Tc AIR IN WINTER
Miami, FLormaA
Elev. Temp. Temp. D.P. R. H. ‘A w Lift
Mecters >C. °F. °F. To 2A. g/kg. Meters
Surface
) 25 77 71 82 343 16 3 100
1000 20 58  |]..... e 82 339 13.3 400
2000 13 L1- 7 PR 83 333 938 400
3000 8 P PR 66 329 6.2 600
4000 3 37 . 67 332 5.2 600
5000 —4 25 e e 37 326 2.1 1400
AVERAGE Tc AIr IN WINIER
RoyAL CENTER, INDIANA
Elev. Temp. Temp. D.P. R. H. A w Lift
Meters °C. °F. °F. % °A. g/kg. Met.rs
Surface
(225) 18 64 6o 89 324 11 3 300
1000 13 55 |ooeeenn. 96 322 9.6 100
2000 8 46 l........ 54 314 4.5 1100
AvEracE TA Arr v WINTER
BosTON, MASSACHUSETTS
Elev. Temp. Temp. D.P. R. H. A w Lift
Meters °C. °F. °F. % °A. g/kg. Meters
Surface
(O)) u 57 54 88 310 8.8 200
1000 14 Y 2 PPN 59 314 6.5 900
2000 9 48 l........ 70 319 6.2 600
3000 2 . 36 |....... 75 318 4.6 500
4000 -4 25 eieenan 6s 319 2.9 700




Fig. 65. Tropical Gulf and Tropical Atlantic air masses
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AVERAGE TG AIR IN SUMMES
Miamr FLORIDA
Elev Temp Temp. D F R H 9¢ w Laft
Meters °C °F °F. K *A 2/kg Meters
Surface
(3) 24 18 i3 1 345 72 100
100¢ ¢ 58 - 38 345 4 3 300
1000 e 29 .- 24 13€ 93 100
3000 9 48 - >8 133 53 400
490¢ s E34 . . 8 337 43 1100
500¢ -1 el 54 333 34 (000
AVERAGE TG AIR IN Sumxer
BROKEN ARROW, Oxranoma
Elev Temp. Temp. D P. R H. Oc w Lift
Meters °C. °F °F % °A. g/kg. Meters
Surface
(233) 30 86 69 s8 348 15.4 1200
1000 27 81 50 345 12 3 1400
2000 20 68 £11 342 99 1200
3000 13 ss - 62 339 8.2 goo
4000 7 45 - 53 356 S a4 1000
5000 2 36 4t 336 3s 1300
AVERAGE TG AR IN SUMMFR
ELLENDALE, NorTH DAKOTA
Elev. Terap. Temp. D P. R. H. (2 w Laft
Meters ° °F. °F % °A. g/kg Meters
Surface
(444) 29 84 71 66 351 16 5 900
1000 27 81 cer o 54 346 13 3 1200
2000 22 72 P 42 339 8.7 1600
3000 13 55 - 43 332 57 1500
TyricAL ‘UG AIR IN SUMMER
SAN Di1:Go, CALIFORNIA
Elev. ‘Temp. Temp. D.P R.H. 0, w Lift
Meters °C. °x;.-“? °F. % ° R. g/kg. Meters
Surface
(s) 22 72 71 95 338 15 3 300
1000 26 79 53 347 12.6 1300
2000 18 64 70 344 Iz.x 800
3000 9 48 - 93 342 9.9 200
4000 a 36 06 338 7.3 100
5000 —3 PYIE T 92 338 5.0 200
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AVERAGE TP AIR IN WINTER
San DiEco, CALIFORNIA

Elev. | Temp. | Temp DP R.H 6, w Lift
Meters | °C °F °F. % °A. g/kg. Meters
Surface

3 19 66 33 68 316 9.1 700
1000 17 62 . 47 315 6.1 1400
2000 II 52 SI 319 5.3 1200
3000 5 41 Ce 50 ° 318 37 1200

AVERAGE Tp AR IN WINTER
How~ovrury, T. H.

Elev. | Temp. | Temp D.P R. H. A w Lift
Meters [ °C. °F °F % °A. g/kg. Meters
Surface

(3) 20 68 63 86 324 1I1.9 400

1000 15 59 . .. 81 325 9.8 400

2000 10 50 Jo.... .. 70 322 6.8 600

3000 6 43 e 5I 320 4.0 1200

4000 1 34 N 33 ) 320 2.1 1700

5000 -5 23 |...... .| 33 322 | 1.3 1700
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Fig. 67. Tropical Continental air masses (a summer air mass).

Tyricat Tc ATR IN SUMMER

Er Paso, TExas
Elev. | Temp. | Temp. | D.P. | R. H. 0, w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface
(1190) 24 75 56 52 341 11.0 1300
1500 27 81 ceeveead] 37 344 9.7 2000
2000 24 78 Jeeeennn. 43 347 9.9 1700
2500 23 73 feeeeennn 36 344 7.8 2000
3000 18 64 Jeeerrnn. 43 344 7.6 1600
AVERAGE Tc AIR IN SUMMER
BROEKEN ARrROW, OKLAHOMA
Elev. | Temp. | Temp. | D.P. | R. H. 0, w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface '
(233) 27 81 (] 40 329 9.5 1700
1000 27 8 |........ 32 332 7.9 2100
2000 19 6 |........ 33 330 6.5 1800
3000 10 so .. ...| 46 327 5.0 1300
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Fig. 68. Air masses of the world.

VI. EUROPEAN AIR MASSES
A. Arctic Maritime. This is the coldest of the maritime air masses.
It is similar to Polar Continental air in its properties. A deep
low, centered over the Scandinavian countries, will bring this cold
air over the continent.

B. Polar Atlantic.

Since Polar Atlantic air has crossed the north

Atlantic, its properties are similar to Polar Pacific air on the west

coast of North America.

the Alps before it is modified to any extent.
C. Polar Russian. A low, centered over Scandinavia, and a high
over northern Russia will feed this air mass into the European
circulation. The properties are similar to Polar Continental air

masses of the United States.

This air mass travels as far south as

Polar Russian air is a winter air

mass in Europe because the deep lows, necessary to bring it into
the European circulation, do not occur in summer.
D. Tropical Atlantic. Inasmuch as Tropical Atlantic, like Trop-
ical Pacific, has traveled around the periphery of a high (the
Azores High) it resembles the latter in its properties.
E. Tropical Continental. The broad expanses of the Sahara fur-
nish an ideal source region for Tropical Continental air. Travel-
ing lows bring this air into south and central Europe
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AVERAGE Psq AR IN WINTER
PEIPING, CHINA
Elev. | Temp. | Temp. | D.P. | R. H. 0, w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface
(70) —12 +10. | —16 22 256 0.3 1700
500 —15 +5 |..oeeee. 24 261 0.3 1600
1000 —-21 -6 |oeeennn. 25 260 0.2 1500
1500 —25 —13 Jeeeen... 25 260 o.1 1400
2000 —30 —22 |.eeennnn 27 260 o.1 1300
AVERAGE Ps, AIR IN SUMMER
PerpING, CHINA
Elev. | Temp. | Temp. | D.P. | R. H. (A w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface
(70) 21 70 48 45 314 7.1 1300
1000 12 54 feeeee... 54 309 5.0 1000
2000 3 37 feeeeenns 72 308 4.4 500
3000 -5 23 feeee.... 90 304 3.2 100
AVERAGE TP AIR IN SUMMER
NaNkING, CHINA
Elev. | Temp. | Temp. | D.P. | R. H. 6, w Lift
Meters | °C. °F. °F. % °A. g/kg. Meters
Surface
(70) 20 ¥4 76 78 360 19.6 400
1000 24 75 leeeenon. 71 348 14.6 600
2000 16 6r |........ 71 337 9.9 500
3000 9 48 |........ 76 332 7.4 400
4000 2 36 f........ 73 331 5.3 400
5000 | — 4 25 f..eee..s 70 329 3.5 500

VII. ASIAN AIR MASSES
A. Polar Siberian. The largest continental area of the world serves
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as the source region for Polar Siberian air. Its properties are
similar to North American Polar Continental. When it is car-
ried over the North Pacific, by the circulation of the Siberian
High, it returns as Polar Pacific. Reaction between Polar Sibe-
rian air and Tropical Pacific air causes much of the weather over
south China, Japan and the Philippine Islands.

B. Polar Pacific. Polar Pacific may enter Asia as returning mod-
ified Polar Siberian around the periphery of the Siberian High.
Again, Polar Pacific may be drawn over Asia by a deep low,
centered over Japan and the China Sea. Asian Polar Pacific
resembles North American Polar Atlantic.

C. Tropical Pacific. Tropical Pacific air in Asia resembles most
closely North American Gulf. It may be drawn over south China
by either cyclonic or anticyclonic circulations. Much of the
weather of south China is due to the overrunning by Tropical
Pacific air and often causes floods when present. When it fails
to appear, droughts occur.

VIII. AUSTRALIAN AIR MASSES

Australia lies too far north to be in the general storm path of the
Southern Hemisphere. Only in the winter do these frontal systems
swing far enough north to influence the climate of this continent.
Then, they strike mainly the south and west coasts. In the latitude
of Australia and the neighboring oceans there is little interaction be-
tween air masses. Over the oceans adjacent to Australia the weather
is typical of the trade-wind and high-pressure belts of the horse lati-
tudes. As the air masses from the warm oceans blow over the Aus-
tralian continent the moisture is deposited as orographic precipitation
along the mountain ranges paralleling the coast. The interior of
Australia is a good source region for Tropical Continental air.

IX. SOUTH AMERICAN AIR MASSES

Much of the weather along the east coast is due to an unusual syn-
optic situation. In the Southern Hemisphere the circulation around a
high is counterclockwise. Tropical Maritime air, similar to the Trop-
ical Pacific air of North America, circulates around the periphery of
this high in the latitude of the horse latitudes. Other highs move
northward along the east coast bringing Polar Maritime air. These
two air masses converging give the unusual synoptic situation of a
front between two highs. The typical frontal situation with warm
fronts, cold fronts, warm sectors, etc., passes south of South America.
This frontal type between highs develops into an occluded frontal
situation.
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X. SOUTH AFRICAN AIR MASSES

All of Africa except the most southern part is north of the Southern
Hemisphere storm zone. In central Africa precipitation takes place
from equatorial air. South of the equatorial zone, the zone of the
horse latitudes precludes active air mass reaction. Further south in
the Cape Province, typical Southern Hemisphere fronts pass through
with interaction between Tropical and Polar Maritime air masses.

X1. CLOUDS

A knowledge of cloud types is useful to the meteorologist in many
ways. As indicated in the previous analysis of air mass types and
properties, clouds indicate the stability condition of an air mass. In
the following chapter it will be demonstrated that cloud types also

Fig. 69. Cirrus clouds (cirrus uncinus from International Cloud
Atlas).

When cirrus clouds are arranged in bands they indicate an approaching warm
: : front.

indicate the frontal activity, kind and amount. Clouds serve as the
visible indication of weather trends to the experienced pilot. Local
indications, as demonstrated mainly by clouds and cloud transforma-

.tions, are very important to the forecaster as well. The reactions tak-
ing place in the laboratory of the sky are indicated by the multitude
of cloud varieties and changes in their structure and appearance.
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A. Classification. One of the most common forms of condensation
is clouds. In.the international system there are four families and
ten genera of clouds, in addition to many species, varieties and
special forms. In the winter clouds are usually lower and travel
faster. In general, cloudiness is greater at night than in the
daytime over land and greater in the winter than in the summer.
Clouds may be classified on the basis of altitude as follows:

1. Hjgh Clouds (Altitude range of Family A at 40° N.
Latitude 26,000 ft. to 32,000 ft.).
a. Cirrus (Ci). Delicate wispy clouds. No shading.
Usually white. (Fig. 69)
b. Cirrocumulus (Cc). Rippled sand. No shading.
Small white flakes or very small globular masses. (Fig.

70)

Fig. 70. Cirrocumulus clouds (cirrocumulus undulatus from Inter-
national Cloud Atlas).

Cirrocumulus is usually derived from cirrus or cirrostratus. It is an uncommon
cloud type.

c. Cirrostratus (Cs). Very thin veil. Does not blur out-
lines of sun or moon. Gives sky a milky look; some-
times may show fibrous structure. (Fig. 71)
2. Middle Clouds (Altitude range of Family B 6oco ft. to
16,000 ft.).



Fig. 71. Cirrostratus clouds (from International Cloud Atlas).

In the above illustration there is a halo around the sun. Cirrostratus clouds
characteristically indicate the approach of a warm front.

Altocumulus clouds (altocumulus transiucidus from Inter-
national Cloud Atlas).

Altocumulus types may precede the cold front.
121 ’
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a. Altocumulus (Ac). Layer of flattened globular masses.
Arranged in groups, lines or waves. (Fig. 72)

b. Altostratus (As). Blue-gray fibrous layer. Sun or
moon shows dimly as through frosted glass. (Fig. 73)

3. Lower Clouds (Altitude range of Family C ground to
6000 ft.).

a. Stratocumulus (Sc). Layer of rounded masses.
b. Stratus (St). Uniform sheet, resembles fog.
c. Nimbostratus (Ns). Low, dark rain cloud.

4. Clouds with Vertical Development (Altitude range of Fam-
ily D 1500 ft. at base up to Cirrus level). Cumulus (Cu)
and Cumulonimbus (Cb). (Fig. 74)

B. C usMo;@/s. The main cause of clouds is the cooling of
aif below its dew point by reduction of pressure. There are
three main types of vertical air movement contributing to the
formation of clouds.

1. Nimbostratus and altostratus clougs are largely due to the
slow upward movement of large air masses owing to oro-
graphic lifting or convergence in the horizontal motion of the
air beneath. Such phenomenon often causes continuous
precipitation.

2. Cumulus or cumulonimbus clouds are caused by the up-
ward movement of small air masses. Cumulus clouds are
associated with, instability.

3. Stratocumulus, stratus, altocumulus, and cirrocumulus
clouds are often caused by turbulence which distributes
moisture into upper layers where condensation takes place.
In many cases two or three of these types of vertical motion
operate concurrently.

C. Meteorological Significance of Clouds. Cloud types are val-
uable in determining the probable nature of the overlying air
mass. Warm, cold and occluded fronts are all accompanied and
preceded by typical cloud sequences.

XI1I. OTHER FORMS OF CONDENSATION

A. Dew and Frost. Dew does not fall. It forms on a cool surface
such as green vegetation, which is cooler than the surrounding
air. Frost is formed in the same manner. However, the surface
is so cold that vapor in the air sublimates to form ice directly
without going through the vapor stage. This direct transforma-
tion accounts for the crystalline structure of frost particles.

B. Precipitation Forms. All condensation does not result in pre-
cipitation. Precipitation only occurs when some form of con-
densation becomes heavy enough to fall earthward even through



Fig. 73. Altostratus clouds (eltostratus opacus from International
Cloud Atlas).

Altostratus clouds typically just precede or accompany precxpltatlon in advance
of the warm front.

Fig. 74. Fine weather cumulus (cumulus humilis from International
Cloud Atlas).

The lack of vertical development indicates stability aloft.
123
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gentle ascending currents. The common forms of precipitation
are rain, snow, hail, sleet and mist.

I.

2.

3.

Snow. Both snow and frost are formed by sublimation.
The crystalline structure of a snow flake is due to the method
of its formation. Snow is formed in the air and falls to earth.

Sleet. Sleet may either be a mixture of snow and rain or
rain which has partly frozen on its way earthward.

Mist. Mist, or drizzle, is formed in low clouds. The drop-
lets are very small. They do not fall in large quantities or
with great velocity.

Hail. Hail is formed characteristically in large cumulo-
nimbus clouds where violent convection occurs. Liquid drop-
lets are carried upward to where they can freeze. They then
drop, only to be picked up by other currents and carried
upward to freezing zones again. As a result hailstones have
a layer formation. When they have become heavy enough
to overcome the force of the vertical currents they fall to
the ground.

C. Causes of Condensation.

I.

Hygroscopic Nuclei. Sulphur dioxide, from various indus-
trial processes, has been shown to be an excellent source for
condensation nuclei. Sulphur dioxide, when exposed to sun-
light, changes to sulphur trioxide which is unstable in the
presence of water vapor. Sulphur trioxide attracts water
vapor to it even at low humidities. Sea salt sprayed into
the air has also been shown to be an excellent hygroscopic
(a substance having an affinity for water) nucleus. It is
believed that condensation is a continuous process. Even
at low humidities the contention is that hygroscopic nuclei
attract the water around them. As the relative humidity
approaches saturation such nuclei continue to grow until a
visible haze is formed and finally fog or cloud. Supercooled
liquid droplets may be formed in clouds with temperatures
as low as — 20° to— 30°. The existence of such super-
cooled droplets may be attributed to colloidal stability.
Solidification occurs when such supercooled cloud masses are
disturbed by turbulence. The passage of aircraft through
supercooled liquid cloud masses results in icing.

. Colloidal Stability, Water does not always precipitate

upon condensation. Clouds are composed of liquid or solid
particles of water. It is believed, that in the case of water
clouds, the particles of liquid water are of nearly micro-
scopic size. These particles are composed of aggregates of
molecules with like charges residing on the particle. Since
like charges repel, these colloidal particles tend to be sup-
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ported in the air and are prevented from uniting to form
larger particles by their mutual repulsion. This state of
colloidal stability may be destroyed by introducing an unlike
charge, hence, according to Bergeron, precipitation (rain,
snow, etc.) is brought about when ice and water particles are
found in the same cloud. Thus, cumulonimbus clouds de-
velop into active thunderstorms when vertical convection has
caused them to extend into altitudes where the temperature
is below freezing. Cumulonimbus clouds which have reached
the freezing level develop a mantel of cirrus nothus, an ice-
crystal fragment cloud.

3. Bergeron’s Hypothesis. The idea of colloidal stability in
supercooled liquid cloud masses has led Bergeron to state
that precipitation of appreciable quantity comes only from
cloud masses in which supercooled liquid particles and ice
particles exist concurrently. Tce particles cause precipita-
tion to occur by serving as nuclei for condensation.

TEST QUESTIONS ON AIR MASSES

1. Surface heating of an air mass usually causes it to become (stable,

unstable). | S
2. Air masses that are thermodynamically warm are (stable, unstable)
air masses. 20—
3. The symbols used to indicate Tropical Gulf air, which has become
unstable due to surface heating, are 30—
4. The source region for —__ air is in north central Canada.
(Give symbols.) 4o —
5. — type air, originally from Arctic sources receives its

characteristic properties in the north Pacific. (Give symbols.)

5

6. The warmest air mass in North America is (Tropical Gulf, Tropical

Superior, Tropical Atlanuc, Troplcal Pacific). S

7. The following air mass acquires its properties due to subsidence.
(Polar Pacific, Polar Atlantic, Polar Continental, Polar Basin).

A
8. The following air mass acquires its properties due to subsidence.
(Tropical Continental, Tropical Gulf, Tropical Superior, Tropical Atlantic).

- F S —
9. Select the air mass with the lowest humidity. (Tropical Pacific,
Polar Continental, Polar Atlantic, Polar Pacific). 9.

10. In the winter (Polar, Contmental Polar Pacific, Tropical Gulf,
Polar Atlantic) characteristically has deep inversions while over its source
region. 10 —

(Polar Continental, Polar Basin, Tropical Pacific, Tropical Superior,
Polar Pacific) is unstable over its source region in winter. 11. —_.
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12. Air from maritime sources becomes more unstable as it flows inland
in (summer, winter). 12.

13. Few clouds are formed in (Polar Pacific, Polar Continental, Trop-
ical Gulf, Tropical Atlantic, Polar Atlantic) even when it is heated at

the surface. 130 —
14. (Fog, drizzle, stratiform, cirrus, cumulus) clouds are characteristic
of an unstable air mass. 14—
15. The best winter ﬂymg weather is found in (Polar Pacific, Polar
Atlantic, Polar Basin) air. 15.
16. Air masses formed by surface cooling are (deep, shallow).
16 ——
17. Convective clouds will form at (high, low) level when the specific
humidity is high. 17.

18. Visibility is usually (good, poor) in unstable air. 18.
19. Tropical Superior air has a (high, low) relative humidity.

19 —
20. The relative humidity of Polar Continental air is (higher, lower)
in summer than in the winter. 200
21. Polar Basin is (warmer, colder) than Polar Pacific air during the
winter. -3 P
22. Polar Pacific air may characteristically follow any one of (2, 3,
4, 5) different routes into the United States. 22,
23. (Tropical Gulf, Tropical Atlantic, Tropical Pacific) is a shallow
air mass because of subsidence over its source region. 23

24. The properties of Tropical Gulf are very similar to the properties
of (Tropical Continental, Tropical Superior, Tropical Pacific, Tropical

Atlantic, Tropical Saharan). 24.
25. Flying weather is usually (poor, good) in Polar Atlantic air.
25,
26. After passing over the Great Lakes in carly winter Polar Con-
tinental air becomes (stable, unstable). 26. _—

27. Air mass thunderstorms are most likely to be found in (Tropical
Gulf, Tropical Superior, Tropical Pacific, Tropical Continental) air in

summer over the land. 27,
28. Fogs and low stratus clouds are not unusual in Tropical Gulf air
over the land in (summer, winter). 28.
29. Tropical Atlantic air may develop sea fogs, which will move inland
in the early morning during the (summer, winter). 200 ——
30. Tropical Pacific is an important air mass in the United States
during the (summer, winter). 30—
31. Polar Pacific (often, seldom) plays an important role in the
weather of Asia. 31
32. Tropical Pacific (is, is not) an important Asian air mass.
32.
33. Tropical Continental (is, is not) an important Asian air mass.
33-

34. Probably the coldest maritime air mass in the world is
vhich overflows Europe during the winter. 34.
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35. In Europe Polar Atlantic air is similar to (Polar Atlantic, Polar

Pacific, Polar Continental) air in North America. 35—
36. Polar Russian outbreaks characteristically occur over Europe dur-
ing the (summer, winter). 36—
37. Tropical Continental air from Africa usually enters Europe in the
circulation of (highs, lows). W
38. Weather along the east coast of South America often is the result
of fronts formed between two (highs, lows). 38.

30. Australia and Africa lie largely (north, south) of the Southern
Hemisphere storm belts. —_—

40. The circulation in Southern Hemisphere low-pressure areas Is
(clockwise, counterclockwise). 40.



CHAPTER VII
TRAVELING DISTURBANCES AND FRONTS

I. CIRCULATION EFFECTS

(Much of the weather in the temperate zones is due to the interaction
of dissimilar air masses along discontinuity lines and surfaces known
as irgpt; The primary circulation, as modified by the centers of
action, brings together large masses of air with differing physical
properties when the circulation is converging. When winds from two
or more directions approach the same point they are said to converge.
The line, or surface, separating these dissimilar air masses represents
the primary frontal zones. If the two air masses continue to flow side
by side with no overrunning or underrunning between them, secondary
traveling disturbances do not develop. When overrunning or under-
running starts to occur between air masses with different physical prop-
erties, then cyclogenesis takes place and typical traveling disturbances
develop with warm fronts, cold fronts, occlusions and extensive accom-
panying weather phenomena.) (Fig. 75)
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Fig. 75. Circulation effects in creating primary fronts.
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Il. THE DEVELOPMENT OF FRONTS AND TRAVELING

DISTURBANCES (HIGHS AND LOWS)

A. Frontal Zones. The tendency of the primary circulation is to
prod&mg{air masses of approximately homogeneous proper-
ties. This same primary circulation also tends to produce frontal
zones between the various air masses by bringing them into inter-
action. Wherever air currents converge together on a line such
fronts are maintained.

1. Equatorial Frontal Zone. This is not a pronounced or
important front since the temperature differences between
its component masses are slight. The equatorial front is
situated in the doldrums. The component air masses are
the equatorial air masses and the subtropical air brought
toward the equator by the trade winds.

2. Arctic Frontal Zone. This is a front that develops between
the Polar Maritime air and the true Arctic air farther north.
The circulation around the Aleutian and Iceland Lows brings
Polar Maritime air poleward to the vicinity of the Arctic
air of the polar easterlies.

@ Polar Frontal Zone. Particularly in North America, the
most important frontal zone is the polar front. Along this
front polar air masses and tropical air masses meet. The
polar air breaks out (underruns) and often pushes far south-
ward in winter. In summer the polar frontal zane recedes
to_the north. Traveling depressions (cyclones) develop
along such fronts as the above. These cyclones derive their
energy from the tremendous heat energy sources due to tem-
perature differences found at such primary fronts.

B. Frontal Type Depressions (Lows or Cyclones). In the North-
ern Hemisphere when wave formation takes place along a primary
front, a low-pressure area is formed into which the winds con-
verge in a counterclockwise direction. In the Southern Hemi-
sphere winds blow clockwise in a low.

1. General Characteristics of a Low. The diameter of the
extratropical cyclone (depression, low) varies from 100 to
2000 miles. The average diameter of such disturbances is
about 1000 miles. The general outline of these storms varies
from approximate circles to elongated ovals. Such traveling
disturbances may have V-shaped depressions (a trough of
low pressure) particularly at the fronts. In the Northern
Hemisphere winds blow inward, counterclockwise, at angles
of 20° $0.40° to the isobars. The warm sector is in the
southern or southeast quadrant of a low. The winds are
southerly in this sector. The northern, northeastern and
western portions are cooler. In general, cloudiness and pre-
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cipitation are associated with the movement of lows, par-
ticularly around the frontal zones. (Fig. 76)

Shaded area represents
clouds and precipitation.

Averoges
1000 miles
A— —B
COLD
AIR coLD
AIR
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Fig. 76. An extratropical cyclone of the Northern Hemisphere just
before occlusion (arrows indicate wind directions).

@ Or_i\g_ii (Frontal ngx). In North America traveling dis-
tuPbances often originate as wave disturbances along the
polar front. They are composed of vortexes of converging
air with active fronts between the reacting air masses.
Energy is furnished by thermal differences in the composite
air masses. Such disturbances travel from west to east along
the original parent primary front.

COLD AIR (Polar) y~Wind Direction

WARM AIR (Tropical) Polar Front
Fig. 77

@ Original Condition along the Polar Front. 1In the
above example, wind is circulating in opposite direction
in the opposing air masses. The zone of separation
between the dissimilar air masses is the polar front.

COLD AIR (Polar)
—
— O e
——t /

WARM AIR (Tropical)
Fig. 78

@) The Beginning of a Wave Motion along the Front.
Because of some thermal irregularity, or possible top-
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ographical difference, the warm air mass will start to
swirl into the cold air mass and the cold air mass will
start to swirl into the warm air.

c 8
WARM AIR Dusteibution of lsobars
(Tropical) Front oround Low

Front

Fig. 79. The frontal disturbances.

c. The Two Air Masses as Developed into a Definite
Wave. This wave will continue its development and
travel along the polar front from west to east. The
frontal section along AB where the warm air is over-
running the cold air is called the warm front. The
frontal section along AC where the cold air is under-
running the warm air is called the cold front. The
area CAB at X where the warm air is being pocketed
is known as the warm sector. The lowest pressure will
be at A with pressure increasing outward. The isobars
in the above example represent a possible pressure dis-
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tribution around the frontal system. This whole sys-
tem constitutes the traveling disturbance known as a
frontal depression (extratropical cyclone or low).
When the frontal cyclone becomes unstable it occludes.
The occlusion process is caused by the cold front over-
taking the warm front and forcing the air in the warm
sector entirely from the ground. (Figs. 8oa and b)

C. Thermal Depressions (Nonfrontal).

1. Monsoon Lows. In regions where monsoons occur large
~ e

areas of Tow pressure are characteristic. These low-pressure
areas are nonfrontal in nature and tend to persist through-
out the season of their occurrence.

2. Local Lows. Depressions of this type are usually limited
o T " . . . . .
in area and are of little significance in map analysis. They
are caused by bodies of water, deserts, etc.

Depressions due to Vertical Instability (Nonfrontal).

Instability Lows. When instability showers break out over
an area, the latent heat liberated may contribute to the
development of a depression of considerable extent.

a. Polar Air Depressions. Tn this type of instability low,

local showery rain is characteristic. There is little vari-
ation of wind with height as compared with the frontal-
type depression.

b. Inland Sea Winter Depression. The winds in such

epressions are cyclonic and cold-front phenomenon
often precedes them. The winds are often erratic due
to orographic and katabatic effects along the coasts.
Bad weather often develops and persists. Many local
depressions may develop.

. Shallow Summer Depressions, At times when the

pfessure gradient is slight, surface heating may result
in shallow depressions A current of cool air in the
upper atmosphere which favors instability may result
in thundery weather with the rapid development of
these shallow depressions.

E. Orographic Depressions (Nonfrontal).

ressions due to Mountain Barriers. When the flow of the
wind is interrupted by a mountain barrier, depressions often
develop on the lee side of the mountains, With the passage
of a cold front this process is accelerated. Warm air is often
trapped at the lee side of the barrier. Occluding processes
of this nature may lead to an intensive development of such
depressions. (Fig. 81)

F. Source Regions for Cyclogenesis. As previously explained,

frontal lows originate as waves along the major primary fronts.
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Many circumstances may lead to cyclogenesis and frontogenesis.
(Cyclogenesis is the formation of a frontal-type extratropical

=
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Fig. 81. An orographic low.

Q}ZQQL!@.QLJOW. Frontogenesis is the formation of active fropts).
The semipermanent low-pressure areas, such as the Aleutian and

Icelandic Lows, serve as the original generating area for many
Lows originating in the vicinity
of the Aleutian Low often go through the preliminary stages and
arrive on the west coast of the United States as occluded lows.
(Fig. 82) These occlusions may be regenerated as they pass over

/| easT

Fig. 82. The regeneration of an old occlusion.

the Rocky Mountains thus bringing maritime air into reaction
with continental air masses or tropical air from the Gulf of
Mezxico. In other cases the pressure distribution may be such
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as to bring warm moisture-laden air into active contact with
colder air masses, and frontogenesis may take place in Texas or
along the east Gulf and south Atlantic. China and the Philip-
pine Islands also serve as important regions for cyclogenesis.
(Fig. 83)
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Fig. 83. Typical paths of extratropical cyclones in the United States.
G.

Anticyclones (Highs). An anticyclone is an area of relatively
hi'gh’pﬁss/u?'%Wthe synoptic chart a high pressure area is
enclosed by isobars. In areas where the air is diverging at the
surface, high pressures are found at the center of the wind sys-
tem. In high-pressure areas the air is settling from above and,
as a result, inversions, or weak lapse rates, are common aloft.
Subsidence and the consequent adiabatvx_chh/ea.ting tends to dissi-
pate any high or mlddle clouds that might be present and, as a
result, fine weather is it is characteristic of high-pressure areas. In
the Northem Hemisphere winds blow spirally outward in a clock-
wise direction from the center of a high. In the Southern Hemi-
sphere the winds blow counterclockwise from a high. Anticy-
clones do not always bring fair weather. Anticyclonic regions
may be penetrated by fronts from adjacent low-pressure areas.
As highs travel over oceans or warm continental areas, convective
showers may develop. Anticyclones, undergoing anticyclolysis
(dissipating), may have unsettled or bad weather in certain
areas.

