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SOME USEFUL CONSTANTS AND UNITS

For dry air the constant R in the equation p=RpT is 2-8703 x 10%, when p is
in millibars and p in gm/cm?®; when c.G.s. units are used, and p is in
dynes/cm?, R for dry air is 2-8703 x 105.

For water-vapour the corresponding values of R are 4-62 x 10% and 4-62 x 10°.

The universal gas-constant is 83-15 x 10° ergs.

The density of dry air at 0° C and 1000 mb is 1-27617 gm/cm?.

Specific heats of dry air: c,=0-2396; ¢,=0"1707; y=c¢,/c,= 1-403.

Mean molecular weight of atmospheric air = 28-g.

Latent heat of evaporation of water = 594-9 —0-51#, where ¢ is the temperature
in °C (see Table VII, p. 406).

Latent heat of fusion of ice =797 calories.

Specific heat of ice=o0-5.

Number of gas molecules per cm? at 0° C and 1000 mb =2-66 x 10%.

Stefan’s constant o =138 x 10712 g-cal cm~2 sec!

=0-826 X 1071° g-cal cm~2 min—1
=g§"77 X 107° ergs cm~2 sec™!
= 5-77 X 1071% watt cm—2,

1 gramme-caloric =4-186 X 107 ergs = 4-184 joules.

1 watt=1 joule/sec= 107 ergs sec™!=14"32 cal min~1.

1 kilowatt= 10" ergs sec™! =1} horse power (approx).

1 kilowatt-hour =3-6 x 103 ergs.

1 kilowatt per (dekametre)?=1-43 < 102 g-cal cm~2 min-1

I foot=0-3048 m; 1 m=3-281 feet.

The equatorial semi-axis of the earth=6378-2 km.

'T'he polar semi-axis of the earth=6356-5 km.

The area of the carth’s surface is approximately 5-1 X 10* km?,

Angular velocity of the earth’s rotation=7-29 X 107% sec™L

The difference between geocentric and geographical longitude is 700" sin 2¢.



INTRODUCTION

METEOROLOGY, the science of things in the atmosphere, is con-
cerned with the measurement and co-ordination of pressure, tem-
perature, density, and humidity of the air, and of the motion of air
relative to the earth. It seeks to explain the motions observed in
terms of the changes of pressure, temperature and humidity, brought
about directly or indirectly by the effects of incoming solar radiation.
Meteorology in its widest sense includes the study of such pheno-
mena as atmospheric electricity and terrestrial magnetism, but we
shall not discuss these subjects in this book.

Instruments have been devised for measuring the factors men-
tioned, as well as some others such as incoming solar radiation,
duration of bright sunlight, rate of fall of rain, etc. We may say of
most of these instruments that in principle they are relatively simple,
though in practice there may be considerable difficulties in using
them in such a way as to give reliable results. It is almost invariably
a tedious and difficult matter to obtain accurate meteorological
observations. The physicist in the laboratory, wishing to measure
the temperature of a fluid, merely plunges a thermometer in the
fluid and reads the scale. But the meteorologist who wishes to
measure the temperature of air out of doors has to take precautions
to shade his thermometer from the direct rays of the sun and
radiation from surrounding objects, and at the same time to provide
for adequate ventilation. Iis problem is therefore much more
complicated than that of the physicist. He may devise an electrically
recording instrument which will measure the temperature of the air
to 0-01° C, and then find that the record indicates a constantly
fluctuating temperature. The measurement of air temperature to
such a high degree of apparent accuracy is probably a waste of time,
as the air does not know its own temperature to that degree of
accuracy. A current of air, as we know it in the natural state in the
atmosphere, is far from being homogeneous. The most casual
glance at the record of wind direction and velocity provided by an
anemometer shows that at a given point the motion is never steady,

XX1



xxii INTRODUCTION

but the fact that the temperature is equally unsteady at a given point
of observation is frequently overlooked. '

The most serious of all difficulties of meteorology are probably
those which arise from the fact that the air contains widely varying
quantities of water-vapour. This ever-changing content is a potent
source of supply of thermal energy to the atmosphere, but is a
continual stumbling-block to the student of physical meteorology on
account of the difficulty of applying physical reasoning to a medium
of variable constitution.

A further difficulty arises from the paucity of observations over
certain parts of the globe, and in certain types of weather. Rela-
tively few observations have been made of wind, temperature, and
humidity in the free atmosphere over the oceans, or in the polar
regions, and even over the continents direct observation of upper
air conditions in cyclonic depressions is practically impossible.

In the present work it is not proposed to discuss in detail the
difficulties of observation, or the details of the methods which have
been devised for obtaining observations of different meteorological
factors. The reader who desires such information should consult
the Meteorological Observer’s Handbook (H.M.S.0.), the Dictionary
of Applied Physics, 3, and other works referred to in the subsequent
pages.

