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| WHIRLWI\IDS
CYCLONES “AND,’ TORNADOES .

 Tan- geneml cucuhtmn of the wmds is: at
. times interrupted by local and .temporary! dis-.
turbances of very varied size .and strength; to.
which the general name: of ¢ storms ’.is given.,
Their most constant features are, a more or less;
‘pronounced inward spiral. whlrlmg of the. air.
near the; glound feeding an up-draught at_the:
centre, and an ouitflow above ; and a progressive
motion from:place.to. phce, Along.’a tolerably
well-defined track:”~ Clouds, and. generally 1am
as well; accompany the larfrer storms. ¢
It is our, object to- e‘(plaln :how.these; dlstmb-
ances arise,:to examine the.causes and- methods:
of their: pecuh'u _action, and to study.their.dis-}
tribution in time and place -"With this end .in-.
view, the small dust-whirlwinds that commonly:
arise in'thé hot dry air.of deserts will ‘be_first’
considered. . Next will come -the; great: hurri-,
canes-and. typhoons of.the- troplcal seas, and,
the less violent rotary storms of our own lati-,
tudes, all of which.may be grouped together as:
cyclones. - The - tomadoes and waterospouts,,
1.
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showing a peculiar concentration of power over
a very limited area, will be discussed last.

The dry whirlwinds in flat desert .regions
suddenly interrupt the calmness of the air,-
and begin turning, catching up dust and sand,
and carrying them upwards through the spiral
vortex to a height of many hundred feet. They
are therefore not at all like those whirls formed
about our street-corners' at the meeting of
opposing currents of blustering wind, or the
cddies of greater strength seen in w1nd\ moun-
tain regions ; for they arise in a time of quict,
and begin their motion without apparent cause.
Hence we must, at the outset, inquire into the"
condition of the atmosphere when it lies at rest,’
examining it especially with regard tothe klnd g
of equlhbuum that then exists, and the changes
neccss‘uy to produce a tendency to motlon B

Equzlzbrmm of the Atmosphere. i,

When the air is at rest, it is normally densest
and warmest next to the earth’s suliace, and
becomes thinner and cooler at ‘successive alti-
tudes above ‘it.- Tt is denser’ below because”
the earth’s attraction pulls' it down; and com-:
presses the lower layers by the weight of the"
upper ‘ones.” ' It is warmer below, mainly be-”
cause the air gets nearly all of its heat by
contact with, or radiation ﬁom, the warm earth,
and not duectly from the sun’s rays, which pass -
- through it with but little obstructlon “The’
average rate of upward cooling, determined by
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many observations on mountains and in Dbal-
loons, is about one degree I. for every three
hundred feet of ascent. In this restful con-
dition let .us take-a block of the dry air (the
effect of "the presence of water-vapor will ‘be
considered with the storms at sea) from the
- ecarth’s surface, where the temperature is, say,
60° (fig. 1), and lift it up three hundred feet,
to where the temperature is '

one degree less, or 59°. The o
block of lower air expands as 584 | 59
it rises, because it is pressed 3

on by less atmospheric v
weight,—less, at least, by B00 FEET

the weight of threec hundred
feet, of air; and, in thus ex- - -

panding, it is cooled mechan- :
ically. It has been shown - ‘
that this mechanical cooling Fre. 1.

of an ascending mass of dry ,
air amounts to one degree F. in a hundred
and eighty-three feet of ascent, whatever its
initial “temperature; so that in this special
case the block is cooled by 1.6°, and its tem-
perature is reduced to 58.4°. Now, let us
compare it, when thus expanded and cooled,
with an equal-sized block of air beside it,
whose temperature is 59°.  Evidently, of these
two blocks of the same volume, and at the same
pressure, the cooler will be the heavier. The
block brought up from the surface, and now at
a“temperature of 58.4°, will weigh more than
the air at 59° beside it, and hence it will tend
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to sink; and it must sink all the way down’
to its original level before it finds any air as
heavy as itself. - In this imaginary experiment
we have disturbed the arrangement of the nor-'
mal, qu‘iet‘qtr‘rioSphere-;’ahditl_leﬁdistu?béd_fpass’
returns'to its-original-position’as’ soon ds-fréed” .
from theconistraining’ foreé. Such-aii® atmgs-
phere is thereforé [ina ‘condition of stable ¢qui<! -
librium, like arod hung by its upper end: which! <
is opposed to any changein its position; dnd,;® *
when displaced, tends to return'to its original’
attitude. . P R
Evidently, when a whirlwind springs up in
the calm air of a desert, as is so often the case,
the atmosphere cannot possess this normal sta- v
bility : for then there would be no temptation to- -
any such disturbance ;-the air would prefer to’
stand as itis, Before the whirlwind can aiise, -
there must have been a change-to’a condition -
of unstable ‘equilibrium,’in‘which the “air,!like
a'rod ‘balanced -on-its"lower ‘end, is’ ready to'
move on small :provocation ;- and ‘we have now
to look: for.the ‘cduse of ‘this change.'*/To be
guided -properly-in-the- search,’the conditions *
necessary and antecedent to the  formation”of
the Whitls fust’ be examined.: They are; that '
the whirls Geeur *gencrally ‘in- level; barren, -
warm regions; in quiet air; and only in the day-~ = -
time -after’the ‘sun-has risen: high enough to -
warm thie sandy ground; aid the air next toit, -
to a’rather high températite, " 'Asthe first and -
second of these ¢onditions may be preseiit at
night as well as by day, it must, without doubt, /




- ~ACTION OF SOLAR ‘HEAT. 5,
be- the ‘heat from the sun that- disturbs the:
quiet  equilibrium into which the:air tends. to
settle, -and, - by - warming the lower layers,:
causes .o departure from the ordinary stable:
~ condition of rest.. .0 - e o
. Let:a case be:supposed :: the sun has warmed:
the lower. air, of-the first’example to,a\tem'pera- ,
ture of 90° (fig. 2), while theair three hundred
fect iabove the desert- sands : ;
has, in virtue of its diather-
mance, risen only to 70°; so 1.
that there is now a difference 884 {70}
of twenty degrees between
these two layers. If we here. i :
repeat the experiment of car 300 FEET
rying a :block ;of; surface-air . . i
to a height of. three hundred -
feet, it is: again:mechanically: - -
cooled :1.6°, 'so that/its: tem- .; .
perature is reduced t 388425
and now, -comparing “it - with -