1. Origin of l—llghs (Polar Front Theory). The origin of
anticyclones is controversial. However, one theory of their
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origin is in general agreement with the polar front origin
of lows. (Fig. 84) '

General westecly flow 1 checked and
added fo by lagqging cold air

This aw tends to log

Polar Front

Polar

—
Wind s Front N
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Fig. 84. The origin of transitory highs.

—The general circulation-in-the TInited States is from west
to_east (prevailing westerlies), ~According to the above
theory the development of a depression wave along the polar
front results in an interference in the general primary circu-
lation and the development of an anticyclonic circulation
such as is shown in Fig. 84. More specifically, what occurs
is that the more westerly part of the cold current is but little
affected by the low pressure of the cyclonic low-pressure
swirl and tends to lag behind. The result is a tendency to
pull away from the cyclonic circulation and join another
circulation. The westerly winds are underrun and partially
checked, thus causing a local increase in pressure. The
greater density of the cold air flow adds to the effect causing
anticyclogenesis. Highs formed in this manner tend to
move forward at the rear of the cyclone with which it ini-
tially began.

2. Subsidence Theory of Anticyclonic @rigin. Another theory
of the ¢rigin of anticyclones (highs) maintains that air in
settling from upper-altitude circulation (subsidence) creates
high-pressure_areas. Such high-pressure areas are repre-
sénted by the Pacific and Azores High, as well as the South-
ern Hemisphere oceanic high-pressure zones in the horse
latitudes. This type of high is believed to have high vertical
development. High-temperature highs extend to much
higher altitudes than low-temperature highs.

3. Air-mass Highs. Another type of anticyclone, or possibly
a modification of the subsidence theory of anticyclonic
origin, is the air-mass high. Air masses that collect over
continental areas in winter become cold throughout the
lower layers and, as a result, represent high-pressure areas
relative to warmer air masses elsewhere. Permanent radi-
ational-type highs are found over Greenland and the ant-
arctic regions. The high pressure in these two areas is due
to the prevailing low temperature. The low temperature
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is caused by high altitude and free and abundant radiation
from the snow surface through clear air which is kept free
from clouds by subsidence. During the winter elevated and
snow-covered regions develop similar highs which are usu-
ally smaller in extent and temporary. These highs may give
rise to strong, cold, surface winds when they feed into tran-
sitory lows. Low-temperature highs are shallow in vertical
development and do not extend to great heights. The
above descriptions, however, represent simplifications of the
prevailing theories as to the origin of highs. The exact
explanation of the nature of their origin waits on more
complete upper-air data. (Fig. 85)

Fig. 85. The approximate paths and source regions of characteristic
highs in the United States.

AY

II1.! FRONTS AND THEIR CHARACTERISTICS

As previously demonstrated, the large traveling storm areas known
as extratropical cyclones owe their existence to active overrunning
and underrunning of warm and cold air. The lines, or surfaces, along
which this interaction is taking place are the active fronts. (he warm
front is where the warm air has overtaken and overrun the retreating
cold air. At the cold front, cold polar air is underrunning warm air
from the tropics ..

A. Stable and Unstable Waves. The simplest type of frontal
activity, resulting in the generation of extratropical cyclones, is
that of the stable wave. Such wave motion set up along a major
primary front resembles wate: waves which have not grown
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high enough to break at the top. For example, long, even swells
coming in at the seashore are stable waves with a definite wave
length until the time that they become breakers with white foam-
tipped and wind-tossed tops. So in the case of atmospheric
frontal waves when they consist of merely a warm front and a
cold front, with an area of low pressure at their junction, they
are known as stable waves. A stable-wave cyclone changes its
structure very little during its history unless it becomes occluded.
If a stable wave occludes it becomes an unstable wave and the
pressure at the center of the low will continue to drop (deepen)
and the cyclone will go through a rather complicated life history.
If the wave remains stable, it will move along the primary front at
a fairly constant velocity. If the frontal system occludes its
velocity will vary, the rate being dependent largely on the stage
of its development. The weather associated with either stable
or unstable frontal-system waves is a function of the properties
of the interacting air masses. "Frontogenems is usually first indi-
cated by the appearance of an isallobaric low along a front and
converging winds) (An_isallobar is a line drawn between points
of equal barometric tendency. For example, all of those stations
reporting an increase of one millibar in three hours might be con-
nected by a dotted line. This line would be an isallobar.)

B. Warm Front Characteristics. Along the cold front, cold air
overtakes the warm air and forces it upward. On the other hand,
at the warm front, warm air overtakes and overrides the cold air.

1. One of the most characteristic phenomena of warm fronts
is the sequence of cloud types./ Inasmuch as the warm air
that is overriding the retreating cold air reaches its highest
altitude at the maximum distance ahead of the surface front,
it is here that high-altitude cirrus clouds are formed.)) This
overriding may cause the formation of prefrontal cirrus as
far as 6oo miles ahead of the surface front. While the
overrunning of the cold air by the warm air is believed to
be the indirect cause of the formation of cirrus clouds, it is
not generally held that they are formed within the ascending
warm air. Rather, it is believed that the cirrus are formed
as a result of the forced ascent of We

T T —
overrunmng process. This reasoning is supported by the
ac cirrus and cirrgstratus clouds extend back into
the air of the warm sector. (*The discontinuity surface of
the warm front merely marks the boundary of the cirrus-
type clouds. "The first indication of the approaching warm
front is the appearance of cirrus clouds of the banded type
such as cirrus radiatus and cirrus filosus.) These are fol-
lowed by cirrostratus (cirrostratus filosus or cirrostratus
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lenticularis) with the banded arrangement orientated in a
different direction. The first clouds actually formed in the
overrunning warm air are the altostratus which precede the
ideal warm front by about 300 miles. The average frontal
slope of a warm front is about 150 miles horizontal for each
mile vertical. {Warm fronts are heralded by cirrus clouds
followed in succession by cirrostratus, altostratus, nimbo-
stratus, and finally by stratus.)

2. Due to the action of surface friction the retreating cold
wedge in advance of the warm front may tend to flatten.
Thus, for some distance ahead of the surface front the
slope of the discontinuity surface may be negligible. Often
at some point well ahead of the front the slope of the dis-
continuity surface may rise abruptly giving the appearance
of another front. Such false fronts are arrived at often par-
ticularly on the basis of precipitation areas as they appear
on the synoptic chart. (Fig. 86)

\\‘\
O AR COLD Al
IR N dey
Warm front may be incorrectly
drawn on map ot this point—
'Surface warm front actually here where slope becomes abrupt.

Fig. 86. A warm front with sudden change of slope.

3. Abrupt temperature changes like those at a cold front are
not characteristic of the warm front. Through the zone
where the retreating cold wedge is thin the temperature
change is gradual. Hence, warm fronts can seldom be rec-
ognized on the synoptic weather chart on the basis of sud-
den temperature changes alone. 1If the current of warm air
overrunning the cold wedge is conditionally unstable, warm-
front thunderstorms may result. If the warm current is
convectively unstable the lifting of layers may lead to vol-
untary convection and consequent shower-type precipitatioa
Again, continuous cloud layers are not always found pre-
ceding the warm front. The warm, ascending air may at
times have varying properties. In such cases two or more
waves of clouds may precede the front with intervening clear
sections. When the discontinuity surface between the warm
and cold air masses is uneven with waves along its surface
the lifting along the surface results in uneven precipitation,
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Since the rainfall characteristic of the ideal warm front is
steady and increasing as the front is approached from the

cold side, uneven preupltatlon must be associated with lift-
‘ng over a varying slope. If the air being lifted along the
fronta] slope is not homogeneous, but stratified with the dif-
ferent strata having varying humidities, the prefrontal cloud
continuum may be broken with patches of clear sky inter-
vening between the various characteristic cloud sequences.

PRE-FRONTAL
THUNDERSTORM __ ))

Yo . S
»,Y A ".
S \\SHOWERS“
TR LN

\ uuuhhk

"TOW STRATUS S
TURBULENCE CLOUD TURBULENCE cLoup

_Cloud Types Associated with Stable Air

VE,RY UGRHT RAIN

Effect of Woves in the Frontal Surface

Warm air being hfted
u not homogeneous

& i
Stratified Lifting along the Worm Front
Fig. 87. Effects of frontal lifting.
4. In addition to the clouds found along the discontinuity

surface between the warm and cold air masses, other cloud
types are found in the cold air mass itself. When the lower
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layer of cold air has passed over extensive water areas,
stratocumulus clouds may form at a height of 1500 ft. Any
precipitation from clouds formed under these conditions will
probably amount to nothing more than drizzle. Scud clouds
often form in the lowest layers due to turbulent mixing.

(Fig. 87)

. In identifying -warm fronts on the weather map, it must

be remembered that the wind discontinuity may not be
sharp and the temperature transition may be gradual. ( How-
ever, the gradual temperature changes will occur in the

transition zone entirely within the cold air,) In the warm
sector meteorological elements should remain fairly constant.

(The warm front may be recognized on the synoptic chart by

a rise in temperature, a slight wind shift usually less than
45°, a slight barometric trough, and a small jsallobaric_dis-
continuity. The frontal passage is followed by clearing
weather conditions and a rise in specific humidity. Icing
conditions, high-level thunderstorms and moderate turbu-
lence may be found in flying through warm fronts at various
seasons of the year.

C. Cold Front Characteristics. The area of stormy weather at the
cold front is limited in extent. Due to strong lapse rates and
general instability conditions the weather at the cold front is
characteristically squally. The squall kead is caused by the
retardation of the surface wind by friction between the cold air

and

the surface, while aloft these effects are minimized and the

air surges ahead of the surface front. The elevation of the fore-
most part of the squall head averages about 1500 ft. The cold
currents of the squall head may run as far as 100 miles ahead
of the actual surface front; however, the average overrun is
about 25 miles. (TFig. 88)

TROPICAL N,
MARITIME AIR

Low clouds dus fo convection Falling femperature
SURFACE COLD FRONT UM Y tncreaung humdity.

GROUND LEVEL-# =2 Average distance = 25 miles.

Fig. 88. Cross section of a cold front with a squall head.

1.

Rain that precedes the arrival of the surface front is
known as prefrontal rain. The charagcter and amount of the
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precipitation at a front is dependent on the nature of the air
in the warm sector. If the air being forced upward at the
cold front is modified polar air no precipitation may result
at the cold front as the air will probably be too dry due to
its original propertles and also because of former precipita-
tion within the mass.. Qn the other hand, if warm, moisture-
laden, conditionally unstable air is forced upward cumulo-

nimbus clouds may be formed with characteristic frontal
thunderstorms resulting) 'This offen happens when Trop-
ical Gulf air is lifted along a frontal surface in summer.
The approach of a cold front is relatively unheralded by
clouds or precipitation. The first sign of an approaching
cold front is the appearance of altocumulus or altostratus
clouds. The cloud ceiling drops rapidly as the front ap-
proaches. Along the discontinuity surface the clouds are
usually convective types such as cumulus and cumulonim-
bus. Wdn the cold air following_the discontinuity surface
convergence or turbulence may produce stratus-type clouds,
Whether the cold front will be preceded by altostratus or
altocumulus depends largely upon the stability of the warm
air mass. Virga (wisps or falling trails of precipitation)
may frequently be observed in connection with the alto-
stratus and altocumulus clouds preceding the surface cold
front. The temperature often falls in advance of a cold
front due to the evaporation of prefrontal rain. Hence, an
increase in the specific humidity and a falling temperature
will often indicate the approach of a cold front. When the
warm air preceding the cold front is conditionally unstable
the precipitation may be largely of the prefrontal variety.
This effect is due to the fact that the warm air is thrown
upward by the abrupt slope of the approaching cold front
so that it reaches its LCL and becomes unstable while cool-
ing at the moist adiabatic rate. As a result, a convective
cloud system is built up in advance of the discontinuity sur-
face of the cold front and prefrontal precipitation occurs.
When a cold front is retarded in the speed of its advance
over the surface these convective effects are minimized.
Slow-moving cold fronts will often assume characteristics
similar to those of the warm front due to the backward over-
flowing of warm air over the underlying cold stratum. At
times, sections of a cold front may reverse their direction
and temporarily become warm fronts.
( As the cold front passes, clearing normally takes place.
The continuous cloud deck at the fronts quickly breaks up
with its passage into cumulus or stratocumulus clouds. Any
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low clouds found in the cold air mass following the cold front
are due to convection within the cold air mass. Those low
clouds near the front may be formed at the discontinuity
surface between the cold air and the underrun warm air aloft.

. As a cold front moves to lower latitudes jts slope usually

decreases’ bringing t the overlyl ing warm air_close igihe sur-
face. Trrsome cases the cloud deck may even touch the
ground resulting in fog. This stratus cloud type of fog may
be due to saturation of the lower air by falling rain, or the
mixing of nearly saturated Gulf air with the cold polar air
composing the thin wedge. In winter the above conditions
often cause ice storms. Precipitation through the cold
wedge is supercooled. It freezes immediately upon contact-
ing cold surfaces and coats everything it touches with ice.
Sometimes a cold front separates into two discontinuities.
In such cases the air back of a cold front will subside and
heat adiabatically. This subsidence in the rear of the cold
front results in the formation of secondary fronts. (Fig.

89)

CUMULUS
¥ SATURATED TROPICAL
COLD WEDGE TRATUS
OF POLAR AR ¥—ﬁ Foo

GROUND LEVEL A

Fig. 89. Cross section of a cold front in low latitudes.

4. In general, the properties of a cold front may be sum-

marized in the following manner: The slope of the discon-
tinuity surface varies from one-mile altitude to every 3o
miles in the horizontal, to one mile in 100. Thus, at a dis-
tance of 100 miles in the rear of a cold front the pseudo-
adiabatic chart might show an inversion and an increase
in mixing ratio value at an altitude of one mile as indicative
of the cold front’s discontinuity surface. On the synoptic
chart the position of a cold front will be marked by an
abrupt temperature fall, a well-marked windshift varying
between 45° to 180°, a well-marked barometric trough, a
decrease in relative humidity, a pronounced isallobaric dis-
continuity and a rather rapid improvement in weather con-
ditions with clearing. If the cold front is moving at a fast
rate a squall head will form due to the overrunning previ-
ously mentioned. Overrunning of this type produces
violently unstable conditions since the warm air is being
overrun by denser colder air which tends to change places
with it. Violent turbulence and convection may result in
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the production of a long line of roll cloud and the squally
weather associated with the line squall.

D. (Occlusions. When a cold front overtakes a warm front, occlu-
sions occur and the air in the warm sector is forced aloft] Cold
air is found both in front of the warm front and to the rear of
the cold front. Usually there is a thermal difference between
the cold air preceding the warm front and the cold air following

the

cold front. The thermal dissimilarity is, in most cases,

caused by a difference in the amount of time that the two sections
of cold air have been out from their source regions.

PRIMARY

P
FRONT RIMARY

FRONT
aded area
wrepresents clouds >
ond precipita- 4,
tion -

-

Fig. goa. Occluded unstable wave (cold-type occlusion).

I.

Cold-type Occlusion. 1If the air in advance of the warm
front has a higher temperature than the air in the rear of
the cold front, it will be lifted up along the slope of the
overtaking cold front. As a result the weather of a cold-type
occlusion is of a composite type resembling both warm and
¢otd” fronts.  Along the slope of what was previously the
warm front are found all the clouds associated with a warm
front. The cold front has never left the ground but, on the
other hand, the air being underrun is no longer warm, moist
air from tropical regions and, hence, the frontal activity at
the cold front, while it still persists, is modified. The source
of supply of warm air has been cut off at the surface so that
the air being forced along the old warm front is obtained
only from that air trapped aloft. Nevertheless, extensive
prefrontal precipitation is common although the area affected
is less extensive than with a well developed warm front.
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Behind the cold occlusion instability showers are common
when the air is unstable. Typical cold-front weather is
often found through a rather narrow belt in the immediate
vicinity of the surface front of the occlusion. A cold-type
occlusion may be preceded by stormy weather to a distance
of 250 to 300 miles. After the occlusion is passed in going
from east to west the weather usually clears rapidly. Since
the cold front remains on the ground in the cold-type occlu-
sion, they are represented on the synoptic chart as extensions
of the cold front. (Fig. goa)

Warm-type Occlusion$ When the air in advance of the
warm front is colder than the air following the cold front a

Dotted line 18
upper air cold

Fig. gob. Occluded unstable wave (warm-type occlusion).

warm-type occlusion results when the cold front overtakes
the warm front.,, In this case the overtaking air, being
warmer and less dense, overruns the retreating, denser air,
which was previously in advance of the warm front. The
weather accompanying a warm-type occlusion rather closely
resembles that of the typical warm front. It differs inas-
much as showery precipitation occurs from the old cold
front which has now been forced aloft. /The precipitation
from the upper air cold front falls to the ground in advance
of the occlusion at the surface. Showers from the upper
cold front occur in a rather narrow band. Warm-type occlu-
sions are frequent in the Pacific Northwest. In this region
cold air is often trapped between the Rocky Mountains and
the coast. Fresh outbreaks of maritime air overrun the
entrapped cold air causing continued moderate or heavy
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rain lasting for several days over this coastal area. Upper-
air cold fronts are often hazardous to flight. Warm-type
occlusions may often be recognized by the presence of an
isallobaric discontinuity occurring some distance in advance
of the surface occlusion marking the position of the upper-
air cold front aloft. (Fig. gob)

Bent-back Occlusions. In the last stages of the develop-
ment of extratropical cyclones there is a tendency for

FILLING FILLING

1
o’
) DEEPENING
/\ BENT-BACK DEEPENING
cooL OCCLUSION

Fig. gr. Formation of a bent-back occluded front.

troughs of low pressure to form to their rear. The occluded
front is often extended back into this trough on the premises
that troughs of low pressure often occur at fronts and that
the occlusion has been caught by the easterly and northerly
currents in the cyclonic circulation and drifted back with the
current. Most of the bent-back occlusions drawn on syn-
optic charts on the basis of the above premises are not
really present in the weather situation. A true bent-back
occlusion is found only under rather unusual circumstances.
On partially occluded cyclones under certain conditions the
old low-pressure center will fill (pressure is increasing at
the center) while the junction of the branching warm and
cold fronts starts to deepen (pressure is falling) and set up
its own cyclonic circulation while occlusion continues. Thus,
the old occlusion may be truly bent back by the newly gen-
erated circulation so that occlusion weather follows the cold
front of the new cyclone. (Fig. g1)
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4. Secondary Cold Fronts. Under some circumstances new
cold fronts may be regenerated from bent-back occlusions.
However, secondary cold fronts usually occur during out-
breaks of very cold polar air over a warm surface. Second-
ary cold fronts may follow in succession at intervals of
several Fundred miles to the rear of a rapidly moving cold
front. Again, secondary fronts may be formed by subsi-
dence in the rear of a rapidly moving cold front. Under such
circumstances the air is drawn downward toward the surface
with the result that it is heated adiabatically. When this
happens the original cold front undergoes frontolysis and is
replaced by the newly generated secondary cold front. In
the north central United States secondary cold fronts are
often formed along the northern borders of the Great
Lakes in winter. When these fronts sweep southeastward
with the general circulation heavy snow flurries result.
Secondary fronts usually do not occur during the summer
since temperature contrasts are not great enough. (Fig.

92)

IV. IDENTIFICATION OF FRONTS ON THE WEATHER MAP

For the purpose of identifying fronts on the weather map the fol-
lowing sequence of relative importance of identifying characteristics
has been developed.

A. Historical Sequence. Weather and fronts travel usually from
west to east. Fronts and traveling disturbances will follow defi-
nite tempos across the country. Ordinarily fronts do not spring
up or disappear immediately. Hence, the first and most impor-
tant guide in drawing a weather map is what appears on the
previous map. This idea of following logical, chronological suc-
cession is known as historical sequence.

B. Cloud Systems and Precipitation Areas. As has been demon-
strated warm fronts are preceded by characteristic cloud forma-
tions. In the case of the warm front, precipitation is largely pre-
frontal. The precipitation is extensive, extending from 200 to
300 miles ahead of the actual front. Precipitation preceding the
warm front is usually steady. In the case of the cold front, pre-
cipitation usually takes place over a rather limited area near the
front. Squally weather is often associated with the cold-front
passage. There is but little prefrontal cloud formation. Cirrus
and cirrostratus clouds give the first indications of an approach-
ing warm front. In ideal cases the cirrostratus shield precedes
the central portion of the arc of the surface warm front by about
600 miles. The altostratus shield and the beginning of the pre-



TRAVELING DISTURBANCES AND FRONTS I47

A (Frontogenesis) H W n
o GROUND Subsidence dissolves clouds t-"es'-movmq pmnyry
and couses temperature cold front will

LEVEL disconhinuity here undergo frontolynis.

b. Formation of Secondary Cold
Front by Subsidence

@

A
- Surface heating destroys /
temperature disconhnudy here

¢. Secondary Cold Front Forming due
fo Surface Heating in Rear of
Primary Cold Front

Fig. 92. Formation of secondary cold front by subsidence.

cipitation area lie about 300 miles in advance of the surface
front. (Fig. 93)

C. Barometric Tendencies and Pressure Fields. These are out-
lined in the following summarizing table.

D. Winds at the Surface and Aloft. As previously explained, cold
fronts may cause wind shifts up to 180° upon their passage. The
wind shift at warm fronts may be of a much smaller magnitude.
Winds aloft often give valuable indication of the intensity of
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Fig. 93. Cloud shields associated with frontal systems.
surface disturbances as well as to the degree of overrunning
E. Surface Temperatures

This has already been discussed and
is included in the following summarizing table.

F. Humidity. The humidity may be estimated from comparison
of dew point to temperature.

as frontal

Pseudo-adiabatic charts also give
this information in terms of the actual mixing ratio.
comparisons are particularly useful in conforming sites selected

Humidity
G. The following table has been compiled to summarize the

previous discussion as to frontal characteristics as they ar
observable on the synoptic weather chart and other availabie
supplementary data. (Fig. 94.)
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Cold-type
Element Warm Front Cold Front Occluded
Front
(| A. Before the Front|Ci to Cs to Cs, 1}3 mi] Ac | As clﬁmging
As to Ns rapidly chang- to Ns
Clouds b, B. At the Front ing to Cb
C. Behind the Front | Fs to Cu, or FC or possibly | Cu
L clear St
A. Before the Front | None, then None, then Gradually in-
steady rain or heavy brief creasing
snow showers rain
Precipitation < B. At the Front Rain Squalls or thun- | Rain—brief
derstorms
| C. Behind the Front| Clear or showers | Rapid clearing | Clearing
A. Before the Front | Falling Falling Talling slowly
B. At the Front Steady or falling | Slight 1ise Steady
Pressure .
Tendencies less rapidly
C. Bcehind the Front | Steady Abrupt rapid Rising slowly
rise
A. Before the Front | Constant and Fairly constant | Incrersing
then increas-
ing
. B. At the Front Near saturation | Increase near Steady
Relative
Humidity saturation
C. Behind the Front | Decreasing from [ Rapid decrease | Decieasing
saturation to
value higher
than before
the front
p
A. Before the TFront | Steady Constant Increasing
Specific {| B. At the Front Increase rapidly | Slight increase Steady
Humidity
C. Behind the Front | Constant Abrupt rapid Decreasing
L decrease
( A. Before the Front | Steady—-1ising Rising then fall- | Steady
gradually as ing slightly
front is ap-
proached
Temperature
T D. At the Front Rising Abrupt change | Steady
C. Behind the Front | Steady—higher | Drops quickly | Slight fall

Visibility

than in cold
sector

Surface
Winds

la

A. Before the Front | Fair Telow normal Decoming poor
B. At the Front Poor Poor Poor
C. Behind the Front { Below normal— | Good Increasing to
depends on good
ir mass in
warm sector
A. Before the Front [S or SE SW, Sor W S or SE
B. At the Front S, SE or SW S or SW W or NW
C. Behind the Front [ S or SW NW, W or SW|N, NV or W
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Fig. 94. Representative station entries as they appear on the synop-
tic chart associated with fronts.

TEST QUESTIONS ON TRAVELING DISTURBANCES AND FRONTS

1. The development of a transitory low-pressure area is known as
(frontogenesis, cyclolysis, cyclogenesis, anticyclogenesis).
1.

2. The equatorial front is found in the (doldrums, horse latitudes,
belt of prevailing westeilies). 2.

3. Arctic and polar air react along the (equatorial, arctic, polar) front.

3.
4. The average diameter of a traveling depression is (2000, 3000,
1000, 1500) miles. 4.

5. In (summer, winter) the polar front recedes toward the poles.

5.
6. Probably the most important primary front in North America is
the (equatorial, arctic, polar) front. 6.

7. The warm sector is usually in the (northeast, northwest, southeast,
west) quadrant of a low in the Northern Hemisphere. 7.
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8. Wave formation along a primary front may be either
of — . 8.

9. The pressure in a depression (increases, decreases) from the periph-
ery toward the center.

9
10. Monsoon lows are (frontal, orographic, non‘(ontal).
10.

11. Occlusion of a frontal depression takes place after the wave has
become (stable, unstable). 1I1.

v
12. The pressure in an anticyclone (increases, decreases) from the
periphery toward the center. v 12.
13. Orographic lows are (frontal, thermal, nonfrontal).
13. v;
14. The formation of active fronts is called (frontolysis, frontogenesis,
katabatism). 14.
15. Subsidence is characteristic of (cols, h}éhs, lows). 15.
16. The Azores High is a(n) (air mass, transitory, subsfg::ncc) high
16.
17. Low-temperature highs are (shallow, deep, average).
17.
18. Where ft}e warm air overtakes and overruns the retreating cold
air the (cold f¥ont, warm front, primary front) is found.

18.
19. When the cold air underruns warm air a (cold, warm, primary)
front is formed. 19.

20. The appearance of an isallobaric low and converging winds along
a primary front indicates (frontolysis, frontogenesis). 20.

21. A line connecting points of equal barometric tendency is (isobar,
i§£llobar, isotherm). 21.

22. An approaching warm front is ﬁ;‘}t indicated by the appearance of
(stratus, nimbostratus, altostratus, cirfus, cirrostratus) clouds.
22,

. &
23. Abrupt temperature changes occur with the passage of the (warm
front, occlusion, cold”front). 23.

24. Prefrontal, warm front thunderstorms may occur when the air
in the warm sector is (stable, warm, cold, moist, dry, conditionally un-
stable). 24.

25. Stratified air in the warm sector will give rise to a (continuous,

discontinuous, convective) prefrontal cloud deck. 25. —

26. The wind discontinuity is greatest at the (warm front, cold front)
26.

27. The precipitation area is greatest at the (warm, cold, occluded)

front. 27.
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28. The squall head is identified with (a fast moving warm front, a
slow moving cold front, a fast moving occluded front, a fast moving
cold front). 28.

29. The character and amount of precipitation is largely dependent on
the characteristics of the air in the (cold sector, warm¥sector).
20—
30. If the air in the warm sector is conditionally unstable, the approach
of a cold front will be indicated by (cirrus, stratus, cirrocumulus, alto-
stratus, altocumulus) clouds. 30.

31. (Slow, rapidly moving) cold fronts often resemble warm fronts
in their properties. 3I.

32. Cold fronts in low latitudes have (steep, moderate, gentle) slopes.
32.

33. Subsidence in the rear of a rapidly moving cold front may cause the
formation of (warm, occluded, secondary, primary) fronts.

33:
34. There is a rapid decrease in relative humidity to the rear of a
(cold, warm, occluded) front. 34.

35. When cold air to the rear of a cold front overtakes cool air in
advance of the warm front a (warm, cold) type occlusion results.

3s.
36. Upper air cold fronts are associated with (warm, cold) type occlu-
sions. 36.

37. (Warm, cold) type occlusions are characteristic of the Pacific
Northwest. 37.

38. (Warm, cold) type occlusions may be recognized by the appear-
ance of an isallobaric discontinuity in advance of the surface occlusion.

38.
39. Secondary cold fronts usually occur in (summer, fall, winter,
spring). 30 —

40. After historical sequence the next most important criterion to
follow in locating fronts on the synoptic chart is (wind-shift lines, tem-
perature discontinuities, barometric tendencies, clouds and precipitation
areas, humidity differences). 40.



CHAPTER VIII
SPECIAL STORMS

I. THUNDERSTORMS
Probably the most spectacular of common storms is the thunder-
storm. The awe-inspiring effects of thunder and lightning have influ-
enced the course of men’s lives, religion, and literature from earliest
times. Zeus, Jupiter and Thor were identified by various peoples as
the gods of the elements with the thunderbolt as their sign. In mod-
ern times thunderstorms represent a hazard to aviation and, as a
result, they are objects of special study by meteorologists.
" General Thunderstorm Characteristics. To be classified as a
thunderstorm a storm must have audible thunder, visible light-
ning, or both. Usually a shower of rain or hail accompanies the
storm. Thunderstorms occur in large cumulonimbus clouds, the
tops of which have reached such a height that they consist of
frozen particles and have a fibrous or feathery appearance (cirrus
nothus). Such clouds may form when the air is conditionally un-
stable to at least two-miles’ altitude and convection is initiated by
mechanical or thermal means. In thermal thunderstorms when
the air reaches the condensation level, it will rise unaided, result-
ing in strong vertical currents. Thunderstorms usually approach
from the west or southwest. Hail, when it occurs, will be found
in the front part of the storm. A squall cloud will mark the vor-
tex between rising warm air and descending cold rain. Air mass
thunderstorms are characteristic of cgls and shallow depressions.

(Figs. 95a and b)

1. The air entering a thunderstorm comes through the front
undersurfaces. Since the area of cross section of ascending
currents is very small compared to the area of the entire
storm such rising currents attain velocities as high as 100
m.p h. One of the most characteristic features of a thunder-
st(.m\n 1s'the Wprecedmg the general storm. }-Igavy
rain falling trom cumulonimbus clouds because of frictional
drag cause a descending current of cold air preceding the
cloud, mmmporatmn of
the rain although it is heated adiabatically because of de-
scent. & evaporation tends to saturate GE—JEScendmg air.
If the air becomes saturated it will be heated at the moist
adlabatxc rate as it descends. In its original ascent the air
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cooled at dry adiabatic rate to a higher level,) The result,
then, in heating at the moist rate, is a steepening of the lapse
rate as illustrated in the drawmg While this cold current
has a descending movement in the direction of the storm, the
ascending air has some motion in the opposite direction.
Hence, an air-mass thunderstorm is preceded by two wind
shifts, one in the front of the storm (the ascending air) and
the other just as the storm breaks (the descending air)../
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Structure of a typical cumulonimbus cloud.
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Fig. 9sb. Photograph of a cumulonimbus cloud.
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2. In thunderstorms of all types condensation occurs in the
ascending air as soon as the temperature of this air has been
reduced to its dew point.” These drops of water may not
immediately fall. If not they are carried upward by ascend-
ing air currents. Since small drops do not fall quickly they
can be carried upward by relatively slight ascending cur-
rents. . Large drops are unstable and are broken up by the
turbulence within the cloud. If the ascending current is
strong enough drops of water may be forced high enough to
freeze. The frozen pellets may then enter a descending
current and be returned to the zone where liquid water can
be picked up on their surfaces. Frozen particles with liquid
coatings may be forced aloft again and again until they be-
come too heavy for the ascending current and fall as hail.
Due to this cumulative method of formation, hailstones are
composed of many layers, similar to the structure of an
onion.