Great as are the difficulties of accurate observation in meteorology,
the difficulties of theoretical discussion are even greater. It is not
possible to isolate a portion of the atmosphere, and to discuss the
physical processes which take place in that portion, on account of
the translation of pressure systems and of the variation of wind with
height, both of which factors make it impossible to specify with
certainty what is taking place in a given mass of air. Itis customary
to spcak of the atmosphere as a heat engine, working between a
source of heat at the equator and a source of cold at the poles. The
most formidable obstacle to progress is ignorance of the laws of
transfer of heat within this so-called engine.



CHAPTER 1

THE FACTS WHICH CALL FOR EXPLANATION. A
SKETCII OF THE SURFACE DISTRIBUTION OF THE
METEOROLOGICAL ELEMENTS OVER THE GLOBE

§ 1. Temperature

THE distribution of temperature over the globe is here shown in four charts,
for January and July, for the Northern and Southern hemispheres, the iso-
therms being drawn for intervals of 10° F (figs. 1—4). ILooking first at the
January (summer) chart of the Southern hemisphere, we are impressed by
the fact that this is almost entirely an occan hemisphere, having the Antarctic
continent centrally situated. The isotherms run almost symmetrically over the
oceans, with sudden swerves over the coasts of the continents. The land is
everywhere warmer than the oceans in the corresponding latitudes. The July
(winter) chart for the Southern hemisphere shows the same general symmetry
of the isotherms over the oceans, but temperatures over the continents are now
lower than the temperatures over the oceans in corresponding latitudes.

Coming to the January (winter) chart of the Northern hemisphere, we are
impressed by the much greater extent and less symmetrical distribution of th
land masses. 'T'he isotherms arc by no means as symmectrical as those in t’
Southern hemisphere. The lowest temperatures arc those recorded in Ne
east Siberia, and there is another region of intense cold centred over C...n-
land. The region immediately surrounding the North Pole is left free of
isotherms, since the available observations are too few to yicld reliable mean
values. [t is seen that the temperatures over the continents are lower than
those over the oceans in corresponding latitudes, while in middle latitudes
where westerly winds predominate (vide p. 13) the temperature is higher
over the western coasts of the continents than over the castern coasts. In the
July (summer) chart for the Northern hemisphere the run of the isotherms is
somewhat irregular. ‘There is a long belt of high temperature (above go° F)
running across North Africa and South-west Asia, to the north of India, and
a centre of high temperature over the South-west of the United States. 'I'he
centre of extreme cold in North-east Siberia has now disappeared, and this
region is warmer than any other region in the same latitude except the extreme
North-west of Canada. The land is warmer than the sea in most latitudes, the
difference being especially well marked over the North Pacific Ocean and the
adjacent land masses. Greenland still interposes a tongue of cold into the now
relatively warm area of the extreme north of the Atlantic Ocean.

A comparison of figs. 1 and 3, and of figs. 2 and 4 indicates that in January
the highest surface temperatures observed in either hemisphere form a belt in
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Fig. 1. Normal temperature at sea level, Southern hemisphere, January.



Fig. 2. Normal temperature at sea level, Southern hemisphere, July.



Fig. 3. Normal temperature at sea level, Northern hemisphere, January.



Fig. 4. Normal temperature at sea level, Northern hemisphere, July.
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latitude 30° S approximatcly, while in July the belt of highest surface tem-
peratures is in latitude 35° N.

One further point of interest arises from the comparison of the January and
July charts. The temperatures at the equator show only slight variations in the
course of the year, but in say latitude 60° in the Northern hemisphere the
annual variation may be anything between 10° and 50° according to the longi-
tude. Thus the average rate of decrease of temperaturc with increase of latitude
is much greater in winter than in summer, so that any phenomenon which
depends on the variation of temperature in the horizontal will be more intense
in winter than in summer,

We have recounted above the main facts which are to be gathered from an
inspection of the temperature charts for January and July for the two hemi-
spheres. The other months are in the main intermediate between the two
extreme months. Similar charts for all months of the year are given in Shaw,
Manual of Meteorology, 2, and should be consulted for further details.

§ 2. Pressure

"The mean distribution of pressure for January and July for the Northern and
Southern hemispheres is represented in figs. 5—8. "The chart for the Southern
hemisphere in January shows a belt of low pressurc in latitude 60—70°, north
of which pressure increases up to a belt of high pressure centred about
latitude 30°, having three centres of highest pressure over the oceans, with
relatively lower pressure over the land masses of South America, South Africa
and Australia, corresponding to three shallow centres of low pressure over
the equator in the same longitudes. 'The July chart for the Southern hemi-
sphere indicates the same general features, but the sub-tropical belt of high
pressure is now farther north, and is more intensc and more continuous
around the globe.