Lo’

cove e
+
)

an equal -volume :of adjoining: air. at 70%;the; A
latter is evidently-the heavier, andtherefore. . . . .
the bloék of-air brought ap from the surface,: . :
instead of -tending to sink, as in the. first case;. -

tends strongly: to ,rise: farther, and - continue;

the motion given: to -it. - In ‘other - words, the-

air is now.in .a;condition of unstable equi-;
librium : -it-is'Teady -to upset -and re-arrange;

itself. The lower layer may be compared to a.

film of oil balanced-beneath a-quiet.sheet” of .

water: a little disturbance would cause the-two.

liquids to change places, and the oil would rise. .
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through the water, draining itself upwards.
In such a condition as this, the desert-whirls
may begin. It is clearly not necessary, in
order to produce this result, that the vertical
decrease of temperature should be as much-as
: twenty degrees in three hundred feet, as'in the
case just assumed. In order to pass from
the stable equilibrium, through the indifferent
tothe unstable equilibrium, it is sufficient, indry
air, that the vertical decrease should be greater
than 1.6” in three hundred feet, or greater than
- one degree in one hundred and eighty-three feet.
Moreover, it is important to notice that ac-
“cording to this ‘theoretical explanation, ‘the
condition of indifferent equilibrium is passed
before the surface-air is, as Franklin (1753) .
and DBelt (1859) have said; spemﬁcalb lighter
than that above it. This would require a tem-
perature difference of at least 5.4° F. in three
hundred feet. - It is sufficient that the surface-
air shall be potentially ‘lighter, though ab-
solutely * (beforc any  motion takes place)
heavier, than the higher layers, as Reye first
showed (1864) ; or, in ‘other words, stable
equilibrium is lost, and indifferent equilibrium
reached, when the surface-air- is just enough
warmer than any layer above it to make up: for
the change of temperatures produced in equal-
izing their densities.  Any further excess of
" surface-warmth brings about theoretic unstable
equilibrium. On the other hand, whirlwinds
of decided activity will not be formed until the
difference of temperature is much in’excess of
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the narrow limits just given, the strength of .the
up-current increasing with its excess of warmth.
Motion of the atmosphere caused by small dif-
ferences of temperature wonld be very gentle,
“and would be perceived only in the - ¢ boiling’
of the-air, often seen in summer-time over the -
brow of a hill. cs

It must be, then, the sun’s heat, as was sup-
posed, that destroys the normal stable equilibri-
“um of our atmosphere ; and to a disturbance of
this kind we can refer more or less directly all .
storms, and; indeed, all winds that blow about
the earth. Without the heat that is constantly
showered down on us, we should soon.gravi-
tate into a lifeless condition of stable equilib-
‘rium, chemical, organie, and physical, and there
Temain in endless death. But the sun allows
no such inactivity on its attendant planets: it
keeps them alive and at work. ‘

Action of W hirlwinds.

"The farther growth of the desert-whirl may
be briefly described. - The air standing quietly
on a flat, dry surface allows the lower strata to
* be quickly warmed to a high temperature. - If
the air.were in motion, no part of it would ‘re-
-main long enough close to the ground to be
greatly warmed ; if-the surface were not flat,
the lower air would flow up the slopes as soon
as it was a little heated, and” not wait to ac-
quire a high temperature ; if the. surface were
wet, much of the sun’s heat would be occupied



‘8- WHIRLWINDS AND: CYCLONES.

in evaporating the water (as will:be_explained
below), and would so be lost to the:lower air:
it is" thercfore only in: calm .weather, : on: a
desert plain, that the sun’can succeed in-warm-
‘ing’the lower air to-excess, and-g0; produce a
:very. unstable: equilibrium, .and- a.strong . up-
draught when the upsetting begins. iThe longer
-the; delay-before . the, overturning, :the; more
‘heat-energy is accumulated, and the more vio-
- lent. the motion. when it begins. The- lower -
‘air rises at some point-against the oppression
of the upper layers. The surrounding warm
-air flows in from all sides toward this central
-point, and follows the leader. Soon the mo-
tion becomes general and lively, dust and
sand are blown along toward the centre, lifted
-and carried aloft with the ascending air
JAn: its rapidly rising current,. and. then - the
whirling eolumn becomes visible, | :When thus
‘established, the increased velocity and the rota-
ry motion of- the.air near the centre are con-
stant characteristics of  the upsetting. Thirty
“or-forty’ feet to one side; the-wind ‘may not' be
‘strong enough to brush'along :the:sand, and a
few hundred feet away it may not.be percepti-
"ble ;-but at the centre it makes. a-distinct rush-
-ing’or roaring sound, and carries light objects
‘upwards, sometimes to a height of several thou-
.sand feet. - This increase of velocity of the sur-
face indraught toward the point of its upward
-escape is a general feature of the motion of a
mass of free particles along a path of varying
width: the narrower the path, the faster the
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“motion. . The same, increase is- seen ‘in .the .
growing velocity. of a stream running out of
a lake, so beautifully shown where: the Rhone
flows from Lake Genev'l, or, more simply.and
prosaically, in the running of water from a tub
by the escape-pipe: - In the case- of: a_desert-
-whirl, the central wind is held by friction with
the, smface sands much® below - the velocity: it

- ;mwht attain; for-it must be remembered; that

. ,\these whirls/are ‘supplied ‘by:a comparatwely
“thin “layer : of: superheated - air inext to -the

e -ground, often-not. more. than;four or five feet

tlnck.g The: restiaint. of: friction :on. such -a

layer will:be very considerable, and its motion

can-'seldom..reach-a disastrous. strength. - It

_'is: probable- that in the 'desert sand-storms,

which are deseribed as overwhelming caravans,

there is a much thicker mass of Cair in ac-

tivity, and the conditions of motion approach:
those of the tornado, as will be shown far-
ther, on:

“The second’ ch'xmcterlstlc feature of the
wmd’s ‘motion : :gives -name to, the storm. A
whirl must necessarily, be formed when the air
moves inwards froin all sides towards o centre,
- for.the indraughts will" surely fail.to follow pre-

cisely radial lines.: . Theii aim will be ‘a little
inexact’;” and, as ‘they pass to one side or.the
. other of the centre, a turning must begin’in" a
direction determined by the stron“est “current:
" This, once begun, is maintained by the centrifu-
gal force that arises from it; and the size of
the central whirl will then depend on the bal-
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ance between the centripetal and centrifugal

forces,” In ascending at the' centre; the wind -

follows an upward spiral course, like the thread
of a screw of steep pitch, with a diameter of
five to twenty feet. The direction of turning
is indifferently one way or the other, accord-
ing to the side on which the indraught happens
topass the centre. The height to which the
whirling columnrises will be determined by its
mixture with the adjoining air, and consequent
cooling until its temperature is that of indiffer-
ent equilibrium ; and at this elevation the cur-
rent will turn and- spread laterally to -make
room for that which follows. Such a whirl will
continue as long as its cause lasts; that is; as

long as it is supplied with warm air at the base. -

Manifestly it must stop in the afternoon, as the
sun’s heat decreases ; and. it can never occur

at night, for then the surface-air is, as a rule, .
. cooler -than that above, and the. atmospheric

equilibrium is correspondingly stable. Further,
the whirl will rémain at one place, unless, as is
often the case, it is carried along by a general

motion of the upper air, :