4. Due to the fact that the strongest vertical currents are in
the forepart of the cloud, thunderstorms. characteristically
have large raindrops ﬁrst with the size decreasing toward
‘the end. The frequent renewal of heavy drops during the
50TM 1S a phenomenon peculiar to thunderstorms. Since a
great amount of water is held within the thunderstorm cloud,
when the vertical currents are in some way interfered with,

“cloudbursts” may result. (A “cloudburst” is merely a sud-
den downpouring of most of the available water which is
being held aloft in a cumulonimbus cloud by vertical cur-
-Tents. ")

4. In all of the main essentials a thunderstorm is the same as
a convective shower except for the electrical phenomena
associated with the former. /At all times strong electrical
potentials are found between the upper air and the surface
of the earth, as well as between the various air layers. The
air in which thunderstorms are developing often has weaker
natural electrical potentials than in times when no thunder-
storm activity is generating. Of course, when the thunder-
w«mﬂlﬂmﬁmtenuals are very
high, but the point is that the great electrical potentials must
have been generated in somem the normal
method of generation of atmospheric electricity. Simpson
has suggested that the generation of thunderstorm electricity
is due to the disruption of raindrops. This theory maintains
that 1 large raindrops are disrupted by the violent vertical
currents inherent to the storm. The large drops maintain
a positive charge, whereas the small drops are negative. Due
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to the violent convective currents set up in a thunderstorm,
charges of positive and negative electricity accumulate in
different parts of the cloud. When the potential difference
becomes great enough the insulating effect of the air is
broken down and a discharge of lightning occurs. The in-
tense heating in the path of a lightning flash causes the air
to expand with near explosive violence. As a result, sound
waves are generated which are recognized as thunder.
Thunder rumbles because of the varying distances of the
generating lightning flash from the observer and is also due
to the reflection gf the sound waves from hills, mountains or
other obstacles. ! Lightning occurring below the horizon ap-
pears as flash or heat lightning when it is reflected from
the upper cloud decks. '
B. Frequency of QOccurrence of Thunderstorms.

C 1. Oyer the Ocean. Since the temperature of the ocean varies
only slightly, and in comparison the air temperature varies
a great deal more, the most favorable time for convection
over the ocean occurs between midnight and 4 a.m. At
that time the upper air at an altitude of 1500 ft. to 3000 ft.
has undergone its maximum cooling. CAs a result those tem-
perature gradientS” most favorable for r?i& vertical con-
ve@g are most frequent during the early mornlgg_hours )

va. Wd When the surface is most heated the
maximum convection occurs. Over the land this period
occurs in the afternoons from 2 to 4 p.m.

3. Yearly Periods. Over the oceans the conditions most favor-
able for thunderstorms occur durmg g the winter. Over the
land the reverse is true and “the period of maximum occur-
rence is during the summer.

C./ Classification of Thunderstorms. The prime requisites for
/ thunderstorms are instability, high temperatures and high humid-
}tles The severity of a thunderstorm is directly dependent upon
these factors. Instability sufficient for the generation of a
thunderstorm may be brought about by surface heating, oro-
graphic lifting, overrunning of warm air by cold currents aloft,
or lifuing along a frontal surface. Thunderstorms that occur
within a relatively dry air mass are usually dry thunderstorms
and lacking in severity. Since the characteristics of all thunder-
storms are similar, and because their main differences are due to
the manner in which they are set off, they are often classified in
the following manner. Ajr-mass thunderstorms include “heat” or
thermal thunderstorms and thunderstorms caused by overflowing
of cold currents aloft. Frontal thunderstorms include the cold-
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front type, warm-front type and the occluded-front type) (Fig.

Fig. 96. Thunderstorm types.

A—Air-mass thunderstorm due to convective instability and overrunning by
cold air aloft. B and D—Frontal thunderstorms due to lifting of moist air
along a frontal surface. C-—Air-mass thunderstorm due to heating and in-

stability.

I.[ Air-mass Thunderstorms. In general, air-mass thunder-
storms are of two types. Air-mass thunderstorms may be
due to local convection in a warm air mass or they may be
found within thermodynamically cold air masses. Local
convection thunderstorms are also known as “heat” thun-
derstorms. They occur most often over land on heated after-
noons when the humidity is high. The other type of air-mass
thunderstorm is caused by cold air currents aloft which pro-
duce the necessary steep temperature gradient and resultant
instability to produce mild thunderstorms. Air-mass thun-
derstorms are not associated with any definite isobaric for-
mation, '

a. The mechanics of these storms are such that they repel
one another, and when formed they do not occur close
together. The pilot may usually alter his course to fly
between or around such storms. Caution should be
observed in this respect since, if the storms are rela-
tively close together, the vertical currents between them
may be violent. Air-mass thunderstorms usually form
in the afternoon, travel with the prevailing wind, and
die out in the late afternoon. In some cases these
storms will continue late into the night if an adequate
supply of warm, moisture-laden air is available.

b. No frontal activity is necessary for the formation of
air-mass thunderstorms. Characteristically, most air-
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mass thunderstorms occur in Tropical Maritime air in
summer. The Tropical Maritime air should be at least
two and one-half miles deep for thunderstorms of the
air-mass thermal type to develop. “As Tropical Mari-
time air departs farther and farther from its source
region, continued precipitation from convective activity
reduces the moisture content. Because of this tendency,
Tropical Gulf air, in the northern part of its trajectory,
will often develop thunderstorm activity only when it
is lifted over the Appalachian Mountains. Thunder-
storms resulting from such orographic lifting may be
nearly stationary.

c. When thunderstorms occur in cold air masses they are
usually due to the overrunning of a warm surface by
cold Polar Continental air. Such overrunning results
in steep lapse rates in the lower layers. The usual
result of this activity is merely instability showers.
However, in the spring and early summer such insta-
bility showers may develop into mild thunderstorms.
Strong thunderstorms will not occur under the above
conditions because in the cold air the required humidity
is lacking.

2. Frontal Thunderstorms. In general characteristics air-
mass and frontal thunderstorms resemble each other. There
is the difference, however, that frontal thunderstorms need
not necessarily occur at the time of maximum thermal con-
vection although surface heating may serve as an additional
cause for their formation. Frontal-type thunderstorms are
due to mechanical convection along the frontal surface;
hence, they may occur over the land at night and over the
sea durmg the day. Thunderstorms of the frontal type are
more often associated with cold fronts than warm fronts
since at the cold front both the thermal discontinuity is more
marked and the frontal surface is steeper. en convective
conditions become such that thunderstorms occur simul-
taneously all along a cold front the condition is known as a
line squall. When such conditions prevail it is obvious that
the flyer will usually be unable to fly around them. The
safest course is to land at the nearest alternate airport until
the storms have passed over.

D. Forecasting of Thunderstorms. An intimate knowledge of the
air masses involved is a prime requisite to the thunderstorm
forecaster. The effect of diurnal heating must be estimated.
Local forecasting of clouds is also useful. The presence of alto-
cumulus castellatus in the morning indicates the convective activ-
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ity that may produce a thunderstorm in the afternoon. Growing
cumulus in mountainous regions may develop into cumulonimbus.
The exact time and occurrence of a thunderstorm is very difficult
to forecast. In the case of frontal thunderstorms, the conditions
along the front will determine the possibilities of thunderstorm
occurrences.

1. The pseudo-adiabatic chart may be used to great advan-
tage in forecasting the possibility of air-mass thunderstorms
of the thermal type. This energy chart should be used in
conjunction with the synoptic surface map if satisfactory
results are to be expected. Obviously, a frontal passage,
bringing with it a new air mass, will nullify any forecasts
that may have been made on the basis of upper-air sound-
ings within the prefrontal air mass. In forecasting from the
energy diagram, then, the first step is to make sure that a
frontal passage will not occur during the time of the fore-
cast. The general characteristics of the prevailing air mass
should next be examined. These physical characteristics be-
come apparent when the positive and negative areas for
thermal lifting are plotted as previously described in Chap-
ter IV. If the pseudo-adiabatic chart has been prepared
from an early morning sounding, and the sky is clear, there
will probably be adequate time for sufficient surface heating
to bring about convection from the surface, providing other
conditions are favorable. Negative energy areas must be
given more weight in considering the thunderstorm possibili-
ties than the positive areas because the negative areas pre-
vent convection. Again, in studying tephigrams for the
purpose of forecasting thunderstorms it is important to
observe the changes in positive and negative areas chrono-
logically. When several soundings are available during the
day, increasing positive areas and decreasing negative areas
are highly favorable indications of possible thunderstorm
activity. To forecast a thunderstorm with some assurance
the positive energy areas should be at least twice as great
in area as the negative areas. In addition the positive area
should extend to a sufficient altitude to be beyond the zero
isotherm. This final condition insures glaciation and the
development of cirrus nothus, a requirement for active
thunderstorms. If the temperature necessary for the thermal
convection seems unlikely of attainment under prevailing
conditions a thermal thunderstorm should not be forecast
even though other circumstances may be favorable. For
example, if the sounding was not taken until late in the
morning and considerable surface heating was still required
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to overcome surface stability, then a decision must be made
as to the possibility of sufficient heating in the time remain-
ing to bring about convection from the surface. Since the
diurnal temperature range is reduced by cloud coverings, a
thunderstorm would not be forecast under the same condi-
tions as seen on the chart on a clear day as on an overcast
day. On some occasions very dry air masses such as
Tropical Superior may overrun moist layers of Tropical
Maritime origin. Under such circumstances, positive and
negative areas plotted on the basis of a particle of the un-
derlying air mass may give false indications as to thunder-
storm probability. To prevent an inaccurate forecast in
such an eventuality, the depegraph should be examined and
any marked decrease in relative humidity aloft will indicate
the above possibility. In such a case a thunderstorm should
not be forecast.

. Under certain conditions, while the surface heating may be

insufficient to bring about thermal thunderstorms, frontal or
orographic lifting may be able to provide the requisite trigger
action to bring about the occurrence of the frontal or oro-
graphic types. To forecast this possibility the procedure
outlined in Chapter IV for plotting positive and negative
energy areas for mechanical convection is followed. It must
be kept in mind that if the sounding was taken in the early
morning there may be sufficient surface heating to hasten
the orographic or frontal lifting action so that thunderstorms
will occur at a lower altitude and, in the case of frontal types,
at an earlier time than would be forecast by referring solely
to the chart. This circumstance may be allowed for by
estimating the temperature at the time of the frontal ap-
proach. Energy diagram methods may be used to make this
estimate. The new temperature is then used to plot the
energy areas for mechanical lifting. The previous criterion
for judging energy areas is finally applied and the forecast
made.

. When an examination of the surface synoptic map shows

that a frontal passage will occur, the possibility of thunder-
storms in the postfrontal air mass should. be considered. All
of the foregoing methods should be applied to a sounding
taken at some station already within the air mass being
studied. In addition, the forecaster must make allowance
for possible latitudinal differences or the complications of
local conditions. For example, at some stations thunder-
storms may be prevented or delayed by the advent of a sea

breeze.
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4. If upper-air soundings are not available to forecasters they
may make use of certain indications on the surface synoptic
chart. Areas of converging wind in the warm sector of
extratropical cyclones are watched for the appearance of
thunderstorms. Thunderstorms often occur in Tropical
Maritime in summer, associated with the rapidly falling pres-
sure in advance of a cold front. Thunderstorms of this type
are known as prefrontal. Warm-type occlusions may give
rise to thunderstorms if the air being occluded from the
warm sector has the required physical characteristics. (Fig.
97) Any thunderstorms occurring under the conditions of

Lifting here foo
great to produce ﬁ
OCCLUDED FRONT (Warm Type)
W I UPPER COLD FRONT
¢ Thunderstorms mostly in this area.

Lifting here not >
enough to produce K

COoLD

WARM FRONT

FRONT

R surrFace UPPER N\Thunderstorm due to passage
orographic hfting OCCLUSION COLD FRONT of upper cold front

Fig. 97. The upper cold front thunderstorm.

the warm-type occlusion are found in a rather limited area
near a section of the “upper air cold front.” At the top of
the warm sector, occlusion is just beginning to take place.
As a result the warm-sector air may not have been lifted
sufficiently to produce instability. Toward the outer end of
the occlusion the lifting process has already desiccated the
air. Hence, if thunderstorms are to occur in connection
with the occlusion they will be found near the area indicated
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in Fig. 97. The movement of air-mass thunderstorms may
be very difficult to anticipate. Once they have been gen-
erated their movement may be followed with some success
by reference to teletype reports. If data on the upper winds
are available the movement of an air-mass, thermal-type
thunderstorm may be prognosticated to some degree by the
direction of the winds at 10,000 ft. Since the conditions
for thunderstorms of this type are most favorable when the
pressure gradient is slight and the winds light or variable
their movements are often erratic. Heat thunderstorms may
follow the most available supply of humid air. If warm,
moist air is continually available a thermal-type thunder-
storm may maintain itself for as long as 12 hours. In
certain synoptic situations, when the wind direction changes
considerably with height, the upper air may have a very dif-
ferent origin from that of the surface layers. If cold air
flows in aloft over warmer surface air, steep enough lapse
rates may result to cause mild thunderstorms.

Flying Conditions in Thunderstorms. Unless an aircraft is
able to climb quickly to at least 15,000 ft. it is extremely unwise
to attempt to fly over a thunderstorm. Even at this altitude the
top of the storm will not be reached, although probably the most
violent vertical currents will be avoided. Cumulonimbus clouds
may extend to altitudes of 30,000 ft. or more. Again, the time
and fuel consumed in trying to climb over a thunderstorm makes
the procedure impractical. Of course, it is extremely hazardous
to attempt to fly through a thunderstorm at ordinary flight alti-
tudes since the violent, vertical currents impose structural strains
on the craft as it flys from updrafts to downdrafts or through
currents of varying velocities. In addition to the hazards of
excessive turbulence, severe icing conditions may be encountered
in cumulonimbus clouds. Reduced visibility makes contact fly-
ing (flight by reference to visible landmarks) impossible and the
static caused by lightning discharges renders blind-flying meth-
ods untrustworthy. Air-mass thunderstorms may be avoided by
flying around them. If two or more such thunderstorms occur
close together it is unwise to try to fly between them as the cur-
rents between the storms may be very strong. However, it is
usually the better procedure to attempt to fly between thunder-
storms than to attempt to fly under them. (The downpour of rain
usually associated with the storm and the general lowering of

_the cloud deck restricts the visibjlity, static disrupts radio com-

munication, and” downdrafts may force the aircraft to a dan-
gex;ously low altitude.® Although lightning represents one of the
most important and awe-inspiring attributes of the thunderstorm
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to the uninitiated, it is probably one of the least of the storm’s
flight hazards. The energy used in any electrical circuit is equal
to I? X R. In an aircraft high resistance may cause destruction
of parts. If an aircraft is thoroughly and effectively bonded
(all parts connected so as to complete a continuous electrical cir-
cuit) little damage should result even when the craft is directly
in the path of a lightning discharge. The resistance of a wire
or small part varies inversely as the cross-sectional area. Hence,
radio antennas should be drawn into the plane when electrical
storms are encountered in flight, as their high resistance, due to
small cross-sectional area, will cause them to be destroyed by the
great quantities of electrical energy available in lightning dis-
charges. Objects and personnel in the interior of an all-metal
aircraft are protected from lightning by the “Faraday” cage effect.
Faraday found in his experiments that even delicate electroscopes
were unaffected by electrical discharges occurring on the sur-
face of metal covers surrounding them. About the only real
damage that has been definitely traced to lightning has been holes
punctured in the tail surfaces or ailerons where the bonding was
evidently imperfect. Radio equipment and aerials have been
damaged when the aerials were left exposed. In some cases freak
accidents have been attributed to lightning. In one instance a
heavily loaded plane flew into an orographic thunderstorm in
attempting to clear a mountain range. Downdrafts were forcing
the plane downward so that it became evident that the mountain
directly ahead could not be cleared. To lighten the airplane the
pilot dumped the wing gas tanks at the same instant that a light-
ning flash occurred. The flash ignited the gasoline and destroyed
the plane. Such accidents are, of course, fortunately very rare
and lightning usually represents a minor hazard to aviation.
Thunderstorms occurring in advance of the warm front may be
flown into by pilots flying blind through the lower stratus layers
while making cross-country transport flights. However, the effi-
cient meteorological services of commercial airways, as well as the
Government services, usually prevent this eventuality by forecast-
ing the possibility and rerouting the flight.

II. LINE SQUALLS

The line squall occurs along the wind-shift line of a “V” depression
at a rapidly moving cold front. The line squall extends along a line
which may be several hundred miles long, orientated usually in a
north-south direction. _Jn most cases it is accompan ied By rain or hail.
A pronounced ‘shift of ' wind charactenzes the storm. Tnasmuch as the
line squall is strlctly a _phenomenon of the cold front, the air behind
the sform is colder than that preceding it. —The 'Iéi?ing of the storm
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condition is quite rapid when viewed from an observing station as the
front travels rapidly. The passage of the storm brings a veer in the
general wind direction. A low roll cloud extending all along the front
is characteristic of the line squall. The winds in and near this squall
cloud are often of much greater speed than the prevailing wind. @..ine
squalls are accompanied by violent convective conditions, large tower-
ing cumulus or cumulonimbus clouds, heavy rain of short duration,
perhaps with hail or thunder) Such line squalls may be masked at
low altitudes by low stratus-type clouds. (Except where cumulonimbus
clouds have developed to high altitudes the line squall does not itself
extend to extremely high altitudes.)

111. THE TORNADO
Strong convective activity and marked thermal discontinuity bring
———
about the most violent and most sﬁﬁm% the
tornado. While tornadoes may be found in other parts of the world
between the latitude limits 20° to 40°, they are uncommon except in
the_central and southeastern portions of the United States.

H General Characteristics. The tornado is one of the most vio-
ent, yet lea___st extensive, of all storms.. It consists of a funnel-
"Haf)'”d circular column of upward spiraling winds of destructive
velocities. The extent of the destructive part of the storm aver-
ages about 1000 ft. in diameter. The horizontal speed over the
surface of these storms varies between 25 to 45 m.p.h. The
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Fig. 98. The fornado.
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length of their path over the ground is usually from 20 to 40
miles although at times they may leave a path of destruction for
300 miles. Tornadoes trgvel northeastward in the Northern
Hemisphere. Fence, when they are visible during the day they
may be avoided by aircraft, in most cases, by turning southward.
(Fig. 98) D

B. Origin, Tornadoes occur along gbrupt cold fronts of strongly
contrasting air masses. T}EY are found mainly in spring or early
summer and usually from two to five in the afternoon at the time
of maximum surface heating. They may continue their activity
well into the night) Tornadoes occur in central United States
in the spring and early summer when Polar Canadian and Trop-
ical Gulf or Tropical Atlantic air meet. When tornadoes orig-
inate over the sea they are called waterspouts. Waterspouts are,
in most cases, less violent than the tornado. While the more
violent type of waterspout, like the tornado, appears first in the
cloud and then extends down to the sea surface, some rather
minor waterspouts have been reported as originating at the sea
surface on clear days. This type is believed to be a phenomenon
similar to dust devils and whirlwinds over the land. This latter
type is characteristic of the Gulf of Mexico.)

v, IRQP\IQA@_L/O_]_\LES o - .

{The most destructive of storms, the tropical cyclone, occurs in many
parts of the.world. It is known by various names. In the western
North Pacific it is a typhoon; in the Bay of Bengal and the north
Indian Ocean, a cyclone; in Australia, a willy-willy; in the Philip-
pines, a baguio; while in the South Pacific, east North Pacific, south
Indian Ocean, North Atlantic, Gulf of Mexico and the Caribbean Sea
the tropical cyclone is known as thg:_jml:timne)("[ ropical cyclones
consist of a vast whirl of rapidly moving air currents circulating with
indescribable fury around a center of very low pressure. The diametey
of such storms varies from 300 to 600 miles. (Fig. 99)

‘A Qrigin. Tropical cyclones occur over the warmer portions of

ost of the oceans. Their most characteristic place of origin is
in the doldrums, 10° to 20° from the equator. Most of them
occur during summer or autumn. It is believed that they are of
convective origin. Briefly, the theory is that when heating takes
place over a relatively large area simultaneously the air over the
area is displaced by colder air from the sides and above. Qnce
this_process is started, the release of latent heat from conden-
sation, The heating of the ascending current due to selective ab-
sorption, and the rotation of the earth all contribute to the birth

and maintenance of the t@ﬂg%i Hence, in summary, it
may be said that the two major contributing factors are warm,
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tropical, saturated air of the oceans and overlying, cool air in the
upper atmosphere’) The energy for continuation of such storms
is furnished by condenSation. Thus, when they move inland they

may soon dissipate to become only moderate storms.
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Fig. 99. Source regions of tropical cyclones and their characteristic

paths.

B. General Characteristics.

I.

Winds. In the Northern Hemisphere the winds in a trop-
ical cyclone have a counterclockwise motjon. At the outer
limits of the storm the winds are light to moderate, and
gusty. As the center is approached the winds increase to
furious gales and, finally, to a full hurricane whose violence
continues to increase until the central vortex is reached.
The winds in the hurricane are believed to be often as great
as 250 m.p.h. A wind of 231 m.p.h. has been recorded.\

. The Calm Center. The calm center or “eye” of the trop-
ical cyclone varies between 6 to 30 miles in diameter with

the average diameter being 14 miles. Whereas the rest of
the storm is violent, the “eye” is calm with only light vari-
able winds, if any, and often a clear sky and sunshine. The
lowest pressures, highest temperatures, and Igwest relative
humidities are found in this zone. At sea the highest seas
~ — O A
may occur in the calm center. The lowest pressure ever
recorded in a storm center was 26.185 in. (886.63 mb) on
August 18, 1927, by the Dutch steamship Sapoeroea, off
the coast of Luzon, P. I. (Fig. 100) ¥

. Tidal Effects. Tidal waves may be associated with tropical

cyclones when the slope of the ocean bed and the contour
of the coast line are favorable. In the Northern Hemi-
sphere the most disastrous tidal waves occur where there
is a gently sloping ocean bed and a bay to the right of the
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Fig. 100. Characteristics of the Noarthern Hemisphere tropical
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path of motion of the storm. Waves generated by the storm
outstrip the forward motion of the tropical cyclone and the
storm swell is often taken as a sign of the approach of a
hurricane by natives of hurricane areas. (F ig. 101)
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Fig. 1o1. Trajectory of a tropical cyclone in the Northern Hemi-
sphere.

4. Movement. Tropical cyclones recurve at latitudes ranging
from 25° to 30° north or south depending on the time of
year. At the time of recurve hurricanes move at their slow-
est speed especially if the change of direction is abrupt.
The average 24-hour movement is 2620 miles before recurve

and 392 miles after the recurve) (In the Northern Hemi-
sphere the usual movement is toward the northwest chang-*
ing to north and, finally, to northeast) When a tropical
cyclone is blocked by an anticyclone it will move southwest-
ward or westward and then resume its movement to the
northeastward after being freed from the influence of the
anticyclone. In certain unusual cases tropical cyclones in
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the Northern Hemisphere have been known to describe loops
to the left of their path of motion. The West Indian cyclone
of October 1910 described such a loop over the northwestern
coast of Cuba when it came under the influence of a high-
pressure area lying over the United States,

TEST QUESTIONS ON SPECIAL STORMS

1,._Thunderstorms occur in (cirrus, altocumulus, altostratus, @_1}!3—
mmbys, nimbostratus) clouds. | P

2. The glaciation at the crest of the thunderstorm cloud is (cirro-
?13155, cirrostratus, cirrus fumulus, cirrostratus nebulosus, (€irruy
ot@@). 20

3. For thunderstorms to occur an air mass should be conditionally
unstable for at least (1,@ }, 5) miles’ altitude. /3
o Z L L . el

AR §
4. The gust immediately preceding a thunderstorm is due to (heating,
mechanical, convectional, effects on the air. 4o ——
5. Air-mass thunderstorms are characteristic of (deep lows, strong
highs, cols or shallow depressions, moderate highs or lows).

5.
6. As the air descends from the thunderstorm cloud it becomes satu-
rated. Because the ajr a heated at the moist adiabatic rate the lapse
rate is (decreased, 6.
7. Hailstones ha concentric) leaf-like, hollow spherical, porous)
structure. 7. —_
8. Large drops descend from the (f middle, rear) part of the
thunderstorm cloud. 8 -

9. When the ascending cloud currents in a thu e sud-
denly stopped (waterspouts, tornadoes, hurricanes, (cloudbursts, \willy-
willys) occur. 9.

10. Often the air in which a thunderstorm is soon to develop will have
(a) @@ the same, stronger) potentia (as) the ordinary elec-
trical peterfial. (o N —
11. According to Simpson, thunderstorm electricity is due i

riction between the cloud and the air, downdraftg, disruption o

ing, f
raindrops). I

portions of the thunderstorm cloud are (positively, neu-

12. The-upper

trally/hegatively) charged. 12.
13. “THe three ,prime requigites - e generation of thunderstorms
3. “THE Thee prime requ :

are: 13. d . gk noah giapoatig
14. Air-mass thunderstorms are of (I,Z} %, 4, 5) main types.

14.
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15. Air-mass thunderstorms (attract, repel, are neutral to) one an-
other. : 15.

16. Air-mass thunderstorms over the land usually form (at night, in the
morning, in the afternoon, during the evening). 16, —

17. Air-mass thunderstorms caused by the overflowing of cold air aloft
are in most cases @_‘@strong, moderate) storms. 17.

18. Most air-mass thunderstorms. occur in_(Tropical Continental, Polar
Continental, Polar Maritime, Tropical Maritimg) air in summer.
8 e

19. Tropical Gulf air in the northern part of its trajectory in summer
requires (subsidence, high winds, fnechanical lif_’f@ surface cooling) to
19.

cause the formation of thunderstorms. -_
20. Frontal thunderstorms are more common along @am, oc-
cluded) fronts. plo pppnen

21. In forecasting air-mass thunderstorms the possibility of ﬁLLQ‘_)__
must first be considered. 2I.

22. To forecast air-mas&storms by using the pseudo-adiabatic
herm

chart the technique for mechanical) lifting should first be
employed. 22.

23. In weighing the thunderstorm possibilities it is sary to remem-
ber that before convection will occur (positive, éegative) energy areas
must be obliterated. 23.

24. If a thunderstorm is to occur the top oféél;e positive energy area
should extend to or beyond the et Lppin 24

25. If a sounding is taken late in the morning and an inversion still
persists there is the same, more) chance for a thunderstorm to occur
than if this condition were shown on an early morning sounding.

25 —

26. Conditions are (more favorable,(less favorablb, the same) for air-

mass thunderstorms when the sky is overcast than when the sky is clear.

26, —

pid decrease in relative humidity aloft indicates (favorable,
nfavorablg, neutral) conditions for thunderstorm occurrence.

N 27.
28. To forecast the possibility of orographic-type thunderstorms by

the use of the pseudo-adiabatic chart the technique for (thermal, @
@Zifting should be employed. 28,

29. Surface heating may retard, not influence) the formation
of orographic or frontal thutrdefstorms. 200 —

30. When a frontal passage is imminent pseudo-adiabatic analysis
should be applied to the air mass (preceding, following) the front.
30.
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31. Thunderstorms associated with an upper cold front will occur (at
the juncture of warm+and cold fronts, Q'gar the middle of the o@

at the outer end of the occlusion). 31

32. Thunderstorms of the air-mass type will move with the wind at
(1000, 2000, 4000, 8000, £0,000¥5,000) ft. 32.

33. -The major hazard to aircraft caught in thunderstorms is (lightning,
¥iolent air currends, icing, reduced visibility.) 33 ———
N TR T L . . .

34. Areas of high electrical resistance are @, neutrally, least) likely
to be damaged by lightning. 34—

35. Line squalls occur at (rapidly, moderately, slowly) moving cold
fronts. 35.

36. Tornadpes occur most characteristically associated with abrupt
(warm, cold} occluded) fronts. 36.

37. highest temperature in a tropical cyclone is found in the
(southwest sector, southeast sector, northwest sector, the calm center, the
outer portion). 37.

38. Tropical cyclones usually originate in latitudes (o° to 10°, 10° to
20°, 20° to 30°, 30° to 40°). 38.

39. Hurricanes recurye in latitudes (5° to 10° 10° to 15° 15° to
20°, 20° to 25°, 25° to'30°). 30

40. The rotation of the willy-willy is (clockwise, counterclockwise).
40.




CHAPTER IX
FOGS AND ICING CONDITIONS

I. CLASSIFICATION OF FOG

(Fog consists of saturated air contammg considerable condensed
vapor.D When the horizontal visibility is reduced to r100 yd. or less
due to the presence of water particles in the air, the phenomenon is
identified as fog. Fogs have been classified according to many differ-
ent criteria. In some cases, fogs are named after the localities where
they occur. Thus, there are California fogs, Grand Banks fogs, and
Arctic fogs. Again, fogs have been identified with other meteorological
processes so that there are land- and sea-breeze fogs and monsoon fogs.
Probably the most logical method of fog classification for scientific

purposes is the clasmﬁcatlon on the basis of fog-producing processes.
"The basic physical processes leading to fog formation are evaporation,
adiabatic and nonadiabatic cooling. In the following outline the more
common and less general fog types will be subclassified under the
class of fog-producing process which leads to their formation.

1. FOG TYPES

A. Fogs due to Evaporation, In meteorology, vapor pressure
refers exclusively to the pressure exerted by water vapor. CMole-
cules of water vapor exert a pressure as s they escape from the
surface of the free liquid) After escaping into the air they exert
a pressure which is propgrtional to the number of them present.
Since the amount of water vapor that can be contained in a given
volume of air increases with the air temperature, the vapor pres-
sure also becomes greater at higher_ temperatures. The tendency
for molecules to escape from a liquid increases with a rise in the
temperature of the liquid. Thus, the vaporization tendency is
from warm liquids into cold air. (‘This process will continue after
the air has become saturated if the vapor pressure of the saturated
cold air is less than the vapor pressure of the warm liquid, and
fogs will be formed) When the air above a liquid has a higher
temperature than the water surface over which it lies, fog cannot
be produced by evaporation processes.