For the Northern hemisphere the January chart is far more complicated
than cither chart for the Southern hemisphere. In the latter the sub-tropical
belt of high pressure appears as the most striking and persistent feature, but
in the January chart for thc Northern hemisphere the sub-tropical belt of
high pressure is only traceable over North Africa, the North Atlantic Ocean
and the eastern half of the North Pacific Ocean. 'The dominating features of
this chart are the region of high pressure centred over Siberia, and the regions
of low pressure centred south of Greenland and over the Aleutian Islands in
the North Pacific, respectively. The July chart shows well-marked anti-
cyclones centred over the North Atlantic and North Pacific Oceans in latitude
35°, and a centre of low pressure to the north of India.

The outstanding feature shown by the pressure charts is the winter develop-
ment of high pressure over the continents and low pressure over the oceans,
and the summer development of low pressurc over the continents and high
pressure over the oceans. In winter the continents are loaded with air at the
expense of the oceans, and in summer the converse occurs. These phenomena
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are more marked in the Northern than in the Southern hemisphere on account
of the greater extent of the land masses in the Northern hemisphere, and it
will be seen later that thesc phenomena are produced by the annual variation
of temperature over the continents.

For the distribution of pressure in the other months of the year the reader
is referred to Shaw, Manual of Meteorology, 2.

If we examine the Northern hemisphere charts of monthly mean pressures
month by month, we find that the areas on these charts which show changes of
5 mb or more from one month to the next are definitely localised in certain
restricted regions. The outstanding region is the Asiatic continent. Tn Sep-
tember a long tongue of pressurc over 1015 mb but under 1020 mb extends
from the Azores anticyclone across Europe and Asia nearly to the Pacific coast,
while the depression over India is shallow with an extensive region of pressure
just below 1005 mb. By October the latter region has disappeared and the
pressure over Central Asia surpasses 1025 mb in the central region of the anti-
cyclone. During the next three months the anticyclone grows steadily, reach-
ing its maximum in January, when the pressure at the centre surpasses 1035
mb. During this period the Icclandic and Aleutian lows both develop steadily,
reaching their maximum intensity at about the same time, while the sub-
tropical high-pressure belt over the North Atlantic shows little marked modi-
fication, beyond an initial weakening, and the sub-tropical belt of high pressure
in the North Pacific hecomes weaker in November and December and then
becomes rather more accentuated.

The growth of the Siberian anticyclone in the interval from September to
October is remarkably rapid, pressure rising by an amount varying from 5 to
10 mb over more than one half of the area of Asia. During the same period a
fall of about the same magnitude occurs in the region of the Aleutian low, but
only over a very much smaller area. The figures suggest that the Siberian anti-
cyclone is fed in part by the hollowing of the Aleutian low, but mainly by the
denudation of a very wide area of its share of air. This area probably extends
into the Southern hemisphere.

By March the Siberian anticyclone has again diminished in intensity, so
that the central pressure is slightly in excess of 1025 mb, while the Icelandic
and Aleutian lows have filled up slightly. Between March and April there is a
marked diminution in the intensity of all three features, and the diminution is
continued in May, when a shallow depression appears over India. In June the
depression has extended over nearly all Asia, and the anticyclone has dis-
appeared. The depression maintains its intensity during July and August,
during which months the Alcutian low ccases to have a separate existence on
the monthly charts.

Since the pressure at the earth’s surface measures the total mass of air in the
column which extends from the ground to the top of the atmosphere, we could,
by integration over the whole hemisphere, find the mass of air above a hemi-
sphere of the earth’s surface. "T'his computation would be incorrect, if carried
out with the pressure reduced to mean sea level, in that it would, in effect,



Fig. 5. Normal pressure at sea level, Southern hemisphere, January.



Fig. 6. Normal pressure at sea level, Southern hemisphere, July.
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Fig. 7. Normal pressure at sca level, Northern hemisphere, January.
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Fig. 8. Normal pressure at sea level, Northern hemisphere, July.
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replace the land above sea level by air, the error being greatest in winter, on
account of the greater density of the air at low levels at that time. But when
we take the differences from month to month, the figures can be accepted as
giving an idea of the order of magnitude of the changes which take place from
month to month in the amount of air in a hemisphere. Fig. 9, which reproduces
the result of a computation carried out by Sir Napier Shaw, shows that the
amount of air in the Northern hemisphere has a maximum at mid-summer,
and a minimum at mid-winter, the total range of variation being about ten
billion tons. (The total amount of air over a hemisphere is about 2700 billion
tons.) Shaw made a correction for temperature in the figures which he com-
puted, and the corrected figures are shown in fig. 9.

It is worthy of note that the time of most rapid flow of air from the Southern
to the Northern hemisphere is in September to November.