There is a very strong point of evidence, if
any be needed, in favor of the view that heat
applied to the lower layers of the air will pro-
duce a whirlwind. - This is the fact of their pro-
duction over fires. "Much interest was exeited
in this question:in connection with the arti-
ficial causing of rain, some forty years ago, in

this country ; and observations were carefully
made of the whirls formed over burning woods '



¥i6, 3. (Taken from Amer. journ. 8., 1851.)
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and cancbrakes, showing them to be very sim-

ilar-in*form and action to those naturally aris-

ing on dry plains (fig. 8). Similar whirls have
s g

. FIG.“4. (Taken from Abkandl. yeselléch.‘wz'as. C(’)’tl.) ]

Dbeen seen over voleanoes. (fig. 4) ; and on a
“ealm day the smoke ascending from a fictory
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chimney may be scen {o have a slow rotary
motion.. . Heat is therefore an_amply suflicient
cause of such disturbances.  No other excite-
ment is needed, and clectricity has no essential
part to play. - In recognizing this, we see the
chief difference between the older and. newer -
theories of storms. . . - 7. - o

Sand-whirls are commonin all. descrt or
dry regions, where. they often have .the name
of spirits or devils, from the fantastic and

.apparently -evil way in which they flit across
the burning sands. They have neither clouds
nor rain. . When well and frequently devel-
oped, they may grow to dangerous strength,
and lift much dust and sand into the upper air,
where it is blown long distances before falling:
In this way they ‘serve as important geologic
agents. Vessels west of the Sahara, or cast of
" China, are thus often powdered -over with fine
dust slowly settling down after a Jong flight
from. its desert source. ERE IR :

The smaller water-spouts, doubtless, belong
‘near here in our scheme of classification ; but
as they are usually aided by vapor-energy, and
_approach the character.of tornadoes, their con-
sideration is best deferred till-later.

... Finally, before going on to the larger storms,
_one point.of much importance must be. empha-
sized. - The change from the stable equilibrium
_of night and early morning to the unstable of
-noon is -effected entirely by the sun’s heat,
‘which warms the lower air, and causes it to ex-
pand. In expanding,.it'lifts all the upper.air

B
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that rests on it; and this is no small piece of
work, for the air that is lifted weighs about a
ton over every square foot. ‘When a point of:
escape is. found, the heavy upper air’ sinks
again, as the expanded air is drained- off (up-
wards) - at the centre. It is this gravitative
force of the sinking air-mass that causes the
dust-whirlwind, in re-arranging the disturbed
equilibrium of. the -atmosphere ; but . gravity
~would have no chance to_show its strength, if
the air had not been lifted by energy from the
sun. - The winds of a dust-storm, therefore,
depend on gravitative force brought into play
by the sun’s heat. All storms and all winds
have more or less closely this relation to solar
energy and terrestrial gravity. -

. Tropical Cyclones. v

We may now pass on from the. small day-
-time whirls of dry air to the larger, long-endur-
ing storms that are accompanied by rain’; and
“here will be met two new elements, — the effect
of “condensing vapor; and  the effect of ‘the
~earth’s rotation, — both- of great importance.
"As a sample under this second heading, ‘we
may take -one- of the cyclones of the Bay of
" Bengal ; for the storms there are very charac-
teristic of their class, and_have of late years
“received much careful attention. . There is
" good reason for thinking that these cyclones
“ generally spring.up in calms, much as the des-
*ert-whirls begin. The seasons and regions. of
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their occurrence both point to that conclusion
for” tropical cyclones seem never to begin in
well-established wind-currents, but rather in a

place of quiet, weal, or variable winds. By °

India; for example, the cyclones are almost
unknown during the prevalence of the steady
blowing monsoons, but are not uncommon at
those seasons when the monsoons change ; ‘that
~ is,'at times when the air has no well-established
motion, but stands about idly, waiting for a
decisive command to move on. ' During these
.idle times of stagnation, the lower air may
become. very warm and moist, and so prepare
for a stormy. overturning. The calm that pre-
cedes a cyclone often makes part of.the de:
scription ‘of a’ storm at sea: the.air is close
and oppressively warm’; the water settles down

to a glassy surface; and now we may see,

what is not always clearly expressed, that this
calmness of the -water, and oppressive -heat of
the air, are not:antccedent effects of. the' com-
ing storm, but are actually the conditions that
allow and determine the beginning of a storm,
‘The warmer the air and the quieter the water,
the longer must have been the preparatory
stage;:the greater the quantity of solar energy
collected in the lower atmosphere, the more
_ violent will be the storm when it begins.. This
warm calm is really the embryo of the cyclone ;
and, if it lie long enough in a proper latitude, it
will grow to well-developed maturity.

It is often stated that tropical oceanic ey-

clones begin at the meeting of two opposite
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currents of air rather than at a time of calm.
This may be true for some cases, and undoubt-
cdly has a very general application in temper-
ate latitudes ; but it scems more probable that
in the Bengal cyclones; and most other tropical
hurricanes, this stage is a little later than the
earliest beginuing, and is really the. first de-
velopinent of the inblowing winds. = A general
calm would doubtless be found to precede such
opposed currents if observation could trace
the antecedent conditions a little farther back
than is usually possible. The principal con-
trasts between the desert-whirls and the Bengal
cyclones, at the time of their beginning, may
be thus summarized : —- L .
" First, The area and uniformity of the sur-
face on which the disturbance is developed is
much greater on the ocean than on the desert.’