1. Rain-areg and Frontal Fogr» Along both the warm and cold
fronts, warm air is being lifted over the discontinuity surface
above the cold air beneath. When precipitation takes place,
the raindrops formed will be warmer than the air through

1
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which they must fall in order to reach the ground. Inas-
much as the precipitated water droplets are warmer than
the air through which they are falling, evaporation will take
place from the falling moisture into the cold unsaturated air.
The cold air becomes saturated quickly but the evaporation
process continues. The moisture, evaporated after satura-
tion has taken place, immediately condenses thus forming
visible water particles or cloud. If this process is progressive
and turbulence is at a minimum, the cloud deck will build
down to the ground level and fog will be the result.

a. Prefrontal (Warm-front g. When the air in ad-

ST - Y .

vance of a warm front is stable, and the winds are not
too strong, an evaporation fog may be formed in the
manner just described. If the air is unstable, or strong
winds cause considerable turbulence, the same effect
may cause stratiform clouds to develop under the orig-
inal cloud layer formed along the discontinuity surface.
Prefrontal fog of this type is probable when Tropical
Maritime air overruns Polar Continental air in advance
of a slowly moving warm front.”

b. Postfrontal (Cold-front) Fog. Postfrontal fog re-
quires the same conditions for its formation as pre-
frontal (warm-front) fog. Extensive areas of post-
frontal fog only occur, however, when the cold front has
become quasi-stationary. (Unstable air masses follow-
ing cold fronts have cumuliform clouds associated with
them rather than fog.)

c. Evaporation-occlusion Fog. Since occlusions partake
of the characteristics of both warm and cold fronts,
evaporation fogs may be found associated with them
under the conditions described for prefrontal warm-
front and postfrontal cold-front fogs.

d. Rain-area Fog. When, for any reason, warm precipi-
tation falls through a cold, stable layer of air, evapora-
tion fog may be formed.

2. Steam Fogs. When cold, stable air overflows a water sur-

face several degrees warmer than itself, steam fogs are
formed. Since vapor pressures are proportional to the temper-
ature, a vapor-pressure gradient exists between the warm
water surface and the overlying air. When strong inversions
are present, such as might be expected in stable air, the up-
ward transport by convection or turbulence is minimized. As
a result, a relatively closed system is maintained near the
water surface. If, when saturated, the vapor pressure of
the air is still less than the vapor pressure of the water, then,
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as excess vaporization takes place from the water, conden-
sation will occur in the overlying air. This results in visible
moisture (steam fog) near the surface. In order for the
‘“steam” to concentrate sufficiently to form fog, there must
be strong pre-existing inversions and very light winds. On
clear nights, steam fog may form over inland lakes and
rivers in late fall before they are frozen. Such lake and
river steam fogs are especially prevalent along the Missis-
sippi and Ohio rivers at that time of year. In regions where
ice and open water coexist, conditions for the formation of
steam fog are particularly propitious because the ice cools
the air that comes in contact with it, which, in turn, flows
out over the warmer water causing steam fog. Hence, in
arctic regions, steam fogs have been named ‘‘arctic sea
smoke.” Extreme differences in temperature between the
sea and the air are favorable to the formation of steam fogs.
Instability, or strong winds, would distribute the condensed
moisture through too great a layer to permit it to concen-
trate sufficiently to result in fog. (Fig. 102)

light winds shight furbulence
—————

D
)
AN L el o | 3 beged— e s
\\t‘\\:Q\}\\\\\\ SR aorm “watecs- o e e e oTh waler
Cold air flows over warm water Vapor pressure of water s greater Waoter vapor condenses and forms

than that of air, 10 that evapora- steam fog
tion into cold arr takes place

Fig. 102. Steam fog.

B. Fogs due to Adiabatic Processes. Air, upon rising, cools adia-
batically., If the air has a high relative humidity very little up-
ward displacement may bring.about condensation. The conver-
gence of nearly saturated air, adjacent to slowly moving fronts
may thus bring about the formation of fog due to adiabatic cool-

ing.

Again, if air is forced to rise mechanically along a sloping

surface, condensation may occur in a similar manne:.

I.

Convergent Fog. Fog of this general type may be either
prefrontal or postfrontal since it may occur wherever the
air, near a front, is forced to ascend by convergence. It
may be associated with warm fronts, cold fronts or occlu-
sions. Unless the air adjacent to the front has a very high
relative Wme more probable than fog.
However, when stratus clouds do form they occur at a very
low level and represent nearly as great a hazard to aviation
as actual surface fog. A difference between the dew-point
temperature and the air temperature of only one degree
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Centigrade will result in the formation of stratus clouds at
about 500 ft. In some cases, the air is so near saturation
at the surface front that the degree of lifting necessary to
produce fog is negligible. The area of convergent fog and
low stratus formation is much broader in advance of the
warm front than in the rear of the cold front due to the dif-
ference in the degree of slope of the discontinuity surfaces.
Convergence may be aided by other processes, such as evapo-
ration and radiational cooling, in producing fog.

2. Upslope Fog. In regions where there is a gradual upslope
of the terrain, fogs are often formed as a result of adiabatic
cooling. Moderate winds will accelerate the formation of
upslope fog since the more rapid ascent will tend to neutral-
ize the effects of turbulent mixing, thus preventing the trans-
portation of heated air from the surface upward and neutral-
izing the adiabatic cooling eftect. If the winds become too
strong, however, only stratus clouds will be formed. Up-
slope fog may be dissipated by blowing out over very dry
country. Stable stratification of the air and high humidity
are favorable for the formation of upslope fog. Since upslope
fogs are formed within ascending currents of air along nat-
ural rising topography, they are usually deep fogs extending
through the entire moving layer. (Fig. 103)

ﬁ moust arwr
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Fig. 103. Upslope fog.

3. Isobaric and Isallobaric Fogs. Two theoretical fog-pro-
ducing influences are found, one in the flow of the air across
the isobars toward lower pressure at the surface in a low,
and the other in the gradual fall in pressure due to the move-
ment of lows. As air converges at an angle to the isobars of
a low-pressure system, the pressure is reduced, and the air
expands and cools very slightly adiabatically. In the case of
the isallobaric effect the air is allowed to expand as the
pressure falls due to the horizontal movement of the low, and
the air cools adiabatically. The isobaric effect is negligible,
and the isallobaric effect produces fogs in only rather rare
occasions when the relative humidity is very high and the
isallobaric gradient is steep without the winds also being too
strong. However, the possibility of these effects should be
considered since they may combine with other fog-producing
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tendencies so as to bring about fog as the product of a com-
posite action when none of the separate agencies are indi-
vidually strong enough to result in fog formation.

C. Fogs due to Nonadiabatic Processes. Cooling from an under-
lying surface is one of the primary causes of fog. Such cooling
may result when warm, moist air is displaced horizontally (advec-
tion) so that it comes in contact with a cold surface, or when
the surface already underlying the air cools by radiational
processes.

1. Advection-fog Types. Advection-fog types are caused by
the transport of warm, moist air over cold surfaces. They
are classified as follows:

a. Monsoon Fog. In some parts of the world there is
an upwelling of cold ocean currents along the coasts.
As the land heats during the day a pressure gradient is
formed from the sea to the land. Relatively warm,
moist air is drawn over the cold coastal ocean current by
the onshore gradient, and fog may result. Fog formed
in this manner will usually be rapidly dissipated as it
comes ashore over the warm land. Monsoon fog may
never be expected in very low latitudes or in high lati-
tudes. In the former, the temperature gradient be-
tween the coast and the sea is too slight and, in the
latter, the specific humidity of the air is too low.

b. Wg. During the summer
months warm, moist air may be carried out over the
relatively cool sea surface. Condensation may occur
over the cool sea surface and the resulting fog may be
brought inland during the afternoon by the returning
sea breeze. When the winds are moderate, or strong,
only stratus clouds may form because of the Lurﬁ[eT.c—
rhaintaining a strong lapse rate in the lower levels over
the sea. (When the winds are light a dense fog may
form as the air travels seaward,/ In cases when the
pressure gradient is weak a gentle onshore wind may
persist for several days causing a prolonged fog. Land-
and sea-breeze fogs are coastal phenomena. They may
also occur where there are large inland bodies of water
such as along the shores of the Great Lakes where they
are called shore- and lake-breeze fogs. (Fig. 104)

warm west \'rwd — @——— 3ea breeze — wind
o m Q r,
ar
fog T
o %—; oy N b @g

WnO vund caures worm air A-r u cooled from below Foq rests over water unhl sea Foq rests over land
fo flow over cool water. ond fog results breeze couses o to flow landward

Fig. 104. Land- and sea-breeze fog.
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c. Sea Fog. When warm, moist air passes over cold

ocean currents, condensation results and sea fogs are
formed. Sea fog is often carried inland. Such fog will
be more persistent in higher winds if the temperature
difference between the wind and the ocean current over
which it is passing is great. Turbulence will dissipate
the fog near the surface and cause the formation of a
layer of stratus clouds_ by carrying warm air downward
Lro_m_ aloft. Sea fog is not merely a coastal-type fog.
It may be formed anywhere over the sea if ocean cur-
rents with contrasting temperatures are adjacent to
each other. Sea fogs are very prevalent off the north-
ern California coast and over the Grand Banks.

. Tropical-air Fog. (As tropical air moves from lower
to higher latitudes the gradual cooling, due to latitudi-

nal displacement, may result in fog formation? This is
one of the most common fogs found over the open sea
Over the land, turbulence may produce enougﬁl mixing
to prevent such condensation near the ground. The
low stratus clouds that result are hazardous to aviation
as they may form practically instantaneously over a
large area within the air mass. Tropical-air-type fogs
may also be formed in returning polar air as it enters
the circulation of the Azores High and is brought north-
ward from southern latitudes. This fog type will form
more readily in winter than in summer. (‘Tropical-air
fog may be maintained in strong winds due to the air’s
inherent stability in the lower levels, as well as its

increasing stability as it moves to progresswely colder

reglons T

Radlatxon _Types, Fogs of this type are caused by the
coorm surfaces by radiation. The layer of air in contact
with such surfaces has its temperature lowered by conduc-
tion and condensation often results.

a. Ground Fog. When the wind velocity decreases in the
~———

evening, as it normally does, conditions become favor-
able for the formation of ground fog. As the ground
cools by radiation, the lower layers of air are cooled
by conduction. Lack of strong turbulence, initial, high.
r;;,tlve humxdlty, rclea.r skies, ggd@lsta_ﬁ or increas-
ing humldlty along the vértical in the Tower layers rep-
resent favorable conditions for the formation of ground

fog. Cloudless skies and lack of turbulence are most
characteristic of anticyclones during the colder seasons.
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When maritime air stagnates over continental areas in
fall, winter or early spring, radiation ground fog will
form. Clouded skies reduce the probability of ground
fog because of their counterradiation effect. Radiation
ground fog forms first in low places due to katabatic
wind drainage. Subsidence in the upper layers of the
atmosphere dissipates the clouds and permits free radi-
ation of surface heat into space, thus increasing radi-
ation-fog possibilities.

b. High-inversion Fog. This is a type of radiation fog.

W\

ANVl

== :srﬁﬁs is@?’:’)

As the result of long-continued net loss of heat by radi-
ation over continental areas during the winter, dense
fogs may be formed. During the day, the surface may
be heated enough to dissipate the fog leaving low
stratus clouds. At night, with further radiational cool-
ing of the ground, fog reforms. When subsidence, as in
a stagnated anticyclone, occurs over an area where the
above conditions are favorable, a fog of several days’
duration may result. In a region of anticyclonic activ-
ity, inversions, which are first formed by surface cool-
ing, are intensified by subsidence and radiation_from
the upper surface. Below the upper air inversion the
lapse rates may become rather steep. As a result, dust
particles and hygroscopic nuclei may be carried aloft
to the base of the inversion where they serve as nuclei
for condensation. Due to the fact that the specific
humidity is fairly constant through the lower layers,
while the temperature decreases aloft, the relative hu-
midily increases up to the base of the upper-air inver-
sion. Hence, high inversion fog will usually first be
formed at the base of the inversion. (Fig. 105)

LAPSE RATES

\ / Low relative humidity alofh.
" space through aup,,
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TEMPERATURE ey TEMPERATURE commmemenpe

Fig. 105. High-inversion fog.
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c. Ice-crystal Fogss» Over cold continents the tempera-
ture may drop low enough so that the water vapor of
the air sublimates on sublimation nuclei. Since only
a small amount of water vapor is required to produce
ice crystals in sufficient size and number to reduce the
visibility below the fog limit, ice-crystal fogs often
form when the temperature falls to — 20° C. and lower.
Ice-crystal fog, in contrast to water fogs, are not dis-
sipated over snow-covered ground. Fog of this type
may be observed at temperatures as high as — 10° C.
but the greatest frequency occurs at lower temperatures.

I11. FOG-DISSIPATING PROCESSES

Fog formation is dependent upon whether or not the fog-producing
processes outweigh the fog-dissipating processes. Thus, if any accu-
racy is to be maintained in fog forecasting, the fog-dissipating proc-
esses must be given full consideration.

A. Sublimation or Condensation on Snow-covered Surfaces. Fog
can only persist over the snow when the air is steadily cooled and
there is a sufficient downward flux of moisture from overlying
layers to compensate for the loss of moisture caused by con-
densation on the snow. This condensation effect takes place
because of the snow’s low vapor pressure. Since the air loses its
moisture to the snow surface, its relative humidity is constantly
reduced and condensation in the air is minimized; therefore, fog
formation is prevented.( As the temperature of snow-covered
surfaces decreases, the vapor pressure of the snow decreases and
the fog-dissipating effect becomes stronger until the, temperature
is finally reached for the formation of ice-crystal fogs> Such fogs,
since they are formed by sublimation processes, are not dis-
sipated by the snow effect./'As the temperature falls below o° C.
the tendency for condensation of water-vapor fogs on the snow
increases, while above 0° C. the melting snow has a dissipating
effect on fog; hence, the highest frequency of fog over snow-
covered ground occurs in spring when the air temperature is close
to o° C.) As the diurnal temperature range of cold air is very
low a fog will not form over a snow-covered surface due to noc-
turnal cooling ‘alone.

B. Fog-dissipation due to Absorption of Radiation. One of the
major causes of the dissolution of fog is the absorption of radia-
tion by the fog itself, or by the underlying surface which then
reradiates the energy and dispels the fog. Thus, radiation
ground fog is soon dissolved when the sun rises and begins to
heat the air at the surface.

C. Fog-dissipation by Advection and Vertical Mixing. The advec-
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Fig. 106a and b. Some characteristic fogs in the United States and
the seasons of their greatest prevalence.
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tion of cold air containing fog over warmer surfaces often results
in the fog’s dissolution. In addition, as indicated in the previous
discussion, vertical mixing is one of the most important fog-dis-
sipating processes. This is accomplished by the modification,
or destruction, of the ground inversion by the flux of warmer air
from aloft and, also, by the thinning of the fog due to its dis-
tribution through a deeper layer of air.

D. Minor Fog-dissipating Processes. Fog may be dissipated, to
some extent, by adiabatic heating due to downslope motion, flux
of air across the isobars to higher pressure, and rising pressure.

IV. FOGS IN THE UNITED STATES (Fig. 106 A and B)

Locale Predominating Fog Secondary Fogs

Land- and sea- Continental radiation
breeze warm-front fogs

New England

North Pacific Coast

Appalachian
Valleys

Pacific Coast
Valleys
California Coast

Middle Atlantic
Coast

Great Lakes
Region

South Atlantic and

Gulf Coasts

Atlantic Coastal
Plain

Great Plains
Middle Valley

Tropical-air fogs

Radiation fogs

High-inversion
fogs

Sea fogs
Sea fogs

Land- and lake-
breeze fogs

Sea fogs

Ground fogs

Upslope fogs
Radiation fogs

Sea fogs

Prefrontal warm-front
Shallow ground fogs

Radiation fogs

Radiation and pre-
frontal types

Steam fogs over lakes
Radiation fogs on land

Radiation fogs

Upslope fogs

Radiation fogs
Frontal types

V. FORMATION OF ICE ON AIRCRAFT

One of the major hazards of winter flying has been the imminent
possibility of encountering icing conditions and being forced to land
under adverse circumstances. Like fogs, icing conditions are largely
dependent upon the influence of turbulence in determining their
severity. However, unlike fogs which are dissipated by severe tur-
bulence, the amount of icing is increased within turbulence clouds.
Cold air does not have a high moisture content. Hence, if condensa-
tion takes place only at the freezing level, the amount of moisture
available for ice formation will be limited. If, on the other hand,
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condensation occurs at a lower and warmer level more moisture will be
available than in the cold air aloft. When this condensed moisture is
carried aloft by severe turbulence to near the freezing level it is then
available for heavy ice formation by the processes which are to be
described.

A. Types of Ice. There are two predominant types of ice par-
ticularly dangerous to aviation. Clear ice js formed when large,
supercooled, liquid drops are ruptured by impact with the air-
craft and flow back over the surface where freezing produces a
uniform layer of transparent ice. This type is very tenacious
and, since it is nonporous, it is also very heavy. It does not
interfere with the aerodynamic characteristics of airfoils as much
as rime ice, the other type, but it is more difficult to dislodge and
rapidly adds prohibitive weights. Rime ice is formed when tiny
droplets freeze without complete rupture. The texture is granu-
lar and pure rime ice is a white, opaque solid. Ice of this type
builds up along the leading edges of the airfoils and tends to
destroy their aerodynamic effectiveness. Due to its granular
structure it is more easily removed than clear ice.

” 1. Glaze, (Clear Ice). This is a transparent, or translucent,
coating of ice which characteristically forms within dense
clouds consisting of large, supercooled drops. Inasmuch as
the drops from which glaze ice is formed are large, this type
of icing is found in convective clouds where the turbulent
currents are severe. Glaze ice may also be encountered over
the summit of hills where clouds are being maintained by
orographic lifting.

2. Rime. Opaque, white ice with a granular texture is called
rime ice. Its rough surface increases the drag on airfoils.
Airplanes_with heavy wing-loadjggwggqggd_
by the formation of ice of this type. Rime ice may be
formed within filmy clouds consisting of small supercooled
drops. Thus, stratus-type clouds will yield rime ice when
the temperature within them falls within the icing range,
since only mild vertical currents are found in stratus clouds
and the large droplets, necessary to form clear ice, could not
be supported.

3. Heavy, Clear Ice, This ice forms when an aircraft is flying
through a layer of the atmosphere the temperature of which
is below the freezing point, and through which rain is falling.
Obviously, the greatest danger from ice of this type is sudden
added weight. When ice is picked up under these conditions
immediate action should be taken to rectify the circum-

stance as the plane will very quickly become completely iced
and unflyable. Heavy, clear ice may consist of a mixture
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of glaze and rime ice in which case the aerodynamic charac-
teristics of the airfoils are also impaired by the accumula-
tion. Icing of this type is usually encountered in the cold
air in advance of a warm front in the late fall or early
spring, .

Frosf. There is little danger from frost formation while in
flight. However, since its presence may impede the take-off,
all frost should be removed prior to the take-off. Frost is
formed by direct sublimation upon the surface of the air-
craft. Thus, when an airplane has been flying in very cold
air and then enters a warmer, more moist stratum, frost may
form on its surface. Frost formed in this manner, however,
is of little consequence as it either rapidly blows or melts
away.

B. Conditions Conducive to Ice Formation.

I.

Temperature. When the temperature is between 34° F.
and 26° F. icing conditions are at their maximum, although
severe icing is possible throughout the entire range from
35° F.to 10° F. when other conditions are favorable. There
is always the possibility also of the presence of supercooled
water droplets that will freeze on contact at much lower
temperatures. At temperatures between -} 5° F. and
— 4° F. clouds tend to be formed of ice crystals. On the
other hand, water clouds have been found to exist with
supercooled water droplets at temperatures as low as
-—55° F. {When water exists at a temperature lower than
32° F. it is'in a very unstable state.")Any kind of disturb-
ance will tend to cause ice formation. Since 8o calories per
gram must be removed to produce freezing, some means
must be furnished to absorb this heat if freezing is to occur.
This change of state (water to ice) may be caused by:

a. Evaporation of Some of the Drops Due to Impact.
At o° C. there are 595 calories required to vaporize
one gram of water, while only 80 calories are liberated
when one gram of water changes to ice. Thus, the
vaporization of one gram of water will absorb enough
energy to cause the formation of over seven grams of
ice. The evaporation of about 12 per cent of an ice-
and-water mixture would be sufficient to freeze the
remaining 88 per cent. A

b. Impact with cold surfaces of the plane, which have
been cooled by aerodynamic reactions or passage
through the cold air, is an effective method by which
the heat liberated from ice formation is absorbed.
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When other conditions are favorable, ice will continue
to form as long as this latent heat can be dissipated.

2. Supercooled Droplets in Convective Clouds. The turbu-
lence in convective clouds may carry large drops of water
upward to freezing zones while they are being supercooled.
Conditions favorable to this phenomenon are characteristic
of cold fronts, orographic and cumulonimbus clouds.

3. Freezing Rain. Usually in advance of a warm front, rain
falling through cold air often freezes upon contacting a
moving plane. Icing of this type is extremely rapid.

4. Moist Snow Flakes. Partially melted snow may be quickly
changed to ice by contact with rapidly moving cold sur-
faces.

5. Visible Moisture below Freezing. Icing conditions are
likely whenever there is visible moisture at below-freezing
temperatures. As previously explained, conditions are most
favorable for icing between 35° F. to 10° F.

C. Conditions When Ice Formation Is Unlikely.

1. Very Low Temperatures. When flying through an air
mass which is far below freezing, ice formation is unlikely.

2. No Visible Water Vapor. If visible water vapor is not
present the air is usually too dry for serious icing dangers.

3. Air Masses Containing Frozen Particles. There is but lit-
tle risk of ice formation on aircraft in air masses where the
particles are already frozen. Such conditions are charac-
teristic of cirrus-type clouds.

D. Forecasting Ice Formation In order to make accurate fore-
casts of ice formation, detailed upper-air information should be
available. However, forecasts of possible icing conditions can
be made on the basis of certain other observations. Icing con-
ditions require the suspension of large quantities of liquid water
in the clouds. Since ascending air is necessary to accomplish
this suspension, icing conditions are to be expected when ascend-
ing air currents are to be found. Warm fronts and clouds formed
by orographic lifting are the most formidable producers of icing
conditions.

E. Summﬂof Dangers of Aircraft Icing.

1. Aemdynamxc Effects. Accumulation of ice on airfoils may
impair their aerodynamic effectiveness. In addition, the
drag of an airplane becomes greater after ice is formed
Increased drg_g tends to reduce speed, until eventually a
maximum of icing is reached, beyond which further flight
becomes impossible)

2. Increased Weight. Obviously, increased weight is dan-
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gerous to all types of aircraft. This is especially true of
aircraft already loaded to capacity.

Propeller Icing. Ice formation on propellers decreases
their effective thrust. In addition, the ice accumulation is
often not symmetrical. When more ice forms on one blade
than on the other the engine may become unbalanced and
dangerous vibration result.

Carburetor Icing. Because of the cooling inherent to pas-
sage through the carburetor venturi, and also because of
heat extraction from the carburetor caused by vaporization
of the fuel, carburetors are easily subject to icing. What
actually happens in an engine carburetor is that, under the
influence of these effects, air from the engine air-induction
system is cooled below its dew-point temperature and the
precipitated moisture freezes. Since the temperature of air
entering a carburetor may drop as much as 10° C. to 30° C.
the air need not have a high, initial relative humidity,
although a high relative humidity is conducive to carburetor
icing. Carburetor icing is combated by the use of carbu-
retor heaters.

. Mechanical Effects. Moving parts of aircraft such as
rudders, elevators, and ailerons may become restricted in

movement by ice accretion. Other parts that are interfered
with mechanically by ice accretion include the pitot-static
tubes used in connection with various flight instruments
such as the airspeed indicator. Radio antennae, and pilot’s
and bombardier’s windshields are also restricted in function
byicing. The icing of external fittings of flight instruments
represents a very serious threat to air safety if allowed to
continue since faulty readings may cause serious flight mis-
calculations. The icing of moving parts is usually not of
great importance since the aircraft will, in most cases, be
forced to the ground by ice accurpulation prior to the time
that the effect becomes noticeabler.l)

F. Methods for Avoiding Icing. An observance of the following

rules should enable a pilot to avoid icing conditions, or to extri-
cate himself when he finds that icing is taking place.
1. The thermometer should be watched at all times when

flying through cloud layers. If the critical temperatures for
icing are encountered it should be remembered that the
icing zone may extend through a maximum layer of about
8000 ft.

If the ice is encountered while flying through convective,
broken clouds the pilot should fly out of them and continue
to avoid them.
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3. Fly over orographic, hill clouds rather than through them.
If they extend to a high level an attempt should be made to
fly through them only at the higher levels unless the lower
altitudes are above freezing.

4. Remember that an aerodynamically clean plane can fly for
at least ten minutes through the icing conditions character-
istic of stratus-type clouds. Since stratus clouds with icing
usually occur at low levels this time interval should be suf-
ficient to enable the plane to clear the icing zone.

5. Keep alert for ice formation when flying over hills, in rain,
sleet or heavy. dense clouds if the temperature is within
the critical icing range.

6. If ice is encountered in flying through unbroken, or par-
tially broken cloud systems, the correct procedure is to
descend if it is known that there is sufficient clearance for
flying beneath the clouds, and that there is no freezing rain.
When over the ocean, or near the ocean, icing may often be
avoided by flying close to the ocean surface.
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Fig. 107. Icing conditions.

». When ice is encountered under the above conditions, but
it is known that there is not sufficient clearance under the
cloud, the procedure followed will depend on the type of
craft being flown. If the airplane has little reserve power an
attempt should be made to gain altitude as rapidly as pos-
sible. This may be successful in bringing the craft out of the
icing zone. If ice continues to accumulate, a course must
be set for the nearest available landing field before the plane
becomes unmanageable. When flying a plane with adequate
reserve power, the icing zone will undoubtedly be flown out
of by the above procedure. It should be remembered, how-
ever, that if the plane is rising along the discontinuity sur-



186 AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

face of a warm front, it will be very difficult to transverse the
icing zone quickly enough to avoid dangerous icing. In
climbing, then, the thermometer should be constantly
watched, and if the temperature does not seem to be falling
rapidly enough, reverse the plane’s direction and continue
to climb.

8. In all circumstances, if icing starts, the de-icing equipment
must be put into operation immediately and some positive
action must be taken to extricate the aircraft from the icing
zone. Indecision and delay often prove fatal. (Fig. 107)

TEST QUESTIONS ON FFOGS AND ICING CONDITIONS

, 1. Fogs are classified according to (size of particles, air temperature,
fog-producing processes, moisture of the air, fog-dissipating processes )
I.

2. Evaporation fogs are formed by vaporization into (warmer air than
the liquid water, colder air than the liquid water, air of the same temper-
ature as the liquid water). 2.

3. Vapor pressure (increases, remains the same, decreases) with a rise
in temperature. 3

4. Prefrontal fog is most often formed when the air in the cold sector
is (stable, neutrally stable, unstable). 4.

5. In the case of frontal fogs the precipitated moisture is (warmer
than, the same temperature as, colder than) the air through which it is
falling. 5.

6. (Strong, medium, weak) turbulence is conducive to the formation
of frontal fogs. 6 ——

7. Steam fogs usually occur when there are (strong, medium, negative)
lapse rates. 7.

8. Steam fogs will occur when the vapor pressure of the overlying
air is (higher than, the same as, lower than) that of the water over which
it is lying. 8.

9. Steam fogs are (always, sometimes, never) found in arctic regions.

9.
10. (Extreme, slight, medium) differences between the air and the

water surface are conducive to the formation of steam fogs.
10.

11. Rain-area fog is caused by (evaporation, adiabatic processes, non-
adiabatic processes). II.

12. Adiabatic fogs will occur when the air has a (high, low, medium)
initial relative humidity. 12,
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13. Isobaric and isallobaric fogs are both caused by (evaporation, adia-
batic processes, nonadiabatic processes). 13.
14. Upslope fogs arc usually (shallow, medium, dcep) fogs.
14.

15. Upslope fog may have its formation accelerated by (high temper-
atures, low humidity, strong winds, rough terrain, moderate winds).

15.
?]/16. Convergence at fronts will in most cases produce (fog, low stratus,
1igh stratus, clearing conditions). 16. -—

17. Advection refers to (horizontal, vertical, angular) movement of
air, 17.

18. Isobaric and isallobaric processes (often, seldom) produce fogs as
solitary effects. 18.

19. Cooling from an underlying surface is a(n) (adiabatic, nonadiabatic,
vaporization) process. 19, ——

20. One of the following fogs (prefrontal occlusion, convergent, mon-
soon, upslope, isallobaric) is produced by nonadiabatic processes.
20.

21. Monsaon fog characteristically occurs in (high, ml‘c(ldle, low) lati-
tudes. 2I. —
22. Land- and sea-breeze fogs form when the winds are (high, moder-
ate, light). 220
v/ ..
23. Sea fog is a(n) (radiation, advection, vaporization) type fog.
23.
V4
24. Tropical-air fog is more often found over the (land, sea).
24.
25. The air in which tropical-air fog is found becomes (more, remains
the same, less) stable as it moves to higher latitudes. 25—
26. Radiation-type fog is a(n) (evaporation, adiabatic, nonadiabatic)
type. 26.

27. Radiation fog is formed most often on (overcast days, cleal"/ days,
overcast nights, clear nights). 27.

28. Ground fog is formed when the humidity (increases, decreases)
along the vertical. 28.

29. Radiation fog occurs most characteristically in (contine{tal, dry,
polar, maritime) air masses. 29 —

30. In the case of high-inversion fog the inversion usually (extends to
the ground, is a subsidence inversion aloft). 30.

31. High-inversion fog forms first at (the ground, the base of the inver-
sion, intermediate levels). 31.
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32. Ice-crystal fog forms when the air has a (high, low, medium) spe-

cific humidity. 32.

33. Fog formation is (accelerated, retarded) over snow-covered ground
at temperatures below freezing. 33.

34. Name four main fog-dissipating processes. 34.

35. Icing conditions are (increased, decreased, remain the same) with
turbulence. 35.

36. Name the two main icing types. 36.

37. List the temperature range most conducive to icing.
37—

38. The most adhesive ice type is (glaze, rime, heavy clear ice, frost).
38.

39. List four conditions conducive to icing. 39.

40. List three conditions when icing is unlikely. 40.




CHAPTER X
WEATHER MAP ANALYSIS AND FORECASTING

I. ANALYSIS OF THE WEATHER MAP

The synoptic chart has entered upon its surface, in coded form, a
large number of observations taken simultaneously at many stations
all over the continent and from ships in the adjacent oceans. The
meteorologist’s task is to interpret the information encoded on the
map by some consistent method of analysis and then to issue a fore-
cast based upon this analysis, comparison of past trends, and scien-
tific interpretation of future possibilities. The analysis includes an
evaluation of the encoded data so that observational and personal
errors may be anticipated and corrected as their incongruities become
apparent. The analysis should be consistent with the actual reported
weather conditions, as well as with the principles of air-mass and
frontal analysis. Careful study should be given to all data available,
such as upper-air wind charts, pseudo-adiabatic diagrams, isentropic
charts and previous synoptic charts, preceding and during the actual
analysis of the current synoptic chart. Fronts should only be drawn
on the chart when there is definite evidence of their presence, and when
they are consistent with the principles of air-mass analysis. Fronts
drawn on the chart merely on the basis of wind shifts, or some other
solitary determining factor, are not only valueless but are often
extremely misleading.