Pillron I(u'.l Apr Illay lJune lJul.y I Aug. lScpv..l oct.llev ’Dec ' Jun.l F«-b.l Mar l Apr. Il.y IJ“mmluon
tons _k:-hr/dny

.5 - = 700

Fig. 9. Annual variation of the mass of air in the Northern hemisphere, shown

reversed in curve A4, and the corresponding incoming solar energy, shown in
curve BB.

§3. Wind

'The distribution of winds over the globe can be most simply described by
means of the distribution of pressure. There is a relation between the wind and
the pressure distribution known as Buys Ballot’s law, which may be stated as
follows: “In the Northern hemisphere an observer who stands with his back
to the wind will have lower pressure to his left than to his right ; in the Southern
hemisphere the contrary holds”. In terms of the isobars on the chart this is
equivalent to saying that the wind blows round the isobars keeping low pres-
sure to the left and high pressure to the right in the Northern hemisphere, and
the reverse in the Southern hemisphere. In actual practice it is found that the
surface wind, while blowing in the general sense thus indicated, blows slightly
across the isobars into low pressure, at an angle of 20—30°.

By the use of Buys Ballot’s law we can readily interpret the charts of pres-
sure distribution in terms of the prevailing winds. "L'ake first the charts for the
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Southern hemisphere. The region south of the sub-tropical high-pressure
belt is a region of winds blowing from a westerly direction. North of the sub-
tropical high-pressure belt the winds blow from a generally casterly direction,
but from a direction somewhat south of east. 'These winds are the South-east
trade winds. The equator is marked by a shallow belt of low pressure, known
as the Doldrums, a region of calms and light variable winds. This region is
slightly south of the equator in the Southern summer, and north of the
equator in the Northern summer, its mean position being north of the equator.
Conditions in the Northern hemisphere vary widely from winter to summer.
In winter there is a clockwise circulation of winds round the Siberian anti-
cyclone, giving over India and China the winds known as the North-east
monsoon ; while over the Atlantic north of the sub-tropical anticyclone there
is a region of prevailing westerly winds, where the average conditions are
disturbed by the depressions of middle latitudes. With the approach of summer
the Siberian anticyclone disappears and its place as the chief controller of
conditions over Asia is taken by a depression centred to the north of India.
From the centre of this depression there is a continuous increase of pressure
southward to the centre of the sub-tropical high-pressure belt of the South
Indian Ocean, and over the whole of the Indian Ocean blows a broad current
of wind which starts in the sub-tropical belt of the Southern hemisphere as a
south-easterly wind, blows across the equator, and finally appears as a south-
westerly wind blowing into the southern edge of the depression over India,
where it is known as the South-west monsoon. "This air current passes over
some thousands of miles of ocean, and so reaches India as a warm and very
moist wind. When it reaches India the configuration of the land forces it to
rise over the coastal ridges of mountains, so giving rise to copious rainfall.
"The Asiatic depression, with the associated monsoon wind, develops in June
and persists until late September, when the depression fills up, the winds die
away, and the rain ceases. The economic importance to India of the monsoon
rainfall tends to focus attention on the south-westerly winds which blow over
India in summer, but it should be noted that the influence of the summer
Asiatic depression extends to China, where the southerly wind which blows
around the eastern edge of the depression is known as the Southerly monsoon
of the China seas, and to the Mediterranean, where the northerly wind which
blows around the western edge of the depression is known as the Etesian wind.

Figs. 10 and 11 indicate the prevailing winds over the globe for January
and July. These charts should be examined in conjunction with the charts
showing the pressure distribution reproduced in figs. 5-8.

§ 4. Rainfall

Rainfall is so extremely variable with place that it is difficult to treat it in a
simple manner. It is only over a very restricted portion of the globe that the
rainfall of a single year will resemble at all closely the ‘“normal ”’ rainfall. The
outstanding case in which this occurs is India, where the maximum rainfall of
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the year always occurs in June to September, in association with the South-
west monsoon winds. Within the tropics rain usually has a well-marked
maximum, and in some places two maxima; in other words there will be one
or two rainy seasons cach year. Thus Batavia in Java has its rainiest month in
February; Colombo has two rainy months, May and October; Singapore has
most rain during November, December and January; Bombay has its maxi-
mum rainfall in July, but Madras in November.

In the British Isles the averages taken over many years point to a definite
maximum of rainfall in a particular month of the year. This month is October
at Greenwich, December at Aberdeen, and July at Edinburgh, but it would be
extremely hazardous to apply this result to forecast the rain of any particular
year.

The Russian Meteorological Atlas gives two very interesting charts, one
showing for the whole of Europe the month of maximum rainfall, and another
showing for the same area the month of minimum rainfall. There is a clearly-
marked tendency for the month of maximum rainfall to occur in May or June
at stations in South-east FEurope, but as we go farther westward over the
continent the time of maximum rainfall becomes steadily later, and falls in
October to December over a large part of the British Isles. The details of the