Second, There is a lower temperature, but &
much greater amount of heat, surface for sur-
face, in the cyclone’s embryo, than in the whirl-.
wind’s. The temperature of the air over the’
ocean seldom exceeds 95°: over the desert
sands it may often rise to 140° or 150° close
to the ground. But on the desert the stratum
of air that is so exceéssively warmed is very
thin; it often fails to reach the height of a
man’s eye, and so gives the appearance of
a mirage: while over the sea, although the
lower ‘stratum is not so warm, its thickness is
greater, and there is more of it warmed.. What
it lacks in temperature it more than makes up
in quantity.” SR



BEGINNING OF CYCLONES. . 17

Third, The presence of water-vapor over the

ocean makes a most important contrast between
the two cases ;. and it is on this account that
the warm sea-air is cooler than the hot desert-
air. Water-vapor is not nearly so diathermous
as dry air. Much of the heat that would pass
~down to the sand on the desert is held back
by the vapor over the ocean, and some is
* caught again from the heat radiated upwards
by the water, so that a considerable- thickness
of air is warmed. Of still more importance is
the. action of vapor as a great storehouse of
solar energy, required in the process of'its evap-
oration, generally known as ¢ latent heat.”* For
all these reasons, the accumulation of energy
in the preparation for an oceanic cyclone is
vastly greater than in’ the making ready for a
desert-whirl. S '

The beginning of the upsetting in a tropical

cyclone is not fully accounted for by observa- -
“tion. It is not so easily explained as the first
uprising on the desert, inasmuch as the ocean’s
calm surface is too smooth to offer any distinct
starting-point for the up-draught. There are, -
however, several plausible ways out of: the
difficulty. It is possible that localized warmth
and expansion where the air is calmest may
produce a gentle up-current, which, once begun,
will be soon well established. Again: an ex-
cess of evaporation will cause a rapid upward
diffusion of vapor. It will reach an altitude
where it must condense, and form a cloud-layer,
and thereby warm the surrounding air both by
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its'latent heat and' by catching the warmthi “of
the“sun’s rays; and, as this will go on at-a’
considerablealtitude, it will be especially effec-
tive.  Finally, if after a time of ‘calm a breeze
should opportunely penetrate the district from

“an adjoining one of higher pressure; an ascend-

ing current would surely be started.  In some
such way a gradual .overturning of the unbal:
anced air must begin, and its further action .is
now to be traced. : ' o
.. The rising mass expands as it cscapes from
the pressure of the air that it leaves below, and
in‘expanding it.is mechanically cooled. As it
cools, . some of the vapor with which it is well
charged condenses into cloud, and, on accumu-
lating, soon begins to fall as rain. - Here we
have the entrance.of a new and potent cause of
disturbance, —the bringing-forth of a great

amount of ‘energy in the form of Leat from the

condensation of the vapor. It is probable that
this aid to the up-draught'seldom takes the ini-
tiative s it waits till. some other cause begins

Alre upsetting, and then falls to with a will .fo

helpit along. .~ - .

Action of Water-Vapor in Cyclonég.
This effect of condensation is so important
that it may well be considered a little more

closely. Aswater evaporates, its molecules are
spread widely apart, and take on a very active

‘motion; but in doing so they must be furnished

with-energy: in some forth, for they ¢annot de-
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velop out of mnothing the energy needed for
their increased actnlt) As a geneml rule,
the desired supply is found in the sun’s radi-
ant heat: so, when water evaporates from
the sea-surface, it takes to itself nem'ly all the
cnergy that; comes down.in.the sun’s rays,
and thereby its molecules are enlivened: up to
the point of vaporization. It will be readily
understood, that, if heat-energy be taken by the
water and transformed into vapor-energy, it
can no longer make itself felt as heat ; and, so
far as our senses are. concerned, it is lost or
hidden, and for this reason is called “latent
heat.’ : The term is mlslcadmtr and improper,
for it 1mphes that the sun’s energy still remains
somewhere in the vapor as a kind of heat that
we cannot feel’; but this is wrong, for as heat it
no longer exists. It will be further seen, that,
when the vapor is condensed back again mto
water, allits vapor energy must take some other’
form : it must abandon the vapor molecules;
and allow them to quiet down .and approach
~ -one another as they resume the liquid - condi-
-tion ;.and the energy thus thrown out of em-
ployment must ‘make itself felt in some' other
way. We are therefore prepared to find that
condensation is ‘attended with the productlon
of just as much heat-energy as was lost in the
* process of evaporation. This is of capital im-
portance in the understanding of storms.
It has already been seen, that the caunse of:
continued action in a desert-whirl is found in
the excessive warmth of the lower strata; in
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virtue of which the airin the ascending column
fids itself warmer, and hence lighter, than the
surrounding air, and consequently is impelled
to rise as oil rises through water. It was fur-
ther noted, that the ascending whirl will con-
tinue as long as it is supplied with excessively
warm air at the base; but, as soon as the bot- -
tom air is not more than 1.6° warmer than the
air. three hundred feet-above it, the whirl will
dicaway. In the case of an ascending column
of air saturated with vapor, it would also, as
in the previous ease, expand as it rose to higher
levels of less pressure, and, in consequence of
this expansion, it would cool. But when satu-
rated - air is cooled, some of its vapor must
condense ; and when vapor condenses, heat is
evolved ; and the heat thus produced will partly
make up for the loss of heat by expansion, and
therefore the ascending column’ of moist air
will not be allowed to cool so fast as if it had
not been saturated with. vapor. Several im-
portant consequences now follow. "In the first
place, a less warming at the base is needed to
produce unstable equilibrium in saturated than
in dry air. In the latter, the turning-point is
reached when there is a difference of 1.6° F.
between the temperatures’ of the surface-air
and that three hundred feet above. In the
former, if the surface-temperature be 80°, as
is common in the Bay of Bengal, a difference
of only 0.6° is required. In other words, if a
mass of dry air at 80° rise three hundred feet,
its temperature falls to 78.4°: if a mass of



LATENT HEAT. AR

saturated air at the same temperature (fig. 5)
rise through the same distance, it is cooled
ouly to 79.4°; and consequently, for every
three hundred feet of ascent it las an advan-
tage over dry air of one degree of warmth
(and more at great altitudes), tending to make
it lighter than its surroundings, and so inten-
sifying its upward motion. o '

Moreover, . a gtorm which 4
is thus nourished may con- . -
tinue its activity through W04 119

the night, instead of dying
away as the sun declines; : :
for it is supplied with en- 300 FECT
ergy continually brought -
out of the vapor storehouse.
. Of course, in both cases the
_sun’s heat is the source of . ‘

the disturbance ; but on the Fia. 5.
desert there is no way of :
storing up the heat, while at sca a great amount
of energy may be stored up before the final
- upsetting begins, and then the  storm-winds
arise, and show all this  accumulated strength
in their blowing. S