I1. DRAWING ISOBARS

The isobars, since they are lines drawn between points of equal
pressure, give a definite pattern of the pressure system and indicate
paths of major air flow. Because of their importance to the analysis
they should be drawn with special care. Isobars are, in most cases,
drawn for every 3-mb change in pressure for pressures divisible by
three. For example, 999 mb which is encoded on the synoptic chart
as 9go (the first figure or first two figures for pressures above 1000 are
dropped and a place is added for tenths of a millibar) might be the
first isobar drawn for a low-pressure area. The next. isobar would be
for 1002 (encoded as 020). Isobars are drawn with a lead pencil of
medium hardness. It is a good practice to draw them lightly in the
vicinity of fronts where there is some uncertainty. In other than

189



190 AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

frontal positions the isobars may be drawn in full. When drawing
isobars the analyst should start where the analysis is the simplest. In
the United States, the most desirable place to start the analysis is
usually the central part of the country. The first isobars on the map
should never be drawn in the Rocky Mountain region, due to the
fact that barometric reports are in many cases erratic in that area.

A. Preliminary Methods. After sketching in the probable fronts
as previously described in Chapter VII, the chart is surveyed and
high- and low-pressure centers are noted. The first isobar for
both highest and lowest pressures is then drawn. If there is any
doubt as to the nature of the pressure field it is good practice
to cover the chart with an isobaric skeleton before sketching in
the permanent isobars.

B. Placing of Isobars. Be sure that pressures on one side of an
isobar are always above, and on the other side that they are al-
ways below that of the isobar. For example, the isobar for 1020
mb may pass between two stations one of which is 1org mb and
the other 1020.7 mb. It is not necessary to take proportional
parts to establish the path of an isobar between stations except
when the stations are far apart and it becomes necessary to pass
several isobars between them. See the example given below.
(Fig. 108)

207, om O|64
°'°° Otes
0190 'Oo78
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Mdhod of running lwbor: ore
nobars bﬂnc: stotions. interpolated
s indicoted cbove n this area

Fig. 108. Placing of isobars.

C. Intervals between Isobars. The pressures on consecutive iso-
bars always differ by the same standard interval (3 mb) except
at a col where they have the same value in the direction across
the col. For example, two 1011 isobars may be drawn side by
side as in the illustration. (Fig. 109) In this case each of the
1011 isobars partakes of the circulation of different sys-
tems.

D. Isobars and Wind. In accordance with Buys-Ballot’s law, iso-
bars should be drawn to fit the winds as nearly as possible.
There should be an allowance made for a slight flow across the
isobars from high pressure to low. This flow amounts to about
35 degrees over the land and 20 degrees over the ocean. Except
where they occur over mountains, steep pressure gradients will
have smooth isobars. The stronger the flow of air, the smoother
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the isobars should be drawn. When the pressure gradient is at
a minimum as over “flat” summer maps, irregular isobars may
actually occur. To test the validity of such irregularities inter-
mediate isobars may be drawn to see if the original irregularity
is substantiated. In the summer, such variances may indicate a
possible thunderstorm area.
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with a Pressure Divisible by 3.

Fig. 109. Intervals between isobars.

E. Nature of Isobars. Tsobars must always be either simple,
curved lines with loose ends at edges of chart, or simple, closed
curves. Isobars are left open at the sides, top and bottom of
charts because of insufficient data to warrant their closing. (Fig.
110)

Insufficient dota to warrant
completion of 1sobars n
these reqions

+

)%
Fig. 110. Synoptic chart showing open isobars at sides and top
of map, and closed systems in interior.

F. Closing of Isobars. Isobars must never touch or cross, except
when two ends of the same isobar join to make a closed curve.
(Fig. 111)
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1011 mb Oﬁ

(011 mb 1011 mb
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Fig. 111. Closing of isobars.

G. Smoothing of Isobars; Eliminating Errors. Simple isobars are
much more probable than complicated isobars. Certain errors,
inherent to pressure reports, often make the path of isobars un-
necessarily complicated. In such cases, an understanding of the
sources of probable error will aid in smoothing out the isobars.

(Fig. 112)
5

o2 %//% %

10080 mb
010 mb 16140 mb

Fig. 112. Method of smoothing isobars.

Dotted lines are isobars before smoothing. Solid lines represent the isobars
after meaningless irregularities have been eliminated by smoothing.

1. Personal Errors. If you suspect personal errors it is good
practice to compare the present station reading with a
previous station reading. Errors will become recognizable
as not being consistent with the barometric tendency. If
such personal errors are confirmed in this manner the pres-
sure report for that station may be crossed out and dis-
regarded. Irregularities that show no systematic arrange-
ment should be smoothed out.

2. Errors of Reduction to Sea Level. These errors may be
detected at stations of considerable altitude. Errors of this
type increase with the departure of the air temperature
from the mean temperature used for reduction purposes.
Stations over 1500-ft. altitude can seldom be relied upon
for pressure reports.

3. Errors of Ship Reports. Many apparent errors in ship
reports are due to errors in reporting the position of the
ship. Often if the report is moved 5° or 10° either in lati-
tude or longitude it will be in agreement with the pressure
system.
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H. [sobars at Fronts. Isobars in the vicinity of fronts should be
drawn so as to bring out the frontal discontinuity in the hori-
zontal pressure gradient. Hence, correct isobars should always
be V-shaped a with the point of the V pointing toward
The high pressure. A shearing motion is one of the fundamental
propertiés of Tronts. If there were no kinks in the isobars at
fronts, there would be no shearing motion. Isobars in warm
sectors are usually almost straight lines. Isobars in the cold air
are curved, with curvature decreasing toward the warm front.
As fronts must always be situated in the pressure trough, they
must be situated nearest the station which has the lowest pres-

sure. (Fig. 113) )

SECTOR

Fig. 113. Isobars at fronts.

1. TIsobars—Insufficient Reports. Isobars should be drawn first in
those areas where the analysis is simplest. At sea, the isobars
should first be drawn where the observations are most numerous
and the winds are the strongest. (Fig. 114)

Fig. 114. Drawing isobars in regions of insufficient reports.

In Fig. 114 the pressure field should be first constructed around

stations C, D, E and F and, finally, around A and B.

J. Sketching Isobars. Isobars should be drawn in with a firm,
smooth freehand stroke. When isobars are drawn in this man-
ner, providing they are technically correct, a good useful picture
of the pressure system is obtained.
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III. METHODS OF INDICATING VARIOUS PHENOMENA
ON THE WEATHER MAP
A. Fronts and Precipitation Areas.

1. Fronts.
ON ON PRINTED
TYPES OF FRONTS HAND-DRAWN CHARTS CHARTS
Cold Front ot the Ground Cogtinuous Blue Line b e o
Upper-oir Cold Front Broken Blue Line Vo
Warm Front ot the Ground Continuous Red Line [ vV WV ¥ 3
Upper-air Warm Front Broken Red Line anmon
Occluded Front Continuous Purple Line [ vV VY VN
Upper air Occluded Front Broken Purple Line [aVAVa VAV VaN
Indishinct Front Dotted Line 000000000000
Stationary Front Alternate Red & Blue Lines
2. DPrecipitation Areas.
Area of continuous precipitation Solid green shading.
“  “ intermittent « Green hatching.
“ «“ fog Light red shading.
“ ¢« showers Green shower symbnls over
area.
“ ¢ thunderstorms Green thunderstorm symbols
over area.
«  « drifting snow Green drifting snow symbols
over, area.
“ «“ drizzle Green drizzle symbols over
area.
“ ¢« dust Green dust symbols over
area.

B. Designation of Air Masses. The various symbols for air-mass
designation have been given in a previous table. On working
charts, these air masses have, in addition, the following color
designations. Air from arctic or polar sources is marked in blue.
Air from tropical or equatorial sources is marked in red.

IV. SUMMARY OF STEPS INVOLVED IN PREPARING THE
SYNOPTIC WEATHER CHART

A. All station entries are first made on the map.

B. At least two of the previous maps are posted for comparison
of historical sequence.

C. After surveying pressure systems of the preceding maps, the
pressure centers of the current map should be located. The first
isobar for each system so located is then drawn lightly on the
map.

D. Precipitation and fog areas should be shaded as they serve to
give clews as to the location of fronts.

E. On the basis of probable movement from previous positions
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and the general characteristics, the fronts should be sketched in
lightly. In locating and placing the fronts, and in forecasting
their probable movement and resulting weather, all types of data
available should be employed.

F. The pressure systems should then be completed by drawing all
remaining isobars.

G. The pressure at the centers of highs and lows is marked at those
points, The symbols should indicate the approximate axis of
the pressure system. Highs are identified with a blue H and
lows with a red L. Arrows in black ink are used to predict
the movement and future positions of pressure centers and fronts.
(Fig. 115)

6Tw

Fig. 115. Method of marking the centers of highs and lows and
indicating probable movement for a twelve-hour period.

H. Air masses are marked with appropriate symbols and colors.
Arrows are employed to indicate the path of flow of the air
masses.

V. FORECASTING

The commercial product of the science of meteorology is forecast-
ing. At the present time forecasting is not truly a scientific procedure.
Too many unpredictable variables must enter into every forecasting
event to enable the forecaster to make any true claim for scientific
accuracy. Nevertheless, the scientific method is now being used with
gratifying results in prognosticating the illimitable vagaries of the
weather. Considerable progress has been made since the time of the
quaint, little “sure forecast.” A little statue of a donkey with a rope
tail was exposed to the weather. The following legend was inscribed
on a placard under it.

Iftaill isdry ....ooovviient. Fair
If tail iswet ................. Rain
If tail is swinging ............ Windy
If tail is wet and swinging ....Stormy
If tail is frozen .............. Cold

If tail is missing ............. Hurricane
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A. General Forecasting Method.

I.

Construct a weather chart and analyze its various features.
In the analysis and forecast all the data, science and
experience available to the forecaster should be uti-
lized.

Project this analysis into the future so as to prognosticate
future changes in the present weather. Maintain an alert-
ness to all indications both local and synoptic so as to keep
your finger on the pulse of weather developments. A good
forecaster does not try to make his forecast with the shades
drawn.

Make a complete analysis of irregularities and variances
from your actual forecast. Make a sincere attempt to trace
the source of your error so as to avoid a repetition of the
error under similar circumstances. This is known as “after-
casting.” Constant aftercasting enables the forecaster to
gain experience and avoid repeating errors.

Check teletype sequence reports for the development, path
and movement of pressure areas and storm centers. Tele-
type sequences are more recent than the map and they will
help keep the weather-map analysis up to the minute. Spe-
cial phenomena such as thunderstorms may be followed by
sequence reports.

Check surface observations with upper-air data. No aid
should ever be overlooked. The system of analysis being
used is air-mass and frontal analysis, so it must be re-
membered that there cannot be a legitimate front unless
there is a change in the air mass. Hence, all data available
should first be utilized to identify the air masses.

. The type of weather to be expected in connection with

frontal areas is dependent upon the nature of the interacting
air masses. All warm fronts will not be characterized by
continuous light to moderate rain nor all cold fronts by
showers.

Special attention should be given to the topography of the
section for which the forecast is being made. Mountain
barriers often act as boundaries for cold air masses and
serve to desiccate other air masses as they pass over them.
In addition, the lee sides of high mountain ranges often
serve as areas of frontogenesis.

. The general circulation is important in determining the

prevailing weather type over many areas. For example,
along the Pacific Coast of the United States, Tropical Mari-
time air cannot move ashore when the Pacific anticyclone is
located offshore.
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9. The forecaster should examine all frontal areas on every
map since fronts may change character from one map to
the next. A portion of a cold front may develop warm-front
characteristics when waves form along the front.

10. At all times a close study should be made to determine
signs of frontogenesis, frontolysis and other dynamic phe-
nomena apt to have a variant effect on the natural pro-
gression of weather events.

B. General Types of Forecast.

1. General Inference. A general description of the pressure
distribution and position of fronts is made. This is fol-
lowed by the probable movements and developments for a
period of 24 hours or more.

Example of General Inference: Polar Continental air ex-
tends over the North Atlantic states and as far west
as Detroit. Polar Pacific air covers the South Central
states and Tropical Gulf air is over the Mississippi
Valley region. An occluded front passed over the
station during the night, while a warm front is now
moving at a moderate speed up over South Carolina
and should pass over this station early tomorrow
morning. A cold front now extends southward from
Chicago to northern Texas; it is expected to move
northeastward and probably extend from central Maine
south-southwestward along the Atlantic Coast by noon
tomorrow.

2. Area Forecasts. In this type of forecast the general indi-
cations of flying conditions to be expected over substantial
area, with little attention to detail, are considered.

3. Local Forecasts. Local forecasts are detailed prognostica-
tions of the anticipated conditions in the immediate vicinity
of a flying center for periods of 12, 24 or 36 hours.

An Example of a Local Forecast:

Today until 1800

Flying Conditions State of Weather Surface Winds  Temp.
Good Partly cloudy N.W. 5 to 10 Max.
m.p.h. 60° F.

Detailed Forecast: Partly cloudy sky with decreasing low and inter-
mediate cloudiness. Northerly surface winds averaging 8 m.p.h.
with gusts to 12 m.p.h. Fair visibility and good flying weather.
Little change in temperature.

The above would normally be followed by detailed
forecasts for the following two 12-hour periods.
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4. Route Forecasts. Route forecasts are for anticipated con-
ditions along a specific route for the duration of a particular
flight. Cross-section maps are usually issued for route
forecasts.

C. The Rules of General Inference. Many different types of rules
have been written to facilitate forecasting procedure. Rules of
an empirical nature are always developed by the forecaster for
use in the vicinity of his forecast area. In many cases these local
empirical rules have been enlarged upon in an attempt to antici-
pate major weather changes. Empirical rules are often of doubt-
ful value since, while they may be true for one set of circum-
stances, they may be incorrect for another slightly different
combination. TInasmuch as the scientific background for such
empirical rules is not fully understood they are not adaptable.
On the other hand, Petterssen and other dynamic meteorologists,
such as Brunt and Sir Napier Shaw, have mathematically de-
rived various formulas which may be applied to the field of
pressure. Because these formulas are actually based on the
kinematical and dynamical properties of the field of pressure,
rules derived from them are objective and adaptable. In the
following summary the rules derived from the use of the formulas
will be given, along with the more valid of empirical rules. For
the derivation and statement of the formula in full, the student is
referred to Petterssen’s Weather Analysis and Forecasting (Mc-
Graw-Hill Book Co.), and Taylor’s Aeronautical Meteorology
(Pitman Publishing Corp.).

1. Movement of Pressure Systems. The movement of a
pressure system (high or low) is strongly influenced by its
pressure tendency. Lows travel at varying speeds as they
deepen (pressure falls) and occlude. The high-pressure
areas are also influenced by their deepening or filling (pres-
sure rises) processes.

Lows

a. An occluded depression moves slowly, or is stationary.

b. All depressions move roughly parallel with the line
joining the largest negative tendencies.

c. Depressions are stationary if the pressure changes are
symmetrical with respect to the center.

d. Depressions tend to move in the direction of the upper
winds at 10,000 ft. or above near the center of the
depression.

e. Lows tend to follow the record of previous days (his-
torical sequence). Lows tend to move toward regions
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of greatest rainfall during the preceding 24 hours, also
the areas of highest dew point and least wind velocities.

f. Secondary depressions tend to move in the direction of
the circulation around their primary.

g. Depressions tend to move around large anticyclones
in the same direction as the circulation of the anti-
cyclonic winds.

h. Lows, on an average, travel about 600 miles in a 24-
hour period. They are faster in winter than in the
summer. They travel faster across the Northern
States.

i. Northwest storms that move southeastward usually
gather intensity upon recurving to the northward. At
time of recurving their movement may be slow.

j. Lows with isobars closely crowded on the west and
northwest generally move slowly to the east or south-
east. Precipitation and high winds will be maintained
unusually long in the western and northern sec-
tions.

k. Lows with closely crowded south and southeast quad-
rants tend to move rapidly northeastward. The weather
may clear quickly after the passage of such a storm
center.

1. A young cyclone will move parallel to the direction of
the isobars in the warm sector.

m. The trajectory of a cyclone tends to curve from right
to left after occlusion in the Northern Hemisphere.

n. Until occlusion occurs, the rate of movement of a low
increases.

o. After occlusion the speed of a low decreases until the
maximum deepening of the center takes place.

p- A fast stable wave will move faster than an occlud-
ing low.

q. Cyclones are accelerated when the isallobaric profile is
curved antxcyclomcally. They are retarded when the
“Tsallobaric proﬁle is curved cyclonically.

Highs

a. An anticyclone separating successive depressions of a
family will tend to move with the depressions.

b. An anticyclone that forms in an outbreak of polar air
behind a cold front will move with the mass of cold air.
This movement is generally toward lower altitudes.

¢. Warm highs tend to move slowly or become stationary.
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d. Highs move toward the greatest positive pressure
tendencies.

e. Highs move faster in winter and have a greater tend-
ency to turn southward while crossing the central
valleys of the United States.

Pressure Centers in General

& The velocity of a pressure center increases as the
isallobaric gradient increases, and decreases as the
isobaric gradient decreases.

b. When the pressure center is flat and the isallobaric
gradient is strong the center will move rapidly.
. Oblong pressure centers will generally move along the
longer symmetry axis.
d. A pressure center moves normal to the isallobar run-
ning through its center.

. Development of Disturbances—Deepening and Filling.

a. Frontal waves may appear on sufficiently sharply de-
fined and extended frontal occlusions.

b. Newly formed disturbances are to be expected in the
zone through which the main front passes.

c. A region of negative tendencies in one place along a
main front is one of the first signs of the appearance of
a new cyclone. The development period of a young
cyclone is about 24 hours.

d. With the narrowing of the warm sector a disturbance
deepens until occlusion takes place.

e. If the air is conditionally unstable in the warm sector
the cyclone will deepen.

f. If fresh, cold air intrudes into a filling depression it

will start to deepen again.

. Lows deepen with an increase in the instability of the
surrounding air masses. In winter, a low will deepen
when passing over the ocean from the land. In the
summer, deepening will take place when the low passes
from ocean to land.

h. Newly formed frontal depressions deepen slowly at
first, then rapidly until partly occluded after which
deepening is slow.

i. A fully occluded depression rarely deepens; it may fill
up slowly or persist for several days.

j. Old depressions may fill up rapidly when new deepen-
ing lows move into their circulation.

[S]
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k. Two neighboring depressions seldom deepen at the
same time.

1. Lows are deepening if the pressure is falling all around
the center.

m. Lows are deepening if the rate of fall on one side is
greater than the rate of rise on the other.

n. Lows are filling if pressure is rising all arouhd the
center.

o. Lows are filling if the rate of rise is greater on one
side than the rate of fall on the other.

p. The depth of a low will not change if the tendency is
zero all around the center, or if a fall on one side is
balanced by a rise on the other.

q. Warm-sector cyclones deepen at a constant rate which
is equal to the barometric tendency at the top of the
warm sector.

r. Symmetrical-wave cyclones occlude with a velocity
proportional to the warm-sector tendency.

s. Warm-sector cyclones deepen at an unaccelerated rate.

3. Evolution and Movement of Fronts.

a. Fronts tend to dissipate in anticyclonic regions
(frontolysis).

b. If the cold air lies to the left of the general air flow
the sharpness of a front increases.

c. If the cold air lies to the right of the general air flow
the front will tend to dissipate.

d. Fronts with warmer air in the cold air mass to the
north are short-lived.

e. A fast moving cold front soon dissipates.

1. Cold fronts upon approaching mountain ranges tend
to intensify.

g. Fronts may form within an air mass if one portion of
the air mass moves over a surface of contrasting thermal
characteristics (secondary fronts).

h. Fronts may form within air masses where orographic
phenomena cool the underlying air by precipitation
from above.

i. High elevations tend to retard fronts. The higher the
obstruction and the more shallow the height of the
frontal surface the greater the retardation.

j. Fast-moving cold fronts will pass over low obstruc-
tions without marked deformation.

k. Warm fronts usually move more slowly than cold
fronts,
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1. The velocity of a front increases with an increase
in the isallobaric tendency across the front and de-
creases with an increase in the barometric gradient
difference across the front.

4. Pressure Temperature Indications.

a. The barometer falls irregularly preceding a thunder-
storm.

b. Diurnal pressure changes must be considered in mak-
ing pressure estimates.

c. If pressure increases slowly after passage of a cold
front, it may indicate convergent conditions and con-
tinued poor weather.

d. Rapid rise in pressure and drop in temperature fol-
lowing a cold-front passage indicates clearing weather.

5. Temperature Forecasts.

a. Cold waves occur when passing low is east of a high
and if high has an oval form with the axis northeast-
southwest. The cold wave will be in the southeast
sector.

b. The pseudo-adiabatic chart may be used as described
elsewhere.

c. Diurnal and seasonal variations must be considered.
d. Air masses and their source regions must be consid-
ered. Stability of an air mass will influence heating.

e. Allowance must be made for the condition of the at-
mosphere (clear or overcast) to account for radiation
effects.

f. Wind direction, precipitation and pressure systems all
influence temperature. Frontal systems and their prob-
able influence must be considered.

6. Some Empirical Rules.

a. If a storm formed in the southwest is forced to the
left of its normal track, another storm will immediately
begin to develop in the southwest and it will be a sure
rain producer.

b. Storms that develop in the southwest and proceed
normally are usually followed by clearing weather.

c. Narrow, low-pressure troughs moving from the west
have storm centers developing in extreme northern and
southern ends.

d. Wide, low-pressure troughs often show the wide de-
velopment of an extensive storm area. This is espe-
cially true if the wide intervening area between highs
shows relatively high temperatures.

e. When the northern end of a trough moves eastward
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at a greater rate than the southern end the weather
will remain unsettled in the southwest and south. A
storm is likely to form southwest of the following high.

f. If the southern end of a trough moves faster than the
northern end, settled weather will follow.

g. East of the Rocky Mountains, a storm which moves
to the left of its normal track will increase in intensity.

h. If there are marked changes in temperature in the
northwest or southeast quadrants an increase in the
storm’s intensity can be expected.

i. If there is a high-pressure area over the southeast and
a cold wave develops in the northwest, a storm will
develop in the southwest and precipitation will be
general.

j. Lows that pass over the Gulf of Mexico deepen and
increase in storm intensity. Moist southeast winds
from off the south Atlantic will intensify lows moving
up the Atlantic seaboard from south to north.

k. Highs which separate a series of lows tend to go
southward.

1. High-pressure areas have a tendency to turn south
during the winter in the central valleys of the United
States.

m. Highs, in general, move with the same speed and in
the same direction as the frontal cyclones.

n. A gradual increase in temperature accompanying
southerly wind which precedes the appearance of a
front is generally an indication of possible stormy
weather.

D. Local Forecasts. )
1. Local Factors to Be Considered. In making a forecast
the following local factors must be given careful considera-
tion.

a. Wind.

(1) When the pressure gradient is the same, winds
from the sea will be stronger than winds from the
land.

(2) In forecasting winds the local sheltering effects
of high ground to the windward must be consid-
ered.

(3) Deviating effect of hills on wind direction.

(4) Katabatic effects.

(5) Funnel effects.

(6) Turbulence variations due to ground contour.

(7) Diurnal land and sea breezes.
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b. Precipitation.
(1) Intensification of general rain by orography.
(2) Tendency for thunderstorms to favor certain
regions.
(3) Coastal effects resulting in instability showers.
c. Clouds.
(1) At the coast, the effect of wind direction on tur-
bulence or convection clouds. (Fig. 116)
(2) Lowering of cloud base to the windward and
clearance to the lee of high ground.
(3) Turbulence differences and their effect on low
clouds.
(4) Orographic clouds over high ground. (Fig. 116)

Courtesy Lt.(j.g.) J. Dungan, U.S.N.
Fig. 116. Coastal clouds and orographic effects.

Altostratus, altocumulus (in foreground) and stratus (around base of moun-

tain). Worthy of particular notice is the elevation of the altostratus clou'd

sheet over hill in the right foreground. This is a fine example of an orographic
effect.

(5) Effect of differences between land and sea.

(6) Smoke effects as varied by wind direction.

(7) Nature of the ground as it affects radiation fog.

(8) The effect of local winds and clouds on the for-
mation of radiation fog.
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d. Temperature.

(1) Low-radiation temperatures in valleys.

(2) Effect of altitude.

(3) Land and sea differences.

(4) Radiation as affected by clouds.

(5) Possible fohn effects of high ground to the
windward.

2. Indications of Clouds.

a. Cirrus Clouds.

(1) Cirrus clouds arranged in bands indicate ap-
proaching warm front.

(2) If these clouds thicken and an altostratus sys-
tem appears, it is a good indication of an ap-
proaching warm front or occlusion and stormy
weather within 24 hours.

b. Cumulus Clouds.

(1) If cumulus clouds appear early in the morning
during the summer, showers may be expected dur-
ing the afternoon.

(2) If these cumulus clouds do not appear until late
in the morning, showers will be late in the after-
noon and light.

(3) If the vertical development of such cumulus
clouds is limited, little activity can be expected
(fair weather cumulus).

(4) Rain will rarely fall from cumulus clouds until
the upper portions of the clouds have reached the
freezing level. This state is indicated by the
visible formation of a filmy “ice mantel.” This
condition is known as the ice-crystal
stage.

3. Indications of the Wind.

a. If the wind exhibits a tendency to back into southerly
directions, it indicates the approach of a cold front.
An increase in velocity usually occurs with this
sign.

b. An indication of the intensity of the coming cold front
can usually be obtained from the velocity of the wind,
and the temperature and humidity of the air.

c. In northern latitudes the wind will generally shift
from south or southwest to north or northwest with
the passage of cold fronts.

d. With the passage of warm fronts in northern lati-
tudes the wind shift is from southeast or south to south
or southwest.
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4. Indications of Possible Thunderstorms.

a. Highly humid, warm weather, where dew point ex-
ceeds 60° F. and temperature exceeds 80° F. during
the middle of the forenoon with fairly light surface
winds, indicate possible thunderstorms in the after-
noon. These indications are particularly reliable in
the Gulf Coast regions.

b. Cumulus clouds of high vertical development, formed
early in the morning, are indicative of instability and
thunderstorms.

c. A thick opalescent, bluish haze, along with preceding
conditions during the late forenoon, indicate thunder-
storms.

d. Occurrence of altocumulus castellatus in the late
morning or early afternoon indicates possibility of
thunderstorms since this cloud type shows that there
is marked instability in the intermediate levels. The
appearance of the cloud gives several hours’ warning.

(Fig. 117)

Fig. 117. Altocumulus castellatus clouds (from International
Cloud Atlas).

This cloud type indicates unstable conditions and probable thunderstorm activity
during the day.
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e. Mammatocumulus clouds indicate severe turbulence
and hail, and the imminent possibility of a thunder-
storm. (Flg 118)

Fig. 118. Mammatocumulus clouds.

Mammatocumulus indicate very unstable conditions. These clouds are asso-
ciated with thunderstorm activity.

E. Local Weather Signs.
1. Difficulties. Local sky signs are applicable only where
strong local influences do not interfere.
2. Sky Signs.
a. Red sky at night indicates fair weather.
b. Grey sky in the morning indicates fair weather.
c. Red, lurid sky in the morning indicates bad weather;
probable rain or snow.
d. Light, bright blue sky indicates fair weather.
e. Bright yellow sunset indicates wind.
f. Pale yellow sunset indicates rain.
g. Cirrus clouds, thickening into heavier forms in rapid
succession, indicate stormy weather.
h. Banded cirrus indicates stormy weather in 24 hours.
i. Mammatocumulus indicates imminent thunderstorm.
j. Long roll cloud indicates line squall.
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k. Towering cumulus with ice mantel indicates showers,
possible thunderstorm.

1. Cumulonimbus with high vertical development indi-
cates thunderstorm.

TEST QUESTIONS ON WEATHER-MAP ANALYSIS
AND FORECASTING

1. The figures 998 entered on the synoptic map for pressure indicate
(a) 998 mb, (b) 999.8 mb, (c) 1098.8 mb, (d) 999.98 mb.
I

2. Isobars should first be drawn in solid (a) at the fronts, (b) in the
warm sector, (c) in the cold air mass. 2.

3. In the United States, it is a good praétice to start drawing the
isobars in the (a) Rocky Mountains, (b) central valleys, (c) east coast,
(d) west coast. 3.

4. The standard interval between consecutive isobars is usually (a)
3 mb, (b) 5 mb, (c) 10 mb, (d) 2 mb, (¢) 1 mb. 4.

5. Two isobars having the same value and occurring side by side
indicate a (a) low, (b) occlusion, (¢) warm front, (d) col.

5.
6. Over the land the winds flow across the isobars at an angle of about
(a) 10°, (b) 50°, (c) 20°, (d) 35°, (e) 75°. 6.

7. The pressure around an isobar (a) may change from one side to the
other, (b) always remain higher on one side and lower on the other, (c)
may be the same on each side. 7 —

8. Strong winds will flow along (a) smooth isobars, (b) irregular
isobars. 8.

9. Irregularities of the isobars (a) are never valid, (b) are always
valid, (¢) may sometimes be valid. 9.

10. Isobars (a) will, (b) will never, (c) sometimes, cross.
10.

11. Isobars may (a) never, (b) always, (c) sometimes, be left open.
II.

12. Personal errors in pressure may be recognized (a) by comparison
with a previous map, (b) as inconsistent with the precipitation, (c) as

inconsistent with the wind direction. 12.
13. Isobars should be (a) drawn smoothly through fronts, (b) dis-
continuous at the front, (c) smoothed at the front. 13—

14. Errors of pressure from ship reports are usually (a) errors of
reduction to sea level, (b) personal errors, (c) errors of position.
14.



WEATHER MAP ANALYSIS AND FORECASTING 209

15. Indicate the method of identifying cold fronts on printed charts.
135.

16. An upper-air occluded front is indicated as (a) alternate red and

blue lines, (b) dotted lines, (c) broken purple lines, (d) broken blue lines.
16.

17. The weather to be expected at any front depends (a) entirely on
the frontal type, (b) upon the nature of the interacting air masses.
7 -
18. A general description of the pressure distribution and position of
fronts is known as (a) area forecast, (b) local forecast, (c) general infer-
ence, (d) route forecast. 18.

19. Deepening refers to (a) a pressure rise, (b) an increase in tem-
perature, (c) a decrease in the wind, (d) a fall in the pressure, (e) the
genesis of an anticyclone. 19—

20. Filling refers to (a) a pressure rise, (b) an increase in tempera-
ture, (c) a decrease in the wind, (d) fall in the pressure, (e) the genesis
of an anticyclone. 20.

21. Cyclogenesis refers to
22. Frontogenesis means

23. Frontolysis is
24. Anticyclolysis is the

25. Cyclolysis is

26. Anticyclogenesis refers to -

27. Depressions tend to move roughly parallel to the line joining the

largest (a) positive, (b) negative, tendencies. 27.
28. Lows travel an average of about (a) 100, (b) 200, (c) 300, (d)
400, (e) 500, (f) 600, miles in 24 hours. 28.
29. Before occlusion a cyclone (a) accele\étes, (b) decelerates.
29.
. .V
30. The velocity of a pressure center (a) increases, (b) decreases, as
the isallobaric gradient increases. 30.

31. Oblong pressure centers will tend to move along (a) the lé@r,
(b) the shorter, symmetry axis. 3I.

32. A region of negative pressure and converging winds along a front

indicates (a) frontolysis, (b) anticyclolysis, (c) anticyclogenesis, (d)
frontogenesis, (e) anabatism. 32.

33. Fronts entering anticyclo\n)'( regions tend toward (a) anticyclolysis,

(b) anticyclogenesis, (c) frontolysis, (d) frontogenesis, (e) katabatism.
33.

34. Warm-sector cyclones deepen at a constant rate which is equal to

the barometric tendency at (a) top, (b) middle, (c) bottom, of the warm
sector. Y —
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35. Cold fronts (a) dissipate, (b) remain the same, (c) intensify, upon
approaching mountain ranges. 35.

36. The barometer (a) falls steadily, (b) falls irregularly, (c) rises
steadily, (d) rises irregularly, preceding a thunderstorm. 36.

37. Southeast winds along the Atlantic Coast tend to (a) dissipate,
(b) not influence, (c) deepen, lows. 37—

38. If the air in a warm sector is unstable the depression will tend to
(a) deepen, (b) fill, (c) undergo frontolysis. 38.

39. —— may appear on sufficiently sharply defined and extended
frontal occlusions. 30 —

40. The development period of a young cyclone averages about (a) 12,
(b) 24, (c) 36, (d) 48, hours. 40.



MAP PROBLEMS

Sketch in isobars, fronts and pressure systems and make a series of
six-hour forecasts. Verify forecast on successive maps.

211



212 AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE




AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE 213




214 AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

;;%l o 2 on v
o o 7l e ) 72
A"zl 5 -
//;{, "uz
R ¢
300 15%, S
# f.c/l & ‘O‘D
2% Pt
-
3‘"‘ &, K2k Ngl:n
-»
g %% o
r



AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

6
5 %‘5/‘
rZ

rl g Y
-
Sos
140~ /00
gxfl. RS 421 A
% \l 26 5
— 5’.%[/0
41 2 Wsg
7 ( 4‘6-\0; o
- J2 e 00
/_\ cg-/c
iy n( =it
166
l\ B Phtts
‘ §2
Y]
P, ‘
Y 28 %0
o a3V
*hise e
#1 %ﬂ ~

215



QUESTIONS FOR EXAMINATION AND STUDY

The following 500 questions have been prepared to assist the
student to review and evaluate his knowledge of the subject. A
large number of questions asked in many different ways prevents the
acquisition of a narrow, limited understanding of the science. All
of the questions, with the possible exception of a few of the last of
each group, can be answered on the basis of material included in
this book. A limited number of advanced questions are included to
encourage the student to do some collateral reading from advanced
texts. It should be remembered, however, that most of the questions
can be answered without the necessity of obtaining outside reference
although, in many cases, the answer is not immediately evident.
The serious student who makes an earnest effort to find the solution
of all the problems in this chapter will find that his study is amply
rewarded by the well-rounded mastery of the practical aspects of the
science that he will acquire.

1. BASIC CONCEPTS
A. True or False

1. An apriori assumption is made that the atmosphere will obey physical
laws in deducing physical meteorological principles.
2. The synoptic meteorologist seeks to explain on the basis of rigid physical
principles the more common phenomena observed in the atmosphere.
3. Climate implies the summation of weather conditions over a period of
years.
4. The air at sea level is at a lesser pressure than the air at 2000 ft.
5. It is believed that at about 11 km the various gases are distributed ac-
cording to molecular weight.
6. The dividing line between the stratosphere and troposphere is called the
ionosphere.
4. The tropopause is colder in the summer than in the winter at 80° N. Lat.
8. The amount of carbon dioxide and water vapor in the air is variable.
9. Density is defined as volume per unit mgss.
10. One half of the entire mass of the atmosphere is below 3.6 miles.
11. A kilometer is more than a mile.
12. The isothermal zone is found at a greatcr height in winter than in
summer.

B. Multiple Choice or Completion

1. The single factor which is the basis of all weather changes is the (a)
wind (b) sun (c) pressure (d) earth’s rotation.

2. Atmospheric pressure decreases 1/30 of its value at any given moderate
elevation with an increase in height of (a) 100 meters (b) 1000 meters (c)
goo ft. (d) 300 ft.

3. The greatest mass of the atmosphere is found in the X

4. The level at which the temperature drop with height stops is known as

the

216
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5. The tropopause is lowest at latitude.

6. The region in which the temperature, on the average, decreases with
height is called the .

7. The horizontal distance at which objects can be identified is called

8. is the summation of weather conditions over a series of years.
9. The division between the troposphere and the stratosphere is called

the

10. is the study of weather conditions over a large area at a given
instant.

11. The level of constant density is coincident with the region,

12, The gases exist in nearly the same proportion at all altitudes.

C. Study Questions

1. Define “meteorology.”

2. Name the clements (9) which constitute the atmosphere. Which one is
predominant ?
What is the height of the atmosphere? Discuss.
Define “weather”; “climate.” What are 6 importunt weather clements?
Define troposphere; tropopause; stratosphere.
What is the ozone layer? Discuss.
Discuss the ionized layers in the atmosphere.

Touae

1I. ATMOSPHERIC TIIERMAL RELATIONSHIPS
A. True or False

1. All of the energy received by the earth from the sun is eventually re-
radiated to space.
2. A micron is 1/100 of a millimeter.
3. The chemical rays are selectively absorbed by the ozone layer.
4. 0° Centigrade equals 273 ° Absolute.
5. Radiation is an adiabatic process.
6. Outgoing terrestrial 1adiation is of the short-wave type.
7. The “permanent” gases of the earth are nitrogen, oxygen, and water
vapor.
8. The chief method by which heat is transferred within the atmosphere
is by radiation.
9. Lines of equal rainfall are called isotherms.
10. To change Centigrade to Fahrenheit, add 32° and take 5/9 of the result.
11. The most heat is received from the sun at noon.
12. Violet light is found in the long-wave-length region of the spectrum.
13: At the equator, the incoming solar radiation exceeds the radiation lost to
space by the earth,
14. Land and water surfaces absorb and radiate heat at the same rate.
1§. A superadiabatic lapse rate is highly unstable.
16. Air is a poor conductor of heat.
17. At all heights in the troposphere, the amount of radiation absorbed of
the outgoing terrestrial kind is greater than the solar radiation absorption.
18. Inversions may be caused by turbulence.
19. The smoke in the atmosphere absorbs more radiant energy than the
water vapor in the atmosphere.
20. A line passing through the center of a belt of high temperature which
exists near the geographical equator is called the equinox.
21. The changes, in the course of an average day, of the magnitude of a
meteorological element are known as seasonal variation.
22, Dry air is exceedingly diathermanous.
23. The normal dry-adiabatic lapse rate is 1° C. per 100 meters.
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24. The dry-adiabatic lapse rate is not applicable to air that has 50% rela-
tive humidity.

25. Moist air is heavier than dry air.

26. Another term that might be used for adiabatic is isentropic.

27. If the maximum thermometer is set and left in a place for a year, it will
record the highest temperature of the year reached at that place.

28. Horizontally converging moist air in the summer tends to make the
lapse rate more stable.

29. The fluid in a maximum thermometer is alcohol.

30. If the lapse rate was 2° C. per 100 meters, the air would not be gusty.

B. Multiple Choice or Completion

1. The vernal equinox falls on (Dec. 21, June 21, March 21, Sept. 23).

2. In warm and very moist air masses, strong vertical motions may occur
even with only (weak, strong, normal, moderately strong, superadiabatic) lapse
rates.

3. An increase in the depth of the ozone layer in the stratosphere would

cause a consequent (increase, decrease) in surface temperature.

4. The most important agency for the transfer of heat in the free atmos-

phere is (molecular conduction, eddy transfer, radiation, atomic conduction).

5. The dry-adiabatic lapse rate is (0.6° C. per 100 meters, 3.2° F. per 1000

ft., 1° C. per 100 meters, 3.4° C. per 100 meters).

6. Most of the sun’s radiation is absorbed by (nitrogen of the air, water

vapor in the atmosphere, oxygen in the atmosphere, argon).

7. A stable lapse rate is one which is (greater than, less than, the same as)

the dry-adiabatic lapse rate.

8. Transfer of heat by the bodily movement of the substance containing

the heat is known as (conduction, convection, radiation, insolation).

9. A temperature inversion is defined as
10. Superadiabatic lapse rate causes
11. The passage of heat by the means of molecular motions is called
12, The most important agency for the transfer of heat in the free atmos-

phere is
lllsd The transfer of energy without the necessity of a material media is
calle

14. — lS the most effective process for cooling air.
15. The lapse rate is defined as
16. When the atmosphere is clear and dry, the ground cools quickly by the

process of
17. About of the energy incident at the top of the atmosphere is
reflected or diffused back into space.

18. of the incident radiation is absorbed by H:O vapor in the at-

mosphere and by permanent gases, dust and clouds.

19. When the lapse rate exceeds 3.42° C. per 100 meters the atmosphere is

said to be
20. Because, throughout the ages, the earth neither becomes progressively
hotter nor colder it is believed that there is what is known as a of the
atmosphere,
21. When heat is carried by currents set up in a fluid, the process is called

22. If the lapse rate is the same as the rate for adiabatic changes in dry air,
it is called the

23. Continental effects are more pronounced in the
than in the Hemisphere,

24. The average decrease of temperature with height over the entire earth
is approximately

25. At low temperatures the moist-adiabatic rate is nearly equal to

26. The less the lapse rate the more is the air.

2%. The solar constant is cal. per square centimeter per minute.

Hemisphere
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28. The dry-adiabatic rate is
29. The belt of maximum insolation is called the
30. In summer, the isotherms bend over the continents.

31. Due to the fact that the water vapor of the air transmits short waves
better than long waves, the presence of water vapor in the lower levels of the
atmosphere gives rise to the phenomenon known as

32. during the day and inversions at night occur during cloudless
summer days.

33. In low latitudes
ceived.

34. The atmosphere transmits certain wave lengths better than others. This
property is known as .

33. Identify the following percentages in relation to the depletion of solar
energy in the atmosphere: 43%; 12%; 5%; 19%.

36. The amount of heat necessary to raise the temperature of one gram of
water one degree Centlgradc is known as a/an

37. When reference is made to the amount of thermal energy, without re-
gard to the level, is the concept referred to.

38. The amount of heat necessary to raise a unit amount of a substance a
unit amount is the of the substance.

energy is lost to space by radiation than is re-

39. The is the amount of heat necessary to raise one pound of water
one degree Fahrenheit.
40. A pnis of a millimeter.

41. The above unit is used to measure
42. Three scales are now commonly used for measurmg temperature: namely,
Centigrade, Fahrenheit and
43. The scale divisions on the Centxgrade and are the same.
44. A one-degree division on the Centigrade scale is equal to ———.
45. The reference points on the Centigrade scale are and
ﬁﬁd The process by which one form of cnergy is changed to another form is
calle .

47. Identify

I
2,000,000,000
48. H,0 vapor, carbon dioxide, ozone, and solid impurities are all classified
together as

C. Study Questions
Identify or complete the following:

0 38u to 0.78u
186,000 miles per second
300,000 kilometers per second
—40°

+273° A.
——4594 F.
o
F—qzxsm
78u to 104

10. 01324 to 384

11. .24 to 3u

12. +14°F.to C.

13. +30° C to F.

14. +212 F.to FA. =

15. °F.to C. =

16. Il]ustrate by diagrams the conditions especially favorable for convectional
instability.

I7. (a) Define an adiabatic process. (b) The temperature is increased by
compressxon when air flows downhill, assuming adiabatic conditions; does this
gain in temperature mean a net gain in heat?

18. Illustrate graphically the stability types.

© BN ONEG NN
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19. List the thrce methods of heat transfer, and give their approximate mag-
nitude.

20. Find the final temperature of a mixture of 400 grams of iron at 20° C,,
300 grams of water vapor at 120° C., 1000 grams of ice at —s° C. (Sp. ht.
1ce —— 2 5, steam == 0.5, iron =— 0.135, water == 1).

21. What is Absolute zero? How is it determined?

22, When was the thermometer invented, and by whom? The barometer?

23. What is heat?

24. What thermometric scales are in general use? Describe.

25. What are the requirements for an accurate thermometer ?

26. Describe the maximum thermometer.

27. Describe the minimum thermometer.

28. What is radiant energy? Radiation?

29. Define, and briefly discuss, the following terms: transmission, absorption,
reflection

30. Where does the atmosphere get its heat? What is the name given to this
heat?

31. Define calorie. What is the solar constant?

32. Does the earth receive more insolation in January or July?

33. Discuss conduction.

34. Discuss convection in the air.

35. What is meant by the term adiabatic? What is the adiabatic lapse rate
for dry air?

36. What is meant by moist or saturated adiabatic? Explain.

37. Define potential temperature. Explain. Define and explain equivalent
potential temperature.

38. What is meant by the term “lapse rate”? [s thc lapse rate always the
same as the dry or wet adiabatic?

39. What is a temperature inversion? How are inversions formed?

40. What does the term stability mean with respect to lapse rates? Illustrate
a stable lapse rate,

41. What is the general rule for determining stability ?

42. What is instability ? Illustrate an unstable lapse rate.

43. What is meant by conditional instability ? Explain.

I11. HUMIDITY, TEMPERATURE AND PRESSURE RELATIONSHIPS
A. True or False

1. Water vapor is an invisible gas.

2. Sublimation is the process of changing from a vapor to a liquid.

3. 40 calories per gram is necessary to melt ice.

4. A volume of moist air is heavier than an equal volume of dry air.

5. Relative humidity is less conservative than specific humidity.

6. The water vapor content of the atmosphere varics inversely with the
temperature.

7 The virtual temperature of a parcel of air is always less than the actual
temperature.

8. The dew-point temperature and the temperature of the condensation
fevel in adiabatic cooling are synonymous.

9. The only air-mass property which remains conservative before and
after condensation is the potential temperature.

10. Specific humidity is conservative with respect to dry adiabatic changes.

11. Potential temperature and the water content per unit mass are inde-
pendent of adiabatic processes in the absence of condensation or evaporation.

12. A mackerel sky is a sky covered by cirrostratus.

13. Clouds having projecting points or wedges like anvils are usually cumulus
castellatus.

14.b11f potential temperature decrcases with height, the air is convectively
unstable.



QUESTIONS FOR EXAMINATION AND STUDY 221

15. The dry-bulb thermometer of a psychrometer always reads lower than
the wet-bulb thermometer.

16. When the air is saturated, wet and dry thermometers give the same
readings.

17. The virtual temperature is the temperature air would have if all the
heat contained latent in the water vapor were realized.

18. The fact that the human hair will measure directly the relative humidity
of the air is a principle made use of in the barograph.

B. Multiple Choice or Completion

1. The definition of (relative humidity, absolute humidity, mixing ratio.
specific humidity) is weight of water per unit weight of moist air.

2. The temperature a parcel of air would have if it were raised or lowered
dry-adiabatically to the 100o-mb level is known as (equivalent temperature,
pote;uial temperature, dew-point temperature, cquivalent potential tempera-
ture).

3. The cloud type which is conducive to the formation of hail is the
(cumulonimbus, altocumulus, stratus, cirrus).

4. To change a gram of water to vapor, it is necessary to (add 8o _cal.,
add 620 cal, subtract 540 cal., add 540 cal.).

5. When one gram of water changes to ice cal. are liberated.

6. The ratio of the amount of water vapor contained in a volume of air
to its capacity, and expressed as a percentage, is the -

7. The mass of water vapor in a mass of moist air is known as

8. The temperature of an air parcel at 1ooo-mb pressure is called

9. The temperature at which a given volume of dry air would have the
same density as an equal volume of moist air is called the temperature.

10. The amount of heat necessary to raisc one gram of water one degree
Centigrade is called a

11. When the vapor pressure of a liquid is equal to the atmospheric pressure
takes place.

12. All hygroscopic nuclei ahsorb from the air.

13. Since ten calories are needed to raise the temperature of one gram of ice
20 degrees its specific heat must be about

14. The mass of H:O vapor in a unit mass of dry air is called

15. If pressure is constant, the temperature of air after all heat of condema-
tion has been realized is ca]lcd

16. The heat cnergy required to change water to a vapor is called

17. The number of calories liberated per gram by the condensation of water
vapor is known as

18. The temperature to which unsaturated air must be cooled to reach
saturation is called its

19. When a substance changcs directly from a vapor to a solid
taken place.

20. From a given temperature and pressure, go up the dry adiabat to
saturation and then down the moist adiabat to same pressure. Reading off this
temperature gives the

21-25. Choose the statement in Column B which most nearly describes the
statement in Column A

has

Column A Column B
1. sublimation a, air cooled below its dew point.
2. hail b. feathery deposit of ice from freezing fog.
3. water vapor c. advection type.
4. sleet d. change from gaseous to solid state directly.
5. rime e. radiation type.
6. sea salt f. convection type.
7. ground fog g. falls from cumulonimbus clouds.
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Column A Column B
8. dew h. frozen raindrops.
9. snow i. glaze.
10. sea fog j. invisible gas.

k. hygroscopic nuclei.
1. condensation occurring in air after tem-
perature falls below 32° F.

C. Study Questions

1. How does the air obtain water vapor? What is the percentage of water
vapor in very dry air and in moist air?
Discuss the presence of organic and inorganic particles in the air.
What is latent heat of vaporization? Explain.
What is meant by vapor pressure? How is it expressed?
What is dew point, and how is it determined?
What is meant by “condensation”? Explain.
(a) What is “latent heat of condensation”? (b) prlam how lapse rate
of a sample of air is affected by condensation. (c) What is “super-saturation”?

8. (a) Dcfine absolute humidity. (b) Can the value of absolute humidity
change and how?

(a) Define relative humidity. (b) How is relative humidity expressed?

(c) Can the value of relative humidity be changed and how?

10. Define specific humidity. (b) How is specific humidity cxpressed? (c)
Can this value be changed?

11. Discuss the formation of dew.

12. Discuss the formation of frost.

13. What is rain? Discuss the formation of rain.

14. What is snow, and how is it formed?

15. Discuss the formation of hail.

16. Define and discuss sleet, graupel and glaze.

17. At 32° F. a cubic foot of air contains two grains of water vapor. Its
capacity at that temperature is 2.113 grains. Its relative humidity equals

18. Name six products of condensation and give a short definition of each.

19. The latent heat of fusion of 6.75 grams of ice is about 540 cal.

20, What is an iridescent cloud? What is a noctilucent cloud?

21. Draw a temperature-height curve and dew-point curve for a stratus
cloud formation with a temperature inversion above the cloud top.

Yoaae s

1V. PRESSURE PHENOMENA AND WINDS
A. True or False

1. A warm, dry wind which blows down the slopes on the leeward side of
a ridge of mountains is known as katabatic.

%2, In the Northern Hemisphere, with one’s face to the wind, the higher
pressure is on the righthand side.

3. The belts of calms, light winds and fine clear weather between the trade-
wind belts and the prevailing westerly winds of higher latitudes are called the
doldrums.

4. Gustiness and turbulence are important factors which cause the air to
be bumpy.

5. Air pockets will naturally exist on the windward sides of hills, buildings
or other obstructions.

6. Antitrades are modified by local disturbances.

7. In general, one finds high-pressure areas over land in winter.

8. Normal atmospheric pressure is 1018.2 mb.

4 9. The thermal equator crosses the geographical equator once every 365
ays.
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10. Charles’ law states that the volume of a gas is directly proportional to
the Absolute temperature.

11. A local wind is called anabatic if it is caused by the convection of
hcated air.

12. Winds aloft have lower velocities than winds on the ground.

13. Pressure can be expressed in tons per square meter.

14. To measurc the gustiness of the air, it is better to use the Dines pressure-
tube anemograph than the Robinson cup-type anemometer.

15. Vertical mixing brought about by gustiness tends to increase the speed
of the surface winds during the day.

16. The winds at the equator and poles are from the west.

17. Boyle’s law states that as the pressure on a gas decreases, the volume
likewise decreases.

18. The barograph is an instrument for measuring pressure.

19. 20.92 in. corresponds to about 750 mm.

20. One cubic foot of air weighs about .08 1b.

21. The horse latitudes are belts of low pressure.

22. If the bore of a mercurial barometer is one square centimeter, 30.00 in.
of mercury will weigh as much as a column of air one centimeter square and
extending from the level of the mercury in the cistern to the top of the
atmosphere,

23. The prevailing westerliecs are the most important influence governing
the climate of Hawaii.

24. One bar equals approximately 1,013,200 dynes per square centimeter.

25. A hot wind occurring in the warm scctor of a passing depression, and
heated by moving over hot and dry land areas, is gencrally known as a
Sirocco.

B. Multiple Choice and Completion

1. The winds blow at an angle to the isobars on land because of (the
Coriolis force, frictional influence, the gradient wind, high pressure at the
ground).

2. The winds that blow rrom the horse latitudes toward the belt of low
pressure at the polar circles are known as (trade winds, doldrums, prevailing
westerlies, prevailing easteriies).

3. If the pressure is 1000 mb at the surface, at an altitude of 2000 ft.
the pressure is (1033.3 mb, 966.7 mb, 920.2 mb, 934.5 mb).

4. The expansion of the atmosphere during the daylight and its contraction
at night give rise to a change in the pressure known as (radiation, diurnal
variation, sublimation, precipitation).

s. Winds returning from the low at the equator to the high at 35° N.
Lat. are called

6. The law which states that at constant temperature the volume of a gas
varies inversely with the pressure is known as
7. makes the wind blow at an angle to the isobars.

8. The relatively warm westerlies meet the cold polar easterlies along an
irregular shifting boundary which is known as the .

9. Subsidence occurs in the primary circulation at the poles and the 3

10. A seasonal wind called the monsoon blows toward the sea during the

11. The low-pressure belt of calm winds at the equator are known as the

12. A is never due entirely to mechanical effects, but is associated
with variations in other meteorological factors.

13. Normal atmosphenc pressure at sea level and 45 latitude is

14. Change in pressure per unit change in distance is known as

15. The steady moderate winds blowing out of the horse latitudes toward
the equator are called winds.

16. The mistral is a wind.

17. Moist, cold winds blowing down slopes are known as

mb,

winds.
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18. A wind is a wind which blows along curved isobars. .

19. The force is the deflecting force due to the earth’s rotation.

20. One belt of calms is at the equator, the other is at t_he

21. Wind which blows along straight, parallel isobars is known as
wind.

22, The westerlics are stronger in the

Hemisphere.

23. The are high-pressure belts found in the Northern and Southern
Hemispheres.

24. The depth of the trades is greatest at any given place during the .

25. start to blow inland between two and three p.M.

26. law states that winds will back in the Southern Hemisphere.

27. At the , the deflective force vanishes

28. Winds on the lec side of a mountain that have been heated by conden-
sation and subsidence are called winds.

29. Modifications in the primary circulation constitute what is known as
circulation.

30. The difference between maximum gusts and lulls divided by the mean
wind, and expressed as a percentage, is called the

31. Momentary deviations in the mean wind are called

32. Winds that blow upslope during the day are called

33. Such winds are usually lacking in intensity because of

34. Of the forces which effect gradient wind only
variable.

35. In mountain passes, thermals occur along the sides during the

winds.

is indépendently

C. Study Questions

1. What is Boyle’s law?

2. What is the law of Charles and Gay-Lussac?

3. What is the density of the air at sea level? How determined?

4. (a) Name the scales in use on barometers. (b) Define bar; millibar;
dyne.

5. (a) Discuss the change in pressure with altitude. (b) Describe an

altimeter.

6. Define pressure gradient.

7. Discuss land and sea breezes.

8. What are katabatic winds?

9. What is a monsoon?

10. What arc the doldrums, and where are they located?

11. What are the horse latitudes, and where are they located?

12. What arc the trade winds? Cause?

13. What are the prevailing westerlies, and where are they located?

14. Explain the general circulation.

15. What is the polar front?

16. Describe briefly an extratropical cyclone.

17. What is an anticyclone?

18. Brieﬁy explain the polar front theory of cyclogenesis.

19. What is a fohn wind? A chinook?

20. In landing at the bottom of a deep canyon at night, what direction
would you expect to find the surface winds—up the canyon or down the
canyon?

21. Given a féhn wind blowing from the Great Basin region of the United
States onto the Pacific Coast. The elevation is 10,000 ft. and the air tempera-
ture is 40° F. before the air begins descent. What will be the temperature at
coast stations if the air descends adiabatically?

22. Illustrate by a diagram the general pressure and wind distribution on
the earth. Label all highs, lows, westerlies, etc.

23. Under what conditions arc surface winds most nearly parallel to the
isobars?

24. How would you advise an aviator to fly on a warm afternoon over the
land so that he would avoid rough air?
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25. Find the volume of 1 cubic meter of air at 1000 meters released at the
surface at 20° C. and pressure of 760 mm. New pressure at 660 mm. Dew-point
temperature 8° C.

26. Illustrate how {ohn and katabatic winds differ.

27. A balloon of volume 500 cc is filled with helium gas to a pressure of
25 in. of mercury. Assuming the temperature is constant during ascent, what
volume will the balloon occupy when the pressure changes to 12 in. of mercury?

28. If air holds 3.5 grams of water vapor in each kilogram of moist air at
1000 mb and o° C., what is the relative humidity in 9 if the air is capable
of holding 3.7 grams per kilogram under these conditions?

29. Define the following: (a) dyne, (b) millibar, (c¢) millimeter, (d) turbu-
lence, (e) density.

30. Find the density of air at 3 atmospheres’ pressure and 273° C.

V. AIR MASSES
A. True or False

1. Tropical Continental air is found usually over southeast U. S.
2. There are few or no gusts in an mTw air mass.
3. Clouds are cumuliform in an mPk air mass.
4. Superior air is found in the upper stratosphere and is a subsidence air
mass.
5. Subsidence in an air mass will cause the lapse rate to become more
unstable.
6. Cooling from below tends to make the air mass more unstable.
7. Snow squalls are hydrometeors of stable air masses.
8. An air mass is a body of air which is homogeneous in horizontal extent.
9. A cTw air mass is sometimes accompanied by fog.
10 A cPk air mass is accompanied by poor visibility.
11. The intensity of precipitation on the windward side increases with the
passage of an unstable air mass over a barrier.
12. A thermodynamically warm air mass is stably stratified.
13. An air mass labeled NPp means that the air mass is non-transitional
Polar Pacific.
14. An air mass is defined as a body of air which is homogeneous in vertical
extent.
15. A ¢Tw air mass has its origin in the polar regions.
16. Ocean currents influence the distribution of rainfall.
17. Precipitation is light in the Polar zones.
18. Homogeneity in an air mass is affected by vertical motions outside the
“source regions.”
19. If an air mass is colder than the surface over which it travels, the air
will tend to become bumpy.
20. Polar Maritime air masses in summer are accompanied by convectional
currents, cumulus clouds and rain as they travel inland.
21. A thermodynamically cold air mass is unstably stratified.
22. The Humboldt current in the Southern Hemisphere is a warm current
circulating from the equator south along the west coast of South America.
23. Polar Continental air usually is very stable at its source region.
24. Tropical Pacific air is, in general, cooler than Tropical Atlantic air.
25. As a stable air mass approaches a mountain range its arca of precipita-
tion narrows,

B. Multiple Choice and Completion

I. lapse rates are found in winter in high latitudes.
2. An air mass is defined as a widespread body of air which approximates

3. The region where the air mass attains its original characteristics is
called its X
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4. The air mass with the greatest annual variation in temperature and
moisture content is (mT, cP, cT, sT).

5. Maritime tropical air has its source (north of lat. 45°, in central Amer-
ica, in the Gulf of Mexico, in China).

6. Sleet is a name given to (soft hail, ice needles, frozen raindrops, snow
grains).

7. Drizzle is due to (cooling, warming) a stable air mass from below.

8. Showers will usually accompany (stable, unstable, neutral) air masses.

9. Heating from below tends to make an air mass (stable, unstable, neutral,
unchanged).

10.* Concerning diurnal variation of clouds and hydrometeors in stable air
masses, there is a maximum of cloud formation at (0800-1000, noon, 2000-2200,
1400-1600) .

C. Study Questions

1. What is an air mass? What circumstances influence the properties of air
masses ?

2. List by symbol all of the air masses of North America.

3. List European, Asian and Australian air masses. What are their charac-
teristic paths?

4. List the principal properties and characteristics of Tropical Maritime air
masses in summer and in winter over the land (clouds, temp., weather, stabil-
ity conditions, humidity).

5. List the properties of Polar Continental air masses in summer and in
winter as above.

6. Identify probable air mass associated with these stations.
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7. Trace the development of an air mass originating in Northern Canada
and passing southward over the Great Lakes, and finally to sea off the coast
of S. Carolina.

8. What type weather might be expected at a warm front between gT air
and mP air in summer?

9. Check characteristics of a “thermodynamically cold air mass” (K) in
the following:

(a) Turbulent in lower levels. (a) Little turbulence in lower levels.

(b) Stable lapse rate. (b) Unstable lapse rate.

(c) Good visibility. (c) Poor visibility.

(d) Cumuliform clouds. (d) Stratoform clouds.

(e) Drizzle, mist, dew. (e) Showers, thunderstorms, hail,

sleet, snow flurries.

10. Check characteristics of “thermodynamically warm air mass” (W) in
tue following:

(a) Turbulent in lower layers. (a) Smooth air (above surface fric-

(b) Stable lapse rate. tion level).

(c) Good visibility. (b) Unstable lapse rate.

(d) Cumuliform clouds. (c) Poor visibility.

(e) Showers, thunderstorms, (d) Stratoform clouds.
hail, sleet, snow flurries. (e) Drizzle, mist, dew.

11. Draw ascent curves to show the following changes in an air mass:
a. After travel over warmer ocean.
b. After travel over warmer continent.
c. After travel over colder surface.
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12. List all the changes that take place in a Pc air mass as it moves from
its source near Hudson Bay in Canada south to the Gulf of Mexico in the
winter.

13. Differentiate between homogeneous and heterogeneous.

14. If mTw air is flowing northward over a snow surface in Illinois in
winter, would you expect good visibility? Why?

15. In what types of air would you expect to find “bumpiness” at high
elevations?

16. What types of weather in winter would be expected in cPk, south of
the Great Lakes?

17. Outline the trajectories of all North American air masses.

18. Discuss briefly the properties of the other air masses of the world.

VI. SPECIAL STORMS
A. True or False

1. A line of thunderstorms is also called a line squall when associated with
a cold front.
. Most thunderstorms over land occur at night.
. Electric charges are built up in Cb clouds by the splitting of rain drops.
. Dry air is a good conductor of electricity.
. The top of a cumulonimbus cloud is negatively charged.
. Tornadoes are found associated with tropical cyclones.
. The latent heat of condensation furnishes the energy to maintain thun-
derstorms.