We have much this kind of action, in a small
way; in the formation of a heavy cumulus-cloud
on a quict, hot summer day. The air on the
ground is warmed, and contains a good share
of moisture ; and, as it rises and cools, its vapor
begins to be condensed. Some of the vapor-
energy is given out as heat, and so the ascend-
ing current is re-enforced. If the air be very

.
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warm or very moist, or both, the ‘ordinary’
cumulus-cloud may grow intoa thunder-shower ;
and, being then unable to carry up all its con- -
densed. vapor, some of ‘it falls' ag rain. It
should be noted,-that, when the lower airis not
fully saturated, its temperature must be some-

~what reduced to bring it to the point of satu- .

v

ration ‘before’ any cloud is formed. - This
deerease is- mechanically effected at the.rate
of 1.6° every three hundred™ feet, by the
expansion of the rising air,—essentially the
same rate as that already given for the cool-
ing of a rising column of dry air; and, when
cnough- cooling has been thus- effected  to
reduce’ the ‘air to its temperature of satura-
tion, some of the vapor will be condensed into
liquid cloud-particles, and so become, visible:
It is for this reason that cumulus-clouds have
nearly level bases, and that a group of such:
clouds stands at about the same altitude. The
air-currents rising from the warm ground have
torascend a certain distance, and cool a certain
number of degrees, before condensation takes
place.. Their altitude in feet will be about-a
lndred and ecighty-three times the number of
degrees hetween the temperature of the lower
air and its dew-point,

All tropical eyclones are attended by clouds
and by excessively heavy rain ; and this points
very clearly to the important part played by
the heat evolved in the condensation of o much
vapor. The rapid reproduction of the heat

- stored up through many previous days of sun-
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shine retards the cooling of the ascending cur-
rent, excites the winds to active motion, and
the storm is thus set going. IKspy (1833) was
the first to recognize: the important part played
by the condensing vapor in.an ascending cur-
rent of air, but he greatly exaggerated its
effects.. - The proper measure of' its action, and
convenient statement of the results in tabular
form, are (,hlcﬂ) duc to Reye (1864) and Hann
' (1874) @

Darometric Gradients_.

The :ascending current moves outward at a
height “of one or two miles, spreading ‘itself
over the surrounding atmosphere. - To show its
relation to the storm circulation, we may refer
to the:following figures. Fig. 6 shows the air.
in a quiescent statc before the storm - begins.
At such atlme, thele being no wind, the wewht _
of the air, or the barometric pressure: at sea-
level,—say, 80 inches, —is uniform throughout
the’ area; prep‘uiilﬂ' for cyclonic:disturbance.
The pressure is uniform, not only at the sea-
surface, but also at any given altitude above it
- (the effect of the upper winds is here omitted
as not being essentlal to the e\planatlon, as
well as unknown) ; so.that the lines in the fig-
ure will represent level surfaces of equal press-
ure ‘of 28, 26,24 inches, or isobaric planes
at altitudes of’about 1,600, 8,300, and 5,000
feet.  As long as thevertical gravitative press-
- ure is at right angles to these planes, the air
is not tempted.-to move, but will remain at rest
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till disturbed by some new condition. This
new condition will be some form of the disturb-
ing actions already suggested, by which a cen-
tral region of greatest warmth is determined,
in consequence of which there will be an ex-
pansion of the atmosphere at that place. - The
isobaric planes will become convex there, as i
fig. . 7; for-the altitudes at which barometric .
pressures of 28, 26, 24 inches are found must
now be greater than before. As there has
been, as yet, no lateral motion, this produces
no change in the pressure at sea-level. But a
reason for lateral motion has now -appeared:
the gravitative pressure of the upper air is no
longer at Tight angles to the convex isobaric
surfaces, and consequently there will be a ten-
dency for the air to slide down fromthe centre.
In obedience to this impulse, some of the cen-
tral-expanded air moves laterally or radially
outward to the marginal region ; and now there
is no longer a uniform pressure of 30 inches
at sea-level. At the centre, whence the upper
air hasrolled away, the pressure will be reduced,
let. us say, to 29 inches: on the surrounding
district, over which the air has advanced, the
pressure has increased to 80.25 inches. In this
“new arrangement of pressures there is- cause
for still further gravitative motion ; namely, a:
rising of the air at the centre, a sinking at
the marginal region, and a horizontal motion
along the sea-surface, toward the centre of’
low pressure,. in-the attempt to. restore an’
cquilibrium.  DBut  this: will not fully -over-
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come the inequality of pressurés, or correct

" the sloping of the isobars; for the existence

of an ascending and expuanding warm current
at the .centre requires that the isobaric sur-
faces there shall be separated by a greater
vertical distance than in the normal cooler air
of fig. 6. - Further, the marginal descending
current of air, greatly cooled by radiation in
the upper regions, is heavier, volume for vol-
ume, than the ascending current, and hence has
its isobaric surfaces closer together than usual,
A shorter vertical column of it is needed to
balance aninch of mercury in the barometer.
Fig. 8 shows this final condition,— the dimin:
ished pressure and greater separation of the

- isobaric lines at the warm centre 3 the increased

pressure and the approach of the isobaric lines
in the eooler margin. -- Now, in virtue of -the
greater distance between the isobars at the cen-
tre, the altitude of some surface, say that of 24
1nches, will Lic as great there as over the mar-
ginalregion, in spite of the inequalities of press-
ure and inward slope of the isobars at sea-level ;
and at greater altitudes the isobaric surfaccs
will become convex, and henee slope outwards,
instead of-inwards, as below.. The two direc-
tions of ‘slope will be separated by.a level or
neutral plane, on which there will be no ten-

dency tomotion.” Here we have excellentillus-

tration of the convectional motion of the wind
in a'storm. It ascends at the centre, where it

is lightest; it then flows outward, down the-

Larometrie gradient; it sinks at the marginal
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region of higher pressure, and then flows in-
ward, down the reversed gradient, back to the
centre again.  'This may be called the vertical
circulation of the storm ; and it will be contin-
ned as long as the central current is warmed to
excess, so as to raise its isobarie surfaces.  In
the desert-whirlwind we have seen that the
supply of warm air depends immediately upon
contact with the surface-sands heated by direct
sunshine. In the cyclone at sea, the greatest
part of the warmth necded is given out by the
vapor that condenses at the centre, and falls
in the heavy rains, without which a cyclone
cannot form. Such.a storm may last many
days. . e o
The explanations thus-far given of the be-
ginning of a cyclone apply strictly only to the
hurricanes of tropieal latitudes ; for in the tem-
perate zones our numerous storms are by no
means always dependent on local warmth and
calmness of the air.  The most that ean now be
safely said of the origin of such storms is, that
- they depend on some immediately preceding
disturbance, somewhat as one water-wave de-
pends on another ; for no one has yet been able
to trace one of our storms so far back as to -
show it quite independent of previous storms,
as seems to be the case with the tropical
cyclones. In the irregular blowing of the
winds of higher latitudes, for which no full
explanation can be given, too much air is
accumulated in certain districts, which then
appear as regions of high pressure. In seek-
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ing a better-balanced re-arrangement, surface:
currents are established with a rotary deflection,
as.explained- below, toward intermediate areas
;of lower pressure ; and an up-draughtis formed
at theirmeeting. This becomes a storm-centre:
- It might be said that friction would soon cause
all these local disturbances to cease, and atmos-
pheric pressure would then remain more uni-
form. So it might, if the air were dry ; but the
condensation of vapor, by which the cooling of
the ascending current is retarded, brings out a.
. new supply of energy every time an up-current
is established ; and thus the disturbed condition
of .the atmosphere is maintained. It cannot
settle down into & condition of equilibrium as
long:as the sun-shines, and water evaporates.
Some ‘maintain ‘that it is unlikely that the
storms of the torrid and temperate zones
should have different causes, and that as tem-
perate storms certainly do not, as a rule, arise
in: a,warm- calm, tropical storms cannot have
such-an-origin.; . But as already stated, and as
will: be further shown, the regions and scasons
" of tropical cyclones . point very conclusively to
this origin; and, moreover, it is not necessary
that similar . results -should have identical
causes. - All'the peculiarities of a rotary storm
can; be. satisfactorily explained from . either
starting - point. " --And the essential contrast
between the two™ cases is, that in-one, differ-
ences-of temperature precede and bring about
differences of-pressure, and, in the other, dif-
ferences of pressurc precede and bring about
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differences of temperature; so that, in both
cases, the established storm differs in tempera-
ture and pressure from the surrounding atmos-
phere: and, once established, the motions of
rotation and translation, yet to be described,
are closely alike in the two cases.

Efect of the Earth’s Rotation.

. Cyclonic circulation has thus far been de-
seribed as if it -were effected in radial lines in
to and out from the centre ; but here, as in the
whirlwind, perfeet radial motion is impossible.
A lorizontal rotary motion would soon be es-
tablished near the centre by the inequality of
the inblowing winds. It is found, however,
that all storms yet studied turn from right to
left in the northern hemisphere, and from left to
right in the southern (fig. 9)." Such constancy
points to something more regular than the acei-
dental strength of the winds,—to some cause
that shall always turn the indraughts to the
right of the centre as they run in towards it in
the northern hemisphere, and to the left in the
southern hemisphere ; and this cause is found
in the rotation of the earth onits axis.

There is a force arising from the earth’s rota-
tion that tends to deflect all motions in the north-
ern hemisphere to the right, and in the southern

‘to the left; and this deflecting force varics
with the latitude, being nothing at the equator,
and greatest at the poles. 1t may be found
_that this statement ditfers from that generally
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made ; namely, that moving bodies are de-
flected ,only when moving north or south, and
‘not at all when moving east or west: for it is
thus that Hadley (1785) and Dove (1833) ex-
plained the oblique motion of trade-winds, and

that  Herschel  and
others explained the
rotation - of = storms.

But this is both in-

_correct and incom-
plete; i for ~a body
moving eastward is
deflected as well .as
when moving - north-
ward, and the actual
deflective  force is
greater than that ac-
counted for in Had-
ley’s explanation.
It is this deflective
force, acting on winds
from all sides, as was
first shown by Tracy
(1843), that combines
with the -centripetal
tendency of the sur-
face-winds to give rise

10 the inward spiral blowing of the storm (fig.
10),— a constant feature of all cyclones.

Analysis of Forces in Cyclones.

~<In all hurricanes, the winds greatly increase
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in'strength as they near the centre of the storm;
and at the same time their path becomes more
nearly circular. . A cause of this was’ briefly
stated for the whirlwinds : but it now must-be
more fully analyzed ; and it-will be best to begin
the attempt by resolving the motion of the wind

Fie, 10.

at any point of its spiral track into two ree-
tangular components (fig. 11),— one, along a
radius toward the centre, P I, the centripetal
component ; the other, circular or tangential,
P T. Only the first of these comes directly
from the convectional circulation, already de-
scribed as depending on the central warmth
and this one would never produce winds of
. devastating strength. 'The second, or tangen-
tial, ariscs first from the deflective force of the
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earth’s turning. ~The higher the latitude, the
less the friction at the bottom of the atmos-
phere; and the greater the distance from which
the wind is derived, then the greater its. right-
handed departure from a radial path. Hence
in a large storm at sea, where the friction is
small, and the indraught has its source several
hundred or even a thousand unles ~away from
the centre of low pressure,

the - deflective - tangential £ e ~

component becomes ' very ," Vj,»-%‘?\\; '
considerable, and may, near "R N
the centre, outrank the cen- \ \% 9 1) Vo
tripetal. NS
But there is another and A0
cven more -important cause ‘--"r.’"' Joi
of growth in the circular ele- oA
ment of the wind’s motion; . .~ -/ '
namely, the increase.of its <~/
rotary velocity as the radius S/
of rotation decreases, in ac- Ry

portant law of the preser-
vation of areas.” Let us “ Pra. 1.

suppose, that, when at a dis-

tance of five hundred miles from the centre, the
inblowing wind has been turned to the right of
its radial path by the earth’s deflective force so
as to have the moderate tangential or rotary
-velocity of one mile anhour ; and, disregarding
the further cffects of deflection, let us consider
. the consequences of gradually drawing this mass
of air towards the centre. The product of its

cordance with the very im- - Z
P



34 WIHIRLWINDS AND CYCLONES.

radius and its rotary velocity must remain con-
stant ; and hence, as the radius is diminished,
the \doclty must increase, one quantity vary-
ing inversely as the other.. The wind has no
\1s1ble, material connection with the storm-
centre ; but it is slowly moving around-that
centre, under the control of central forces, de-
rived from differences of temperature and press-
- ure, that drive it inwards, or, in other words,
shorten its radius of rotation : and consequent-
ly, when, -in the case supposed, the radins has
l)een diminished to five miles, the velocity must
have been accelerated to one hundred miles an
hour, — a violent hurricane-wind. 'The recog-
nition of this important factor of the storm’s
strength goes back to Redfield. The theo-
retical increase of velocity thus provided is -
never fully realized, for much motion is over-
come by friction; but cnough is preserved,
especially in tlopiml storms, to give them the
greatest -share of their destructive strength.
The total tangential component of the wind at
any point must therefore be considered as the
sum of the deflective and accelerative forces,
minus the loss by friction. Near the storm-
centre, where the velocity of the wind is very
great, this tangential component is much greater
than the centrxpetal and the spiral path be-
comes almost circular; while the reverse rela-
tion holds for the .outer part of the storm.
“It will be easily understood, that a consider-
able centrifugal force will be developed by the
rapid central rotations, as well as by the earth’s
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‘deflective force; and, as a consequence, the
centripetal force will be partly neutralized, and
“the winds will be held out from the centre.
This must increase the depression already pro-
-duced there by expansion and overflow ; and,
as a matter of fact, the low pressure of a storm-
centre, especially in tropical latitudes, is chiefly
the effect of this dynamie, and not of the ear-
lier named static cause. But so long as the
wind maintains its rapid motion, the additional
depression is powerless to draw it towards the
centre. Only when its velocity is decreased by
friction does the barometric gradient, just be-
fore produced by the centrifugal force, urge
the wind inwards to the middle of the storm.
The additional gradient, therefore, represents
potential cnergy, derived from the actual
energy. of the rotating winds, and all ready

to be transformed into actual energy again
as soon as friction has destrO) ed some of the
velocity of rotation.

" The general interaction of the storm-forces
mq) now be thus summarized: in obedience
to a- centripetal tendency, produced by differ-
cnces of temperature or of pressure, or both,
the air moves along the surface to the region of
low pressure. On its way, the deflective force
arising from the earth’s rotation turns it con-
tinually to one side, and so gives it a more
and more nearly circular path ; and, in addition
to this, its rotary velocity increases as much as
its radius of rotation decreases: the tangen-
tial component of its spiral motion must there-
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fore continually increase.  With the inerease of
this component, and the decrease of the radius
of rotation, the centrifugal force (v*+r) must
_increase rapidly, and soon come to equal and
counterbalance the original centripetal force;
and at the same. time greatly increase the
barometric gradients. At this point the wind
would blow in a circular path, were it not that
friction with the sea or ground is continually
consuming some of ‘its velocity, and . thus de-
creasing its centrifiigal force, and allowing the
potential energy of the steep barometric gradi- -
ent to produce centripetal motion. This de-
creases its radius, and at once gives it new life,
again-to -be partly destroyed and renewed as
before. . Absolutely circular motion can there-
fore never be attained, although it is approached
very closely near the centre.. At sea, where
friction is small, and in tropical latitudes,
where the strength of the stormis-great, the
wind is unable to reach the storm-centre ; for,
when the distance from the centre is reduced
to.only five or ten miles, the centrifugal force
is so great, and the wind’s course is so nearly
circular, that it is carried aloft by the up-draught
before it.can enter noticeably farther: the cen-
tral area is therefore left unprovided with vio-
lent winds, and. is genecrally a comparative
calm, known as.the ‘cye of the storm,’ of
“which there will be more to say later.. The
general form of the storm-wind’s spiral can
be deduced from the preceding considerations.
The angle Letween the tangential component
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‘and the actual path of the wind, which is called
the-inclination (fig. 11.), will vary with the
~ relation of the circular and centripetal elements
of the wind’s motion'; the tangent of the incli-
nation will equal the radial divided by the tan-
gential component : - hence -in the outer part
of the storm the inclination will be large, and
the wind will Dlow almost directly toward the
storm-centre ; ‘but nearer the centre the incli-
nation: will become smaller and smaller, and
the wind will blow in a more and more nearly
circular path. It will'also be understood, that
the upper winds, less influenced by friction,
will, near the centre, have a greater velocity
and a less inclination than the lower ones.
Moreover, the inward gradient which they pro-
duce will be effective and important in urging
along tlic slower surface-winds, in a manner
bettor illustrated in a tornado, where this action
will be more fully deseribed.

Progression of Cyclones.

- Having seen how storms arise, and exam-
ined the general motions of their spiral winds,
we must next consider their progression from
place to place. It is now a familiar fact, that
storms do not remain stationary, but advance
at a velocity of from five to fifty miles an hour
“along a line known as their track. Although
perceived by TFranklin about 1750, this, as
well as their whirling“motion, first found full
and satisfactory proof at the hands of Dove
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of Berlin (1828), and Redfield of New York
(1831). The latter gave the more numerous
examples, and was the first to explain the
motions of storm-winds at sea. The method
of his discovery. was simple enough. Infor-
mation concerning the  storm was gathered
from all attainable records, and the condition
- of the winds and weather was plotted for cer-
tain hours. At once the result stood clearly
forth.  The apparently lawless winds of a -
storm could be reduced to system if they were
supposed to blow around a centre which itself
has a progressive motion. In nearing the
centre, the barometer falls, and the winds in-
crease their strength.” The manner and cause
of the progressive motion must now Dbe ex-
amined. '

The four regions where tropical storms move
into temperate latitudes — the seas south and
east of India and China, and south-east of the
United States, in_the northern Lemisphere ;
and those east of Madagascar and (probably)
of Australia, in the southern hemisphere — are
all crossed by storm-tracks, running first west-
ward near the equator, then turning toward the
‘pole, and passing around the apex of a para-
bolic curve near latitude 30°, into an obliquely
eastward course. ‘I'he more numerous storms
of temperate latitudes have less regular tracks,
- bat are nearly always characterized by a strong
eastward clement in their motion ; their chief
variations to the right or left being dependent
on thérmal changes with the seasons, and on
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the configuration of land and water. which
they traverse. There have been four causecs
suggested to determine the progression of the -
storm-centre : namely, the general winds of the
region, and cspecially the stronger and less
_vanable upper currents ; the supply of warm,
moist air, and consequent occurrence of heavy
rain ; the relative strength of the. inblowing
winds; and a certain effect of the earth’s
rotation. All these causes of progression are
variable'in amount, and in relation to one an-
other; and it is therefore natural t6 find their
resultant inconstant. :

The first-named cause is the most evident,
the most powerful, and was the first recog-
nized. The general or planectary circulation
of the winds will require that any disturbance
in the moving atmosphere shall partake of its
motion, and be carried along in the direction
of the current within which it is generated.
Thus a storm arising in the equatorial calms
is carried westward as soon as it attains suf-
ficient height to reach the upper current, which

must there move from east to west. No equa-
" 'torial cyclone has ever been observed moving
eastward.. . On approaching the western shores
of the ocean, a part, at least, of the general
winds, turns-toward the poles, as may be scen
on any wind-chart, and in latitude 25° or 30°
passes from the region of the tropical winds
into the system of the prevailing westerly
winds ‘of temperate latitudes. The storms
have a strikingly similar course, and, ou the
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western: side of the: oceans in these latitudes,
never move towards the equator. Their far-
ther progress, and that of -the many storms of
the temperate zones, is casterly, -with a lean-
ing towards the pole while crossing the oceans,
and a variable north-easterly or south-easterly
advance on the continents. No storm has
been found crossing the North Atlantic from
east to west, or moving from- our Atlantic
coast to the plains-~beyond.the- Mississippi.. ‘
Additional evidence of this-:style of bodily
transferrence of storms will ‘be given in con-
sidering the relative strength and the direction
of their spiral winds on different sides of the
centre. » e :
Effect of Rain.

The importance of the condensation of vapor
and consequent rainfall in decreasing the cool-
ing of the central up-draught, and so increasing
its strength, has already been shown. - In the
explanation of this process, it was tacitly as-
sumed thatall the surface-indraught was equally
warm_ and moist, so that condensation- and-
rain would oceur symmetrically about the cen-
tre of low pressure. - It will now be seen, that,
when a storm-centre is supplied from areas
of unequal warmth and moisture, symmetrical
cloud-forming and rain-falling on all sides will

* be impossible ; there will be more rain, and

hence less cooling, on one side than on the
other; and just as the liberation- of ¢ latent
heat’ aided in the formation of the first cen-
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tral barometric depression, so it will now tend
to displace this centre to the side where the
. greatest amount of rain falls. ~ If no_other
- cause but this acted, the storm would advance
regularly toward the region of heaviest pre-
cipitation : but this advance will not be. like
the bodily transferrence of the rotating winds
effected by the general atmospheric currents;
it will be rather the abandoning of one ' cen-
tre of attraction as a stronger one is:cre-
ated beside it,— the continual filling-up of
- one depression, and production of another.
“This may be illustrated by a modification of
fig. 8, given here in fig. 12, in which the dotted
lines show the gradients and winds established
at a. certain period of the storm.. Let it be
supposed 'that warmer, moister winds- enter
onthe right, and cooler, drier winds, on the
left. - “Where cooler, the air will-be contracted,
and the isobaric surfaces depressed : where
* warmer, from its own warmth, as well as from
that of the condensing vapor, the air will be
expanded, and the isobars elevated, as shown
in Tull lines in the figure. 'The gradients will
then be unsymmetrical about the original cen-
tre ; and the previous motion of the winds. will
be accelerated at some points, retarded or. re-
versed at others. As a result; the pressures at
the surface will be changed from their previous
arrangement to a new one, shown in fig. 13, in
which the region of least pressure has moved to
the'side of the warmer winds and heavier rains.
Any further inflow of the surrounding air must .

e
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now be to the new low-pressurc centre: in
other words, the storm has advanced to the.
right.. The process will be continuous as long.
as the winds on opposite sides of the storm
- are unlike.!  Having. thus seen the general
action of" this cause of motion, it must now be
applied more directly. There are two causes
of rain.in a cyclonic storm,-—one from the
expansion and cooling -of the moist air as it
enters the- district of low pressure, and rises
in the central up-draught; the other from the .
advance of the wind from a warmer into a
cooler region. The first of these will gen-
erally be nearly symmetrical about the storm-
centre, and hence not productive of any
progressive motion : the second will as gener-
ally be uonsymmetrical. In fig. 14, for the
northern hemisphere, the parallel lines repre-
sent normal east and west isotherms, showing
- the usual decrease of temperature to the north.
Of the several winds blowing inward to the
storm-centre, those. which advance -almost
along the same isotherm will not be seriously
changed in temperature by their change of
place ; others, which come from a cooler to a

1 Fig. 12 may serve further to explalu the retarded arrival of
the centre of low pressure at altitudes of a mile or more above
thesurface. Observations on Mount Washington have shown the
centre of low pressure there to be about two hundred miles be.
bind that at sea level (Loomis), and a similar retardation has
been inferred in Eongland from observations of cirrus-clouds
(Ley). Fig. 12 shows this to be directly connected with rain.

" fall; for, in this unsymmetrical storm, the former horizontal
neutral plane is distorted, so that the centre of low pressure in
the upper alr is clearly behind, instead of vertically above, the
centre on the surface of the carth, .-
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warmer district, will consequently increase in
capacity for moisture, and be clear, cold, dry--
ing winds ; but the south winds will be chilled,
and must produce clouds and rain somewhere
about the shaded part of the figure; and the
storm-centre will then be transferred towmd
the mlddle of thlS rainy district.

_JSOTHERM. ___er__40°F

‘Standing on the warm side of the storm,-
the centre will appear to move nearly along the
isotherms - to the right. ' Actual 1sothexms
seldom follow lines of latitude, and always
vary their ‘position with the seasons,” espe-".
cially along continental borders.” Thus; over
western Europe and the eastern margin of
the-Atlantic, the summer isotherms run o the
north-east: so do the storms, In. winter.
the isotherms run south-eastward, and  the
storms- turn in.the same direction. Tigs. 15
and 16, illustrating this ‘change, are based on’
diagrams in the ¢ Laws of the winds,’ by Ley,’
who first, some fifteen years ago, called atten--
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tion 1o the control of rain over storm-tracks. -
It should be noted that the -change in the
' wmtel and summer plevalent winds would -

FIG 18.

have a similar cﬁ‘ect on the courses of Eu- -~
ropean -storms: In the United States, Pro-
fessor Loomis has shown that. the v01001ty, as
well as- the" direction of advance, is close]y
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dependent on the position and amount of. the
rain. In tropical storms the action: of this
cause of progression is not so clearly marked ;
for all the winds are moist, and almost equally
warm. It is reported that the rainy area often
extends farthest ahead.of the ‘storm ; but it
“is not at once apparent why it should, for the
front of the storm is occupied by winds from
the north, which come from a slightly cooler
latitude. It may be suggested, that, as their
source in a region of high pressure (the ¢ horse
. latitudes’) causes them to move faster, it
_also, probably, allows them & greater expan-
gion and cooling, on entering the storm-area,
than is permitted in the winds that come. more
slowly from the equatorial region of low press-
ure; but tropical storms probably depend
_chiefly on the prevalent winds for their direc-
tion and rate of advance. In Austria nonec of
the winds are very moist, and the rainy area
has no definite relation to the advance of the
storm : hence here, also, other causes than rain
determine the general easterly progression. .

. Whatever cffect rain would have is overcome

by stronger causes