8. Hail falls from cirrus-nothus.

9. The term waterspout is synonymous with tropical cyclone.

10. In the Northern Hemisphere hurricanes characteristically recurve to the
northeast.

S onbhwN

B. Multiple Choice and Completion

1. The base of a convective cloud is mainly (negatively, positively)
charged, while the top is (negatively, positively) charged.

2. The earth beneath the cloud is (negatively, positively) charged by in-
duction and this has a charge opposite to the usual (negative, positive) charge
of the earth in fair weather.

3. Heat lightning (does, does not) differ in physical character from streak
lightning.

4. Thunderstorms dangerous to objects on the earth are favored by (high,
low) humidity and by (high, low) winds aloft.

5. Lightning discharges are (alternating, direct).

6. In order for the air to be electrically conductive,
in the atmosphere.

7. The beads in bead lightning probably represent

8. The usual direction of travel of tornadoes in the United States is

9. Tropical cyclones occur most frequently between latitudes

must be present

and

10. Hurricane winds blow in the Southern Hemisphere.
11. The ideal conditions for thunderstorms are found in air masses with
humidity and temperature.
12. The most characteristic type of air mass for wet thunderstorms is
13. The top of a Cb cloud is charged.
14. (give stability type) air when lifted over a frontal surface may
cause thunderstorms.
15. The time of maximum thunderstorm occurrence over the land is
16. Over the sea this time (not season) is
17. The season of maximum thunderstorm occurrence over the sea is
18. Thunderstorms usually travel with the .
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ﬁg, Air mass thunderstorms occurring close together tend to each
other.
20. In spring and ecarly summer instability showers within Pc air overrun-
ning warm surfaces may develop into
21. Frontal thunderstorms need not necessarily occur at the time of
22. To be classified as a thunderstorm, a storm must have
23. For thunderstorms to occur the air should be conditionally unstab]e to
at least miles’ altitude.
24. Thunderstorms usually approach from the or
25. The wind gust immediately preceding a thunderstorm is caused by

26. Air mass thunderstorms are most characteristically found in and
shallow depressions.

2. The ]arge water drops in a thunderstorm are charged.

28. Thunder is caused by

29. When Cb clouds develop hlgh enough to intercept the isotherm

thunderstorms may be expected.

C. Study Questions

1. What causes thunder to rumble?

2. How are hailstones formed?

3. By means of a diagram, illustrate how an excessively stcep lapse rate
may be formed as a result of very heavy rain.

4. List the factors in a thunderstorm which might affect aircraft operation.

5. List five differences between tropical and extratropical cyclones.

6. Plot the following R.A.0.B. on the pseudo-adiabatic diagram and de-
termine the critical temperature to which the surface air must be raised during
the day to produce convective or thermal thunderstorms.

Elevation Pressure Temperature Mixing Ratio
(MSL) (mb) (°c) (8/kg)

300 (Sfc) 990 16 9.0

600 950 18 9.0
1600 850 10 .2
2400 770 5 55
3700 650 — 4 3-5
5700 500 ) 1.9
7000 420 —17 .9

(a) Using the dry-adiabatic lapse rate of 1° C. per 100 meters, find the base
of the cumulus clouds which will begin to form when the surface temperature
reaches t..

(b) At what pressure will the o° C. isotherm be found in the clouds?

7. A radivsonde observation made at San Antonio, Texas, was reported as
follows:
(a) 25306 98732 90704 70330 30308 90280 45248 70217
10158 00147 60103 05053 405I6 70564 50521 00602
10171 18631 36880 50000 72315 94036 14026 31012

Above is decoded for surface point as follows: 253 = Identifying number for
San Antomo 06 == 0600 Grccnwnch Civil Time. ¢87 =987 mb pressure.
32 =32 °C. temperature. go == 909% relative humidity. 7 — Groups from begin-
ning of message which is at 5o000-ft. altitude. o = 10 groups from beginning
of message which is at 1o,000-ft. altitude. 4 = 14 groups from beginning of
message which is at 20,000-ft. altitude.

Other points above surface are encoded as follows: 70 = 970 mb. (A point is
arbitrary for every 1oo-mb change pressure.) 3= 33° C. (Temperatures be-
low zero are encoded by adding so, thus —12° C. is encoded as 62 in the radio-
sonde code.) o == 100% relative humidity.

Relative humidity scale for points above surface is encoded thus: 1 = o—
19%; 2 =20—29%; 3 = 30—39%; 4 ==40—49%; 5= 50—597; 6 = 60—
60%: 7= 10—70% 8 = 80—80%; 0 = 90—04%; © = 05—100%.
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10171 = Identifying group introducing mixing ratio groups.

18631 == Decoded: 1 ==15t and 2nd group mixing ratios follow. 86 =
28.6%. (At 32° C. and 987 mb, 1009 RH = 31.8 g/kg; hence, 2 can be
omitted from 28.6. Since RH == go%, 9o% X 31.8 == 28.6, cncoded 86 follow-

1
ing 1.) 31 =33.1 since 34.1 = 100%, % =z g7%. 0= 95—100%.
(b) 35304 07311 81581 12079 50108 27153 65I25 OSIII 42052
60543 84646 00748 10171 17565 37435 56411 71214 91811
Plot the above soundings on the pseudo-adiabatic chart and answer the fol-
lowing questions for each.
(1) Find the LCL, CCL and MCL. What is the temperature necessary for
convection ?
(2) What is the dew-point temperature for each point?
(3) If the orographic lifting is available, at what altitude will the first
clouds appear?
(4) Find the (a) potential (b) cquivalent (c) equivalent potential (d) wet-
bulb and wet-bulb potential temperaturc for various points.
(5) Are clouds present at the time of the soundings? Will convective clouds
appear tomorrow?

VI1I. FOGS AND ICING CONDITIONS
A. True or False

1. Ground fog is due to adiabatic cooling.

2. Sea fog is usually an cvaporation type.

3. When the vapor pressure of the overlying air, when saturated, is less
than the vapor pressure of the water over which it lies, steam fog will form.

4. Mountain fog consists of clouds in contact with the higher elevation.

5. Inversions, in high inversion fog, start from the ground.

6. When the temperature and dew point coincide, fog will usually be
formed.

7. Land- and sea-breeze fog is the result of non-adiabatic cooling.

8. Post-occluded front fog is an evaporation type.

9. Isobaric fog is a common type.

10. Convergence at fronts usually forms fog

11. Ground fogs arc associated with surface inversions.

12. Monsoon fog will only occur where there are cold currents along the
coast.

13. It is difficult to remove ice from lighter-than-air aircraft.

14. Clear ice is tenacious and adds weight

15. The icing zone can be cleared in most cases by flying through a 2000-feet
vertical zone

16. There is no de-icing equipment for propellers.

17. High humidity is necessary to cause carburetor icing.

18. Ice may be formed when flying through visible moisture above the
freezing temperature.

19. Clear ice may be accumulated when flying through clouds caused by
orographic lifting.

20. Freezing rain zones are the least dangerous for icing.

B. Multiple Choice and Completion

1. Ice which is granular, opaque and porous is known as (rime ice, frost,
clear ice).

2. Relative to clear ice, rime ice is (heavy, light, the same density).

3. Transparent layers of ice deposited by supercooled rain or drizzle may
be known as (hard rime, soft rime, hoar frost, glazed frost).

4. The most severe icing will be encountered in (cirrus, cirrocumulus, alto-
stratus, cumuliform, stratiform clouds).

5. Ice fog is (increased, dissipated, not affected) by snow-covered ground.

6. Fog formed by radiational cooling will form first (on high ground, on
the level ground, in low places).
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7. High-inversion fog will form more rapidly when the layers above the
inversion are (very moist, medium moist, very dry).
; f8 Turbulence will tend to (accelerate, not affect, prevent) the formation
of fog.

9. The widest and deepest belts of icing occur near (warm fronts, cold
fronts, occluded fronts).

10. may be encountered in clouds with strong turbulence.
11. Propellor icing may the engine.

12. Carburetor icing is indicated when the engine begins to burn too
a mixture.

13. Icing of
miscalculations.

14. should be cleared from the ship before take-off.

15. Ice may be removed by flying over warm ocean currents.

tubes to aircraft instruments may cause severe flight

C. Study Questions

th.? Will icing be more severe in cumuliform clouds or in stratiform clouds?
y

2. Why is it important for a pilot to know the temperature and dew point
at the surface of the earth? Explain fully.

3. In a freezing rain situation, should you fly higher or lower to get out
of the icing conditions. Why?

4 Explain the cause of the formation of evaporation type fogs.

5. Outline the time of year and place of occurrence of the most charac-
teristic fogs of North America and adjacent oceans.

6. Station A is located in an industrial district, and station B is in the
open country. The hourly temperature and dew-point readings are given up
to 2300 time. At which station can fog be expected to form first? Why?

Station “A”  Station “B”

Temperature Dew Point Visibility Visibility
Time °F. °F. miles miles
1900 60 55 3 30
2000 58 54 3 30
2100 56 54 2 30
2200 55 54 2 30
2300 54 53 1 30

g 7. Outline the precautions to be observed by pilots regarding icing con-
itions.

8. List and explain all of the conditions conducive to icing conditions.

9. List and explain all of the fog-producing processes.

10. How can fog be dissipated ?

VIII. MAP ANALYSIS AND FORECASTING
A. True or False

1. Isobars represent the distribution of atmospheric pressure in the sea-
level plain.

2. The isobars on the completed charts should be in logical sequence to
those on all preceding charts.
. &3 Isobars at sea do not follow the gradient wind as closely as do those on
and.

4. Cyclonic waves will never form on the lee side of a range after the
passage of a cold front.

5. When the pressure profile of a cyclonic center is slightly curved, the
speed of the center may vary within wide limits.
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6. Very oblong centers generally move along the shortest symmetry axis or
very close to it.

7. Rain and snow are hydrometeors of a warm front type of precipitation.

8. A cyclonic center moves toward the area of under normal winds.

9. Circular anticyclonic centers move in the direction of the isallobaric
gradient.

10. Troughs and wedges whose pressure profiles have great curvature will
move slowly.

11. A warm front is a zone of discontinuity where cold air is replacing
warm air.

12. An unstable warm wave on a cold front will start to occiude.

13. When a cold front catches up to the warm front, an occluded front
will be formed.

14. A high-pressure area is generally associated with unsettled or stormy
weather.

15. Isobars are drawn perpendicular to the surface wind direction.

16. In general, cumulonimbus clouds are associated with a warm front.

17. The boundary between two dissimilar air masses is called a front, and
it is here that most rainfall occurs.

18. High cirrus clouds frequently signal the approach of a warm front.

19. The speed of a trough or wedge is directly proportional to the curvature
of the pressure profile.

20. The greater the speed of a cyclone, the less accurately can the time of
arrival be forecast.

21. Convergence is an important factor in frontogenesis.

22. Troughs move in the direction of the isallobaric ascendant.

23. In summer, a warm front has a tendency to accentuate when passing
from sea to land.

24. The center of an anticyclone moves in the direction in which the tem-
perature is falling the fastest

25. Errors are made intentionally in reporting pressures so that a reason
may be found for drawing smooth isobars.

26. The center of a depression which is not occluded will move in a direc-
tion perpendicular to the warm-sector isobars.

27. Forecasting on the basis of observations at a single station or by sta-
tistical methods is less successful than forecasting from synoptic charts.

28. Cold fronts tend to dissipate when they are accelerated.

29. A col is defined as the intersection of two trough lines.

30. Airway weather reports are sent in over the teletype every 4 hours.

31. A depression will move toward an isallobaric “high,”

32. Convergence is the most important factor in causing frontolysis.

33. The occlusion process is slowed down by a mountain range during the
approach and passage of a warm front followed by a cold front

34. The character of a front cannot change from “cold” to “warm” or vice
versa.

35. Each successive depression of the same family follows a track which is
nearer the equator than that of its predecessor.

B. Multiple Choice or Completion

1. If the isobars are close together for equal increments of pressure, this is
an indication of (high wind velocity, low wind velocities, a dead calm).

2. Isobars on a map represent points along which (density, pressure tend-
ency, pressure, specific volume) is constant.

3. Every isobar must form a closed (spiral, curve, intersection, helix).

4. With the approach of a warm front, rain falls first from the (stratus,
altostratus, cumulus, altocumulus) cloud system.

§. The precipitation accompanying a warm front is (the showery type,
always hail, a steady rain, snow pellets).

6.)The air which follows a cold front is in general (smooth, warm, bumpy,
moist).
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7. After the passage of a warm-type occluded front, the temperature will
be (greater than, less than, the same as) before.

8. After the passage of a cold front, the visibility becomes (worse, better,
remains the same).

9. During the cold-front passage, the wind will shift from (NW to NE,
SW to NE, S to NE, S to NW).

10. The specific humidity (increases, decreases, remains constant) after the
passage of a cold front.

11. The line on the ground which marks the boundary between warm and
cold air is called a

12. The passage of a warm front is characterized by the following type of
barograph trace

C. Study Questions

1. Draw a warm-type occlusion which you would expect to find in the
Northern Hemisphere. Label warm front, cold front, occluded front, warm
sector, and upper cold front. What type of weather would you expect in the
warm sector? Also draw a cross section of the above occlusion and show what
kind of an ascent curve you would get if a sounding was taken through the
occluded front at the ground.

2. Show by means of a serics of diagrams, the formation of an extra-
tropical cyclone. Label all parts.

3. List several types of upper-air maps and tell how they are used. For
what is an atmospheric cross section used?

4. Make a drawing to illustrate-

a. Cold front structure and characteristics.
b. Warm front structure and characteristics.
c. Two types of occlusions.

d. Basic premise of air mass analysis.

5. Draw a series of diagrams showing the formation of an unstable wave
and the process of occlusion in the Southern Hemisphere. Label all parts.

6. Name the cloud types you would see when flying toward a warm front
from the cold air side.

#  What is the difference in cloud conditions in the cold air ncar a slowly
moving cold front, and near a rapidly moving cold front

8. Will the wind be stronger in a low or a high, both with isobars 100
miles apart and having a radius of curvature of 1ooo miles? Why?

9. How arc lows classified? How is precipitation related to the velocity of
travel of a low?
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10. The above figure represents a cyclonic system moving in the direction
of the arrow. Give all the clements of the weather by filling in the table below:

Pressure | Tempera- | Relative Clouds Precipi- | Visi- Wind

Point Tendency ture Humidity tation | bility

E

Where would the barometric tendency be lowest?
If the pressure at the center falls to 996 mb, will the wave occlude?






TABLES

CENTIGRADE TO FAHRENHEIT TiMPERATURE

Centi-
grade| © x 2 3 4 5 6 7 8 9
F. F. F, F. F F. F. F. ) O F.
—50|— 58.0] —59.8] —61.6|— 63.4] —65 2] ~67.0] —68.8]—70 6|72 4|—74.2
—40|— 40.0] 41.8 43.6 45.4 47.2 49 © 50.8] 52 6| 54.4| 56.2
~30[— 22.0] 23.8] 25.6] 27.4] 29.2 31.0] 32.8| 34.6] 36.4] 38.2
~20{= 4.0 - 5.8 = 7.6] — 9.4 —11.2] —13.0] —14.8/—16 6/—~18.4|—~20.2
~10|4 14.0| +12.2] +10.4] + 8.6] + 6.8} + 5.0 + 3.2|+ 1.4]— o0.4|~ 2.2
~ o|+ 32.0| +30.2| +28.4] +26.6] +24.8] +23.0] +21.2|4+19.4|4+17.6|415.8
=+ of+ 32.0| +33.8] +35.6] +37.4] +39.2] +41.0] +42.8/+44.6{+46.4/+48.2
+10{4+ 50 ol 1.8 53.6] 5.4 57.2 59.0| 60.8 62.6| 64.4] 66.2
+20|+ 68. 69.8] 71.6] 73.4] 75.2] 77.0] 78.8] 80.6] 82.4] 84.2
+30|+ 86.0] 87.8] 89.6] or.4] 93.2] 95.0f 96.8] 98.6] 100.4| 102.2
+40|+104.0] 105.8] 107.6] 109.4] 111.2] 113.0| 114.8] 116.6| 118.4] 120.2
+so|+122.0] 123.8] 125.6] 127.4] 129 2| 131.0] 132.8] 134.6| 136.4| 138.2

FAHRENHEIT T0 CENTIGRADE TEMPERATURE

Fahr-
enheit ° 1 2 3 4 s 6 7 8 9

C. C. C. C. C. C. C. C. C. C.
— 70°—56.7 |—57.2 |~57.8 |—58.3 |—58.9 | —59.4 | —60.0|—60 6| —61.1|~61.7

— 60 |—s1.1 | s1.7] s2.2| s52.8) s53.3] 53.9| 54.4] s55.0 55.6] 56.1
~ 50 |—45.6 | 46.1 | 46.7| 47 2| 47.8 | 48.3| 48.9] 49.4] so0.0| s50.6
— 40 |—40.0 40.6 41.1 41.7 42.2 42.8 43.3| 43.9] 44.4] 450
- 30 |—34.4| 35.0| 35.6| 36.x| 36.7| 37.2| 378 383 389 39.4
—~ 20 |—28.9 29.4| 30.0| 30.6| 31.1 31.7 32.2| 32.8] 33.3] 33.9
—~ 10 |—23.3 23.9| 24.4| 25.0} 25.6| 26.1 26.7| 27.2) 27.8] 28.3
- o|~17.8 18.3 18.9 19.4 20.0 20.6 21.1| 21.7| 22.2| 22.8
+ o{|—17.8|~-17.2 |-16.7 |-16.1 |~15.6 |—15.0 |—14.4|—13.9|~13.3|~12.8
+ 10 |~12.2 11.7 1.1 10.6 | 10.0 9.4 8.9 8.3} 7.8 7.2
+ 20 |- 6.7 6.1 5.6 5.0 4.4 3.9 3.3 2.8 2.2) 1.7
+ 30|— 1.1 |- 0.6 0.0 |+ 0.6 |4+ 1.1 |+ 1.7 |4 2.2|4+ 2.8/4 3.3|+ 3.9
+ 40 |+ 4.4 |+ 5.0 |+ 5.6 [+ 6.1 [+ 6.7 |+ 7.2 [+ 7.8+ 8.3(+ 8.9+ 9.4
+ 50 {+10.0 10.6 II.1 1.7 12.2 12.8 13.3| 13.9| 14.4] 15.0
+ 60 |+15.6 | 16.1 | 16.7 17.2 17.8 ] 18.3 ]| 18.9] 19.4] 20.0| 20.6
+ 70 21.1 21.7 22,2 22.8 23.3 23.9 24.4| 25.0] 25.6] 26.1
+ 8 | 26.7| 27.2| 27.8| 28.3]| 289 | 29.4| 30.0| 30.6] 3r.1f 31.7
+ 90| 32.2| 32.8| 33.3| 33.9| 34.4| 35.0| 35.6] 36.1] 36.7| 37.2

+100| 37.8| 38.3| 38.9| 39.4| 40.0] 406 | ar.z1| 41.7] 42.2|° 42.8
+110| 43.3| 43.9| 44.4| 45.0| 45.6 | 46.1 | 46 7] 47.2] 47.8] 48.3
+120| 48.9 ] 49.4| s0.0| s50.6| st.x ] st.7| s52.2| s52.8 s3.3] 53.9

Tables from George F. Taylor's ‘“‘Aeronautical Metcorology”
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MisCELLANEOUS CONSTANTS

Specific heat of dry air at constant pressure (¢;) = 0.2396 gram-calories per gram

Specific heat of dry air at constant volume (¢,) = o.1707 gram-calories per gram
Ratio of specific heats, v (¢p/cy) = 1.403
Latent heat of fusion of ice = 79.7 gram-calories per gram

LATENT HEAT OF VAPORIZATION OF WATER (L), IN GRAM-CALORIES PER GRAM

°C. o 5 10 15 20 25 30
L 594.9 592.4 | 5900 587.5 | 585.0 | 582.4 | 579.8
°C. 40 50 60 70 8o 90 100
L 574.5 569.0 | 563 4 | 557.6 | 551.6 | 545.5 | 539.%
BEAUFORT ScALE OF WIND VELOCITIES
Beaut. Velocity
caufort . .
Number Description of the Wind Statute Miles Meters
per Hour per Second
[- T Calm...covvvennnns civninnnnnnn Lessthan 1 .... Lcss thano 4
I......|  Lightair...... ............... 1t03.. . ...... o4to 1§
2......] Light brecze.............. . .. 4t07 ..iiiean, 16to 33
T Gentle breeze................... 8torz.......... 34t 54
4......] Moderate breeze................. 13t018 ......... 55t 79
Sevnunn Freshbreeze.................... 191024 ..vvnnn.. 8 oto10 7
6......| Strongbreeze................... 25t0 31..... o] 10.8t013 8
Tevenne Moderate gale......... ........ 32t038.......... 13 9to17.1
8......| Freshgale..........c..ovunun.. 39t046 ........ 17 2to 20 7
9......] Strong gale...... ............. 47t054 ....... 20 8 to 24 4
10...... Wholegale. .................... ssto63 ....... 24 5 to 28.4
I...... Storm......... e 6410 75...... ... 28.5 t0 33.5
12......] Hurricane............... ..... Above 75 .. .| Above 33 s
THE STANDARD ATMOSPHERE
Metric English
Standard temperature......... | 15°C. 50° F.
Standard temperature absolute. .| 283° A.
Standard pressure.............. 760 mm. of Hy. 29.92117 in. of Hg.
Standard pressure.............. 10332.276 kg/m? 2116.229 1b/ft?
Standard gravity. .. ........... 9 80665 m/s=c? 32.1740 {t/sec?
Standard specific weight...... ..] 1.2255 kg/m® 0.07651 lb/ft3
Standard density.............. 0.124966 kg/m/sec | 0.002378 Ib/ft/sec
Standard temperature gradient. .| 0.0c65° C./m 0.00356617° F./ft
Standard isothermal temperature} —55° C. —67°F.
Standard gas constant for air....| 29.2708 53-33050

Tables from George F. Taylor's “Aeronautical Metcorology”
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CALCULATION OF THE POTENTIAL TEMPERATURE (6)

Multiply the absolute temperature by the factor in the table below which corresperds
to the ezisting pressure, to obtain the Potential Temperature (6)

237

in
Milli-] o 10 20 30 40 50 60 70 80 go
bars

o ... . 13.967{3.085]2.745{2.528{2 370]|2.252(2 151 |2 o050 2 oot
100 | 1.943 | 1.888| 1.842]|1.8001.762|1.726]|1.695|71.660| 1 639]1.673
200 | 1.500|1.568]1.547|1.527| 1.501|X.401 |T.474}1.458]|1 4451 428
300 | T1.414)1.401|1.388]|1.376]|1.365]|1 353{1.342)1.332]|1 3211 312
400 |71.302|1.293|1.285|1.276|1.267{1.250|1.251|1.244 |1 23671 228
500 |1.221|1.214|1.207|1.2001.194|1.188 | 1.182|1.176 |1 170 | 1 164
600 |1.159|1.153)1.148 | 1.142|1.137|1.132 | 1.127 | 1.122 | 1. 118 | 1.113
700 | 1.108|1.104 | 1.009 ]| 1.095]|1.001|1.086]|1.082]|1.078]| 1 074 ] 1.070
800 | 1.066|1.062|1.050]|1.055]|1.051|1.048 |1 044 |1.041|1 037 |1 034
goo |1.031(1.028]1.024|1.021|1.018|1.015|I.0I2|1.009]1.006 | 1.003
1000 | 1.000{0.997|0.994]0.991 | 0.988|0.985|0.982|0.¢970|0.976| 0.973

CAICULATION OF THF. EQUIVALENT POTENTIAL TEMPERATURE (6,)

Table for (Lp" )'m (where po = 1000 mb )

Add the quantities below to the Partial Potential Temperature (64) to obtain the
Equivalent Potential Temperature (6,)

0
! 250 | 260 | 270 | 280 | 290 | 300 | 310 | 320 | 330 | 340 | 350
w

oo o o o o o o [ o o o
1.0 2 3 3 3 3 3 3 3 4 4 4
2.0 |-..... 5 5 6 6 6 6 7 7 7 7
3.0 oo iennn 8 8 8 9 9 0| 10| 10| 1I
4.0 foeeoi]iiannn 10 | 10 | 11 12 | 12 | 12 | 13| 13| 14
5.0 ... ool 12 13 | 14 | 14 | 15 | 15} 16 | 17 | 17
6.0 |......].... .. 15 16 17 18 18 19 20 21
7.0 | ..... cenes 18 19 19 20 21 22 23 24
8.0 }...... 20 21 22 23 24 25 26 27
9.0 |eeeeiiferns [ PR 23 24 25 26 | 27 28 29 | 30
100 f.ooveuifeeeeado... Jdo2s 26 27 29 | 30 | 31 32 | 33
11,0 feeewrfoveend] cuii]ennnn 29 | 30 | 31 33| 34| 35| 36
12 0 TR PERTE B eoof 30 1 33| 34 ] 35| 37| 381 39
13.0 J|.v.enn S PR 34 | 35 37 38 | 40| 42 | a3
14.0 feeeiifeiiind] oot 37| 38| 39| 41 | 43 | 45 | 47
15.0 f...o oot 30| 40| 42 | 44 | 46 | 48 | 350
16.0 |......[... PR R B . 41 | 43 | 45| 47| 40 | 51 | 53
320 2NN (R [ P 44 | 46 | 48 | so | 52 | 54 | 56
18.0 |...... . .. 46 | 48 | so | 53| 55 ] 57} 60
19.0 }...... -] 49 | 51 | 53 { 56 | 58 | 60 | 63
20.0 R P e .. 51 53 56 58 61 63 | 66

Tables from George F. Taylor's ““Aeronautical Meteorology”
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AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

N CL Cwm Cu a

@ o o=t

Ny

]

WEATHER DURING SIX HOURS PRECEDING OBSERVATIOR

SYMBOLS

0Q |o 0 0 0

ABSOLUTELY RISING, THEW
NO CLOUDS IN SKY 1O LOWER CLOUDS NO MIDDLE CLOUDS KO HICH CLOUDS FALLING

1@ 1@ (1< 1= |

CIRRUS, DELICATE, | RISING, THEN
‘LESS THAN ONE COMULUS TYPICAL O PINSEEASING, muﬂ. L
TENTH OF FINE WEATHER | ALTOSTRATUS, THIN | 1557 mep uassEs %% Stomy

2D [2A [2Z [2—> |2

CIRRUS, DELICATE
NoT ménnsn?‘.ﬂ_

s m "1-:}6“ A%‘l;gex ABUNDANT BUT
wxu. WITHOU’I‘ TUS, FORMING A
ONE TENTH ANVIL TOP (OR NIMBOSTRATUS) | CONTINOUS LAYER UNSTEADY.

3™ (323 |3ww |3 |3

ALTOCUMULUS, OR
‘TWO OR THREE ﬂélIGﬂ !sgluro- AT g&% or mm.
il CUMVLONTMBUS | ONE TEVEL OMLY ! STEADY OR RISING
O ALTOCUMULUS IN / \/
SMALL ISOLATED

UAL FTEN  |CIRRUS, INCREASING,| FALLING OR
]STRATOCUMULUS SHOW SIGNS OF EVAP-|GENERALLY IN THE STEADY, THEW
FOUR, FIVE, OR SIX {FORMED BY THE FLAT-|ORATION AND ARE PORM OF HOOKS END- | RISING, OR RIS-

TENING OF CUMULUS |MORE OR LESS LEN- JING IN A POINT OR | ING, THEN RISING
cLOUDS TICULAR IN SHAPE - |IN A SMALL TURFT MORE QUICKLY
s@ |5~ [5&5 |5 |5
CIRRUS (OFTEN IN
AL rocunuLUS POLAR BANDS) OR
ARRANGED IN MORE OR | CIRROSTRATUS
(R A ORDERED TAYER| SEY BT NOD HORE
SEVEN OR EIGRT LAYER OF STRATUS FALLING, THEN
TENTHS A o 5 [ADUANCING OVER THE | THAN 45 ABOVE THE | TALLING,
6 ” 6 --- 6 S 6 - 6 \-
CIRRUS (OFTEN IN
FOLAR BANDS) OR
azp | ADVANGING ovER THE PALLING, THEN
ALTOCUMULUS PO e
LOW BROKEN UP BY A SPREADING OUT |'SKY AND MORE THAN s-rm!.'oa FALL
NINE TENTHS CLOUDS OF BAD OF THE TOPS OF 45 ABOVE THE , THEN FALL-
WEATHER US HORIZON TG MORE STOVLY
Q|17 |7 |7 |7
ALTOCUMULUS
ALTOSTRATES O
TENTSS BUT MITR | VEATHER aNp . | ALOSTRATUS wim A | yELL OF oImRo.
PART: ALTO- STRA’
OPENINGS STRATOCIMULUS CUMULUS CHARACTER | THE WHOLE SEY UNSTEADY.

s@ |85 (8 1 |8 — 8\

HEAVY OR SWELLING | ALTOCUMULUS TRROSTRATUS NOT
SKY COMPLETELY CUMULUS, OR CUNU- { CASTELLATUS, %ﬁmm AND NOT
COVERED WITH LONDMEUS, AND OR SCATTERED
CLOUDS STRATOCUMULUS CUMULIPORE TUPTS | SROTE BXY FALLING .
_CLOT STRATOCUMULUS CTMULIFORY TUVTS | YHOLE SEY

9 |9 |9 ¢ o2 o\

=== ALTOCUMULUS IN SEV-
ERAL SHEETS AT DIF-

VY OR BWELLING }ERALLY ASSOCIATED I CIRROCUMULUS s'n.m OR_RISING,
%ﬂs OR CUMU- |WITH TEICK FIBROUS | PREDOMINATING, THEN FALLING; OR
SKY OBSCURED BY LONIMBUS) AND LOW }VEILS OF CLOUD AND ABSOQIAMIIEA FALLING,

ﬂhm RAGGED CLOUDS OF |A CHAOTIC APPEAR- muu. QUANTITY !“Allfg.wﬂ
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TABLES 241

TEMPERATURE OF THE CONDENSATION LEVEL (°C.)

(This table may be used to calculate the lift necessary to saturate a sample of air. The difference
between the air temperature and the temperature of the condensation level gives the number of hundred,
meters lift required to reach saturation.)

\ w
B¢ \ o o.1 0.2 0.3 0.4 os 0.6 0.7 0.8 | 09| 1.0
240 |.eeoee.) —42.8] 34.7 29.5 26.0 23.4 21.0 19. 17.0| 15.3 | 14.0
242 |..eevoe) —33.1] 35.0 29.8 26.4 23.8 21.4 19.4 | 17.5 | 15.7 | 14.3
244 |. 35 3 30 4 26 8 24.2 21.8 19. 17.9 | 16.2 | 14.7
246 35 7 308 27.2 24.5 22.2 20.2 | 18.3 | 16.5 | 15.0
248 36 1 31.2 27.6 24.8 22.6 | 20.6 | 18.7 | 16.9 | 15.4
250 365 | 316 28 o 25.7 230 | 21.0 | 19.0 | 17.3 | 15.8
252 36.9 320 28 4 25.6 23.4 21.3 | 19 17.7 | 16.2
254 37.0 | 324 | 287 25.9 | 23.7 | 21.7 xg.g 18.1 | 16.6
256 37 4 327 29 o 26 3 24.0 22.0 | 20.2 | 18 5| 17.0
258 37.7 | 330 | 294 | 26.6 | 24.3 | 22.3 | 20.5 | 18.8 | 17.4
260 380 | 334 ] 20.8 | 269 | 24.7 | 22.6 { 20.9 | 19.1| 17.8
262 383 1| 337 | 30.1 27.2 25.0 | 23.0 | 21.2 | 19.5 | 18.2
264 386 34.0 | 30.4 27 6 25.4 23 4 | 21.6 | 19.9 | 18.5
266 389 ) 34.3 | 307 27 9 25 7 237 | 220 20.3}18.8
268 392 | 336 | 31.0| 28 2 260 | 240 | 22.3| 20.7]19.2
270 3985 | 349 | 313 28 5 | 263 | 244 | 22.6 | 2x 0| 19.6
272 398 [ 351 | 316 28 8 26 6 247 | 230 21.4] 20.0
274 40 1 353 | 319 29 1 26 9 | 25.0 | 23 3| 21.8] 20.3
276 40 4 350 32 2 29 4 27 2 25.3 | 23 7| 22.2 | 20.7
278 40 7 359 | 325 29 7 27§ 25.6 | 24.0 | 22.5 | 21.0
280 41.0 | 36 1 | 328 | 30.0 | 27.8 259 | 24.3 | 22.8| 21.3
282 41.2 36 4 33.1 30 3 28 1 26.2 | 24.6 | 23.1 | 21.7
284 41.5 36 7 334 | 30.6 28 4 26.5 | 24 9| 23.4 | 22.1
286 41 7 370 337 309 28.7 26.8 | 25.2 | 23.7 | 22 4
288 420 | 37 2| 34.0| 31.2 | 29.0 | 27.1 | 25 5| 24.0 | 22.7
290 42 2 37 5 34.3 3r.5 29 3 27.4 | 25.8 | 242|230
292 42 § 37 8 34 6 3r 8 29.6 27.7 | 26.1 | 24 5| 23.3
294 42 7 381 349 32.1 29.9 28 0 | 26.4 | 24.8 | 23.6
296 430 | 384 | 35.2 32 4 | 30.2 28.3 | 26 7| 250|239
298 43 2 | 387 | 35.5 ) 32.7 | 304 | 28.6 | 27.0°) 25 3| 24.2
300 435 | 390 | 35.7 } 330 | 30.7 | 289 | 2731256245
302 437 | 393 | 360 | 33.3 | 31.0| 291 |27.6|259]| 24.8
304 44 © 39 6 36 2 33. 31.3 29.4 | 27926 2| 25.0
306 44.2 | 399 | 365 | 33.9 | 31.6 | 297 |28 1| 265|252
308 44 5 40 2 367 | 34.2 31.9 | 300 | 28 3| 26 8| 25.5
310 44 7 40 4 370 | 334.5 | 32.2 302 | 286 271|258
312 45 0 | 40.7 37.2 34.8 | 32.4 | 305 | 288274 | 261
314 452 | 409 | 37.5 | 350 | 32.7 | 308 | 29.1 | 27 7| 26.4
316 455 | 41 2 37.7 352 | 330 ]| 31.0 |293| 280/ 26.7
318 457 | 4x5 | 37.9 | 355 | 33.3 | 31.3 | 295)282}270
320 460 | 418 | 381 | 35.8 | 33.6 | 315 | 298| 28 5] 27.2
322 46 42 0 38 4 36.0 | 338 318 | 300|288 275
324 46.6 | 42 2 38.7 36.3 | 34.0 | 32.1 | 303|290 278
326 469 | 424 | 390 | 365 | 34.3 | 32.4 | 306 | 29 2| 28.1
328 47.1 | 426 | 392 | 367 | 345 | 32.7 | 308|294 284
330 47.4 | 42.8 | 395 | 369 | 34.8 | 33.0 | 31.1|29.7]|286
332 47.6 | 430 | 398 | 37.x | 35.0 | 33.3 | 31 3| 30.0 28.8
334 47 9 43 2 40 O 37 4 35.2 33.5 | 31 5 30.2|290
336 481 | 434 | 403 | 376 | 35.5 | 33.8 | 31.8 | 30.5]|29 3
338 48.4 | 436 | 4005 | 37.8 | 35.7 | 34.0 | 32.1 | 30.7 | 29.6
340 48.7 | 43.8 | 40.7 | 38.0 | 36.0 | 34.3 | 32.4 | 31.0| 29.9
342 49.0 | 440 | 410 | 38.3 | 36.2 | 34.5 | 32.7 | 31.2 | 30.2
344 49.2 | 44 2 | 41.2 | 38.5 36-2 34.8 | 33.0 | 31.5 | 30.4
346 49.5 | 44.4 | 41.5 | 38.8 | 36. 35.0 | 33.2 | 31.7 | 30.7
348 49.7 | 44.7 | 41.7 | 39.0 | 36. 35.3 | 33.5 | 32.0| 30.9
Oe
'] 0.3 0.2 0.3 0.4 0.5 0.6 0.7 0.8)]| 09| r0
W
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AN ILLUSTRATED QUTLINE OF WEATHER SCIENCE

242
TEMPERATURE OF THE CONDENSATION LEVEL (° C.)—Continued
\'
0 10 1.5 20| 2.§| 30| 3.5} 40| 4.5 |5.0|5.5]6.0]6.5] 7.0
(J
250 |—185.8].. ... . c0ii]iennn
252 |—16.3|. .
254 |=16.6]...... 0 00nii]ennnn
356 |—=X7.0[..c.i0ifeeianifoninnn
258 |—17.4 .
260 |—17.8 .
262 |—18.2| x2.4|......0..... .ous
264 |—18.5| 12.7|— 7.5.....
266 |—18.8] 13.0/— 7.9[......
268 |—19.2] 13 4/— 8.3......
270 |—19.6 4.7
272 |—20.0] 5.1{— 2.1
it 1o SE
276 |—20. . . )
278 |—21.0 6.3|— 3.3]—~ o.6|+
280 |—21.3 6.79l— 3.7]— r.0]+ 1.5]......]... PP PN .
382 |—21 7 7.3}— q.1]— 1. :tx.z+3.4...... N AR
284 |—22.1 7.5|— 4.4]— x.g 0.8|+ 3.0|+s5.9|.
286 |—22.4 7.9— 4.8]— 2.1]+ o.4|4 2.6|+4.6].....0.....].....|.... .
288 |—22.7 8.3]— §5.2|— 2.5| 0.0+ 2.2]+4.2|+6.0].....]..... ] .00
290 ,|—23.0) 8 j|— 5.6|— 2.9|— o.4|+ 1.8]+3.8{+5.7{+7.4].....].....
292 1-23.3 . 9.0]— 6.0|— 3.3|— 0.8+ 1.4|43.4|+5.3|+7.0|+8 6].....
294 |—23.6 . 94— 6'3 — 3.7|— 1.2|+ 1.0|+3.0|+4.9|+6.6{+8.2|+9.8
296 |—23.9 . . 9.7|— 6.8~ 4.0|— 1.6+ 0.6|+2.6|+4.5|+6.2)+7.9|+9.4
298 (—24.2 18.9] 13.7 10.0~ 7.1|— 4.3|— 2.0[+ o.2{+2.3{+4.1{+5.8+7.5{+9.0
30a |—24.5| 19.0] 14.0 10.4|— 7.5|— 4.7]— 2.4|— o0.2|+x.9|+3.7|+5.4/+7.1|+8.6
302 |—24.8] 19.3] 14.4] 10 8— 7.9|— 5.1]— 2.7|— 0.6 +x.% +3.3]+5.0]1+6.7]+8.2
304 |—25.0] 19.6] 14.7] 1r.1]— 8.3|— 5.5|— 3.1|— r.0|41.2|42.9{+4.6]+6.3|+7.8
306 |—25.2] 20.0| 15.0f x1.5/— 8.5|— 5.9]— 3.5|— x.4/40.8|+2.5|14.2|+5.9]17.4
308 |—25.5] 20.3] 15.4| 1r.9/— 8.8]— 6.3]— 3.9|— 1.8|t0.4]|+2.1|+3.8|+s.5/+7.0
310 [~25.8] 20.6] 15.9| 12.2|— 9.1|— 6.7[— 4.3|— 2.1| o.0|41.8|+3.5/+5.1|+6.6
312 |—26.1] 20.9] 16.0] 12.5|— 9.5|— 7.0|— 4.6|— 2.5|—0.4|41.4|+3.1|+4.7|+6.3
314 |—26.4] 21.2] 16.4] 12.8— 9.9|— 7.3|— 4.9|— 2.8|—0.8|+1.0{+2.8{+4.3+5.9
316 |—26.7| ar.s| 16.7] 13.1] 10.3]— 7.7|— §.2|— 3.1|—1.1}+0.7{+32.4{F4.0|+5.5
318 |—27.0f 21.8] 17.0 13.4 10.6|— 8.0|— 5.6]|— 3.5|—1.5|+0.3|+2.0]+3.6]+s.2
320 |—27.2| 22.1] 17.2) 123.7] 10.9]— 8.3|— 6.0|— 3.9|—x.8] o.0|+r.7|+3.2+4.8
322 |—27.5| 22.4] 17.5] 14 11.1)— 8.6|— 6 3]— 4.2|—2.2|—~0.3]4+1.3 +3.g 14.5
324 |—27.8] 22.7| 17.8 14.2] 1.4/~ 9.0|— 6.7|— 4.s|—2.5|—0.7|+1.0|+2.6]+4.1
326 |—28.1] 323.0| 18.1] 14.5) 11.8/— 9.3|— 7.0|— 4.8|—2.9|—1.0|+0.6]+2.2|+3.7
328 |—38.4] 23.3] 18.4 14.8| 12.1|— 9.6|— 7.3|— 5.1|—3.2|—1.4{+0.3|+1.8+3.3
330 |—28.6] 23.6] 18.5| 1s.1| 12.4]/— 9.9|— 7.6/— 5.5|—3.6|—1.8|—0.1}+1.5/+3.0
332 |—28.8] 23.9] 18.9| 12.4 12.7| 10.2|— g.o - 8.9 —4.0[~2.2|—0.4{+1.1{+2.7
334 |—29.0| 24.2] 19.2| 15.7] 13.0| 10.5|— 8.3]— 6.2]—4.3 -3-5 —o.7|+0.81+2.4
336 (—29.3] 24.5| 19.5| 16 o| 13.3| 10.8|— 8.6/— 6.5|—4.6|—2.8{—1.0]+0.5|+2.0
338 |—20.6] 24.7| 19.8] 16.3] 13.6] 1x1.3]— 8.9|— 6.8]—4.9]—3.1]|—1.4/F0.1|+1.6
.2|— 7.1}—5.2]|—3.5| —1.8{—0.3|+1.3
9_2 - ;g —5.5 —-3.% —~2.1] —o.% +1.0
5 - 7.8|—5.9|—4.1|—3.4{—0.9{t0.7
.1}~ 8.1|—6.2)—4.4| —2.7]~1.2]|40.3
.4]|— 8.4|—6.5|—4.72{—3.0|—1.5] o©.0
— 8.7/ —6.8|~s.0|—3.3]| —1.9|~0.4
— 9.0|—7.1|—5.3|~3.7|—2.3|~0.7
- 9.3|—7.4|—5.7|—4.0| ~2.5| ~r1.0
— 9.6{—7.8{—6.9] —4.% —-2.8|~1.4
—~ 9.9|—8.1/—6.3] —4.6] ~3.1|~1.7
10.2{—8.4]|—6.6|{—4.9| —3.4]|~2.0
—10.5{—8. . .2} =3.7 —"%
.5l —4.0|~12.
.8 —4.% -2.9
1| —4.6]=3.2
Og
W 10| 15| 20|2s5|30]| 35| 40| 45|50|55|60]6.5]7.0
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TABLES 243
TEMPERATURE OF THE CONDENSATION LEVEL (° C.)—Continued

75 {80 | 85| 90| 95 |100]|10.5| 12,0 |IX5|12.0{12.5]13.0 xs.sN
(]

4+9.3 .

+8 9 . .

+8.5| +9.9| 1.3 12.6{ 139

+8.1] +9 10.9] 12.2| 13§

+7.7 +g.1 10.5| 1.8 13.1] 14.3

+7.3] +8.7] 10.1| 1 4| 12.7] 139

+7.0| +8.3] 4+9.7| 1rol 123 13.5

+6.6{ +7.9] +9.3| 10.6] 11.9[ 13.1

+6.2| +7.5] +9 o] 10 2| 11.6] 12.9

+5.8] 4+7.2| +8.6] 4+9.8] 11.2| 12.4

+5.4| +6.8 +8.2| +9.4/ 10 8| 12 0 . . .

+s5.1| +6.5| +7.8] 49 o] 10.4] 11.6| 12.7] 13.8| 14.9] 16.0] 217.0| 18.0| 19.0 | 326
+4.7| +6 1| +7.4] +8.7] 10.0| 11.2| 12.4] 13.4| 14.5| 15.6] 16.6] 17.6] 18.6 | 328
+4.3| +5.8 +7.0] +8.4] +9.6] 10.8] 12.0[ 13.0| 14.1] 15.2| 16.2| 17.2[ 18.2 | 330
+4.0| +5.4] +6.6] 4+8 o] +9.2| 10 4| 11.6] 12.6] 13.7| 14.8] 15.8| 16.8| 17.8 | 332
+3.7| +s.0] +6.3| 4+7.8] +8.8] 10 0| 1r.2| 12.3] 13.4] 14.4| 15.5| 16.5| 17.5 | 334
+3.4] +4.6] +5.9] +7.3] +8.5| +9.6] 10.8 11.9| 13.0| 14.0| 15.1] 16.1) 17.1 | 336
+3.0| +4 3| +5.6] +6.9] +8.1} 49 2| 10.4| 11.5| 12.6] 13.6| 14.7] 15.9| 16.7 | 338
+2.7| +4 o] +5.3] +6 5| +7.9| +8.9] 10 0 11.1| 22 2| 13.2| 14.3| 15.3] 16.3 | 340
+2.3] +3.9 +5.0| +6.1] +7.4| +8.6] +9.6] 10.7| 11 8} 12.9| 14.0| 15.0| 15.9 | 342
+32.0] +3.4| +4.7] +s.7| +7 o] +8 2| +9.3] 10.4| 11.5| 12.6] 13.6] 14.6| 15.5 | 344
+1.7] +3 0f +4.3] +5 4| +6.7( +7.8] +9.0{ 10.0| XI.1T| 12.2| X3.2| 14.2{ 15.2 | 346
+1.3| +2 7| +4.0] +5.1| +6.3] +7.5| +8.6] +9.6| 10.7| 11.8| 12.8| 13.8} 14.8 | 348
+1.0| +2.3| +3.7| +4.8] +6 o +7.2| +8.2] +9.3| 10 3| 11.5| 12.4| 13.4] 14.4 | 350
+o0.9] +2.0| +3.3] +4.5] +5.7] +6 8| +7 8 +9.0[ 10 of 11 1| r2.0| 13.0 14.0 | 352
+o0.4] +1.6] +3.0] +4 2| +5.4] +6.5] +7 5| +8 7|+9.7| 10 7| 11.7| 12.7) 13 7 | 354
o.0| +1.3| +2.7| +3.8] +5.0] +6 2| +7.2| +8 3[49.3| 10.4| x1.4| 12.4| 13 4| 356
~3 3| +1of +2 3] +3.5] +4.7] +5 9| +6.8[ +7.9/4+9.0| 10.0| 11.0| 32.0| 13.0 | 358
~0 6| +o0 8| +32.0| 4+3.2| +4 4| +5.6] +6 5| +7.6|+8 7{+9.7] 10 7| 11.6] 12.7 | 360
~0.9| +o.5| +1.6] +2 9| +4.0] +5.2| +6.2] +7.3]+8.3|+9 4| 10.4] 11.3| 14.2 | 362
—1.2{ +o.1| +1.3] 42 5} +3.7] +4.9] +5 9| +7 o|+8.0/49 o] 10.0| 11.0| 12.0 363
—1.5| —o0.3| +1.0| +2.2| 4+3.4| +4.6] +5.6] +6.7|+7 7|+8.7]49.7]| 10.7} 11.6 | 36

~1.8) —o.5| +o.7] +1 9| +3 of +4.3| +5.3( +6.4|+7.4[+8.3]+9.4 10.4f 17.2 | 368
9.5 | 80 | 8.5 | 9.0 | 9.5 | 10.10] 10.5] 11.0] 11.5] 12.0] 12.5] 13.0| 13.5 %
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244 AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE
TEMPERATURE OF THE CONDENSATION LEVEL (° C.)—Continued
w
9 140145150 |15.5| 60| 16.5] 17.0]17.5[180]|18 5/19.0{19.5]20.0
(]
322 |+20 8]......]......I. PO R T Y AP IS SN U PR D . .e
324 |420.4] 2.4 )......0.0 ]l . N
326 |+20.0] 21.0 | 21.8[......]...... . N PP
328 |+19.6] 20.6 | 2t.4 | 22.4 | .....0 ...l .. f.eeief oo e N PPN
330 |+19 2] 202 | 2r0)22.0f23.0].....} .....}.. ... PPN R PN casen
332 |+18 8) 19.8 [ 20.7 [ 21.6 | 22.5 | 23.4 | .....| ... coiifeii e ] ceens
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340 |+17 3| 18.1 | 19.1} 20.0 | 209 | 2.8 | 22.6 | 23 5 {24 3|25 1|25 8)..... ]e...0
342 |+16.9] 17.7 | 18.7 | 10.6 | 20.5 | 2x.4 | 22.2 | 23.x |23 9| 24.7]25.5]26.3].....
344 |+16.5| 17.3 ] 18.3 | 19.2 | 20.x | 21.0 | 21.8 | 22.7 |23 6|24 3|25 1|25.9 26.6
346 |+16.1{ 17.9 | 1791 18.8 | 19.7| 206 | 21.4 | 22.3 |23 2|23.9{24 7|25.5] 36.2
348 |+15 7] 16.6 | 17.6 | 18.5 | 39.3 | 20 2 | 21.0 | 21 9 | 22.8| 23 5| 24.3 | 25.1| 25.8
330 {415 4f 16.3 | 17.2 | 18.1 | 19.0 | 19.8 | 20.7 | 21.6 | 22.4 23 2[23.9]24.8] 325.4
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354 |+14.6] x5.5 | 16 5| 37.3 ] 18.3)19 1| 19.9 ] 20.8 |21 6]22.4]23.2)24.0] 24.7
356 |+34 3| 15 2 | 16.1 | 17.0] 17 9|18 7| 19.5 | 20.5 |21.2|220[228]23.6] 24.3
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e
W 140 14.5|150}15.5 | 160 16.5| 17.0 17.5 |18 0|18 5]|19.0]|19.5] 20.0
From George F. Taylor's “‘Aeronautical Mctcorology”



INDEX

Abercromby and Marriot, 14
Absolute, scale, 31-33
zero, 7
Absorption, 34
Adiabatic, dry, 43
moist, 43
Adiabatic, changes, 42
Aerology, 18
Aerometeorograph, 13
Air mass, classification, 103
definition, 98
diagrams, 106-116
frontal analysis, 18
highs, 135
modifications, 99, 100
Air masses, Arctic Maritime, 116
Polar Atlantic, 104, 111, 116
Polar Basin, 103, 108
Polar Continental, 101, 103,
107
Polar Maritime, 101
Polar Pacific, 104, 109, 110, 118
Polar Russian, 116
Polar Siberian, 117
Tropical Atlantic, 104, 112, 113, 116
Tropical Continental, 104, 115, 116,
118
Tropical Gulf, 104, 112, 113
Tropical Maritime, 102
Tropical Pacific, 104, 115, 118
Tropical Superior, 105, 111
Aleutian Low, 83, 133
Altitude and temperature, 37
Anticyclogenesis, 134-136
Anticyclones, 134, 136
forecast of movement of, 199, 200
Antitrade wind, 83
Appleton layer, 28
Aristotle, 1
Asian air masses, 117
Assmann, 8
Astro-meteorology, 1, §
Atmosphere, composition of, 25
vertical structure of, 26, 27
Atoms, 20
Auroras, 27
Australian air masses, 118
Auto-convective lapse rate, 44
Azores High, 83, 116

106,

Babylonians, 1
Bacon, ¥
Baguio (see Tropical cyclone)
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Ball, 11
Barometric tendency, 147
Beaufort, 8
Bergeron’s hypothesis, 125
Bermuda High, 83, 116
Bigelow, 14
Bjerknes, 14
Blasius, 14
Blizzard, 109
Book of Signs, 2
Bora, o1
Bosch, 13
Boyle, 7
Boyle’s law, 77
Brandes, 1o
Breeze, lake, 88

land and sea, 8%
British thermal unit, 31
Buchan, 10
Bureau and Idrac, 13
Buys Ballot, 11

Calm center, 166
Carots, 8
Celsius, 7
Centers of action, 83, 84
Centigrade, 7, 31-33
Centrifugal force, 85
Charles’ law, 78
Chinook wind (see Fohn wind)
Circulation, 77-97
mountain and valley, 89
primary, 80-86, 128, 129
secondary, 86-97
Claridge, 4
Cloudburst, 155
Clouds, 119-123
causes, 122
classification, 120
effects, 45
forecasting from, 204, 203
sequence at fronts, 137, 141
Code, weather, 150
Cold front, 19, 140-143
Colloidal stability, 124
Composition, of the atmosphere, 25
of matter, 20
Compounds, 20
Condensation forms, 122
Conditionally unstable (see Stability,
conditional)
Conduction, 33
Conservatism, relative, 66, 67
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Conservative properties, 63-67
Convection, mechanical, 34
thermal, 34
Convective condensation level, 58
Convergence, 81
Coriolis force, 83, 85
Cyclogenesis, 128, 133, 134
Cyclone, stable wave, 129, 136
types of, 129-132
unstable wave, 137
velocity of, 199
Cyclostrophic wind, 86

Dalence, 6
Dalton, 8
Dampier, 8
Darwin, 3
Deepening, of pressure centers, 200
Definitions, 18, 19
Deflective force (see Coriolis force)
Density, 23, 24, 25
de Saussure, 8
Dew point, 54
Differential heating, 77, 86
Dines, 13
Discontinuity surface (see Front)
Diurnal variation, 41, 42
in pressure, 80, 202
Divergence, 91
Doldrums, 8o
Dove, 14
Dry adiabatic lapse rate, 43
Dynamic meteorology, 18

Ebullition, 51

Electromagnetic scale, 34

Elements, 20

Empirical forecast rules, 202, 203

Energy diagrams, 54

English weather service, 11

Equinox, 38

Equivalent potential temperature, 69,
70

European air masses, 116

Evaporation, laws of, 51

Fahrenheit, 6, 31-33

Faraday, 163

Ferrel’s law, 84

Filling of pressure centers, 200

Fitzroy, 11

Florentine Academy, 6

Fog, 171-180
adiabatic processes, 173-175
advection, 175
Arctic sea smoke, 173
classification of, 171
convergent, 173
dissipating processes, 178-180
evaporation processes, 171-173
frontal, 171
ground, 176

AN ILLUSTRATED OUTLINE OF WEATHER SCIENCE

ice-crystal, 178
isobaric and isallobaric, 174
lake, 175
land- and seca-breeze, 175
monsoon, 17§
non-adiabatic processes, 175-178
postfrontal, 172
prefrontal, 172
radiation, 176-178
rain-area, 172
sea, 176
steam, 172, 173
tropical-air, 176
upslope, 174
Foha wind, 7%, 91, 92
Forecasting, 195-210
from local indications, 203, 207
general inference, 198-203
thunderstorms, 158-162
Forecasts, types, 196-198
Franklin, 8
Frequency, 35
Friction, atmospheric, 86
Frontal cloud types, 137, 146, 159
Frontogenesis, 133, 134, 137, 147
Frontolysis, 146, 147, 201
Fronts, Arctic, 129
cold front, 140
definition of, 131
cquatorial, 129
methods of indicating, 194
movements of, 201
occluded, 143-145
bent-back, 143
cold-type, 143
warm-type, 144
polar, 82, 129
recognition of, 140, 146, 149
secondary, 146, 147
slope of, 138, 142
upper cold front, 144, 161
warm, 137-140
Funnel effect, 9o, 93

Galileo, 7

Galton, 11

Gas constant, 64, 65

General inference, 198

Georgics, 2

Geostrophic wind, 86

Gradient wind, 86

Gram calorie, 31

Gravity wind (see Katabatic wind)
Gustiness factor, 92

Hail, 124, 155

-Halley, 8

Hann, 11

Heat, 30

Heat balance, 37

Heat, of condensation, 52
of fusion, 52



Heat (continued)

specific, 31

table, 31

transfer, 33
Heaviside (Kennelly-) layer, 28
Helmholtz and Margules, 14
Henry, 11
Herath and Robitsch, 13
Hermite and Besangon, 13
Highs (see Anticyclones)
Historical sequence, 146
Hooke, 7
Horse latitudes, 82
Humidity, absolute, 53

capacity, 353

mixing ratio, 66

relative, 33

specific, 66
Hurricane (see Tropical cyclone)
Hygroscopic nuclei, 124

Icelandic Low, 83, 133

Icing, 180-18%
conditions, 182
dangers, 183
forecasting, 183
types, 181

India, 87

Infrared, 36

Insolation, 36

Instability, 46, 100

Instruments, history of, 6

Inversion, 43, 177

Invisible College, 7

Ionization, 22

Ionosphere, 27

Tons, 21

Isallobar, 137, 142

Isentropic analysis, 15

Isobars, 189-194

Isothermal, 43

Jefferson, 11

Kennelly-Heaviside layer, 28
Kilogram calorie, 31

Kreil, 11

Krick, 103

Land breeze, 87, 88

Lapse rate, 43-45

Latent heat of condensation, 52

Le Verrier, 10

Lift, 105

Lifting condensation level, 57

Lightning, 156, 163

Lindenberg, 13

Line squall, 163, 164

Local currents, 95

Loomis, 11

Lows, characteristics, 129
forecast of movement of, 198, 199
frontal, 129
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nonfrontal, 132
origin, 130
thermal, 132

Mechanical Convective Level, 62
Mechanical turbulence, g5
Medieval, 3

Meteorograph, 13
Meteorologica, 1
Microbarograph, 10

Mixing ratio, 66

Mohn, 10

Molecules, 20

Monsoon, 8%

Mountain and valley circulation, 89

Normal lapse rate, 43

North American High, 83, 84
Northern lights (see Auroras)
Novum Organum, 7

Nuclei, of condensation, 124

Occlusion, 20
bent-back, 145
cold-type, 143
warm-type, 144
Occlusion process, 133
Olland, 13
Orographic depressions, 132
Oxygen, 26

Pacific High, 83, 103
Patterson, 13
Permanent gases, 38
Polar front, 82, 130
Potential temperature (see Tempera-
ture, potential)
Pouillet, 8, 10
Precipitation forms, 122
Pressure and force, 79
gradient, 85
laws, 78, 79
measurement of, 21
Pressure centers, movement of, 198,
200
Prevailing westerlies, 83
Pseudo-adiabatic chart, 54-75, 159-
162
CCL, 58
codrdinates, 55, 56
depegraph, 57
dew point, 57
equivalent potential temperature,
64, 69, 70
equivalent temperature, 65, 69, 70
LCL, 57
MCL, 62
positive and negative areas, 59-62
potential temperature, 63, 69, 71
practical use, 67-73
recognition of fronts and cloud
layers, 62, 63
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Pseudo-adiabatic chart (continued)
temperature for convection, 58
thunderstorm forecasting, 158-162

Psychrometer, 8

Pyrheliometer, 8

Radiation, 33

Radio meteorograph, 13
Réaumur, 7, 32

Redfield, 14

Reflection, 39
Refraction, 335

Regener, 13

Romans (see Virgil)
Rossby, 15

Route forecast, 198

Santa Ana wind (see Fohn wind)
Sea breeze, 77, 87, 88
Shaw and Lempfert, 14
Shepherd of Banbury, 4
Siberian High, 84
Simpson and Scrase, 13
Sky radiation, 39
Smoothing, isobars, 192
Solar constant, 37
Solar energy, 37
Solar radiation, 36

depletion of, 38
Solberg, 14
Solstice, 38
Source region, 98, 103
South African air masses, 119
South American air masses, 118
Specific gravity, 24
Squalls and gusts, 92, 93
Stability, 45, 46, 100

absolute, 46

conditional, 46

neutral, 47
Storm swell, 167
Strong lapse rates, 41, 44
Supercooled droplets, 183
Sublimation, 51
Subsidence, 82, 135, 147
Superadiabatic lapse rates, 44
Synoptic meteorology, 18

Telegraph and teletype, transmission
of weather, 11
Temperature, 30
conversion, 31-33
Temperature, equivalent potential, 69,
70
forecast, 202
measurement of, 31
potential, 64, 69, 70
stratosphere, of the, 27
use in local forecasting, 202
wet-bulb, 69
wet-bulb potential, 69
Tephigram, 54
Terrestrial radiation, 37, 40
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Theophrastus, 2
Thermometer, 6
Thunderstorms, 153-163
air-mass, 157
classification, 156
flying conditions, 162
forecasting, 158-162, 206
frequency, 156
frontal, 158
general characteristics, 153-156
Tidal effects, 166
Tornado, 164
Torricelli, 7
Trade winds, 82
Transverse waves, 34
Tropical cyclones, 165-168
Tropopause, 27
Troposphere, 27
Troughs, 142
Turbulence, 100
Typhoon (see Tropical cyclone)

Ultra-violet radiation, 28, 33
U. S. Navy, 18
U. S. Weather Bureau, 11, 12
Unstable air, 142

absolutely, 46
Upper air cold front, 144

Vaporization, heat of, 52
Vapor pressure, 171-173 °
Variables, 39

Variation in pressure, 80
Vertical temperature distribution, 43
Vidie, 8

Virgil, 2

Virtual temperature, 65
Visible light, 35
Visibility, 162

von Verulam, 8

Waltman, 8
Warm front, 19, 137-140
Waterspout, 165
Water vapor, absorption of terrestrial
radiation by, 39
Waves, frontal, 130, 131, 136, 13%
Weather chart, analysis of, 189, 190,
194, 195

Westerlies, 83
Wet-bulb potential temperature, 69
Willett, 103
Willy-willy (see Tropical cyclone)
Wind, 79-89

anabatic, 89, 9o

force, 79

gradient, 86

katabatic, 9o

primary, 80-86

shift line, 92

use in local forecasting, 205
Wren, 8
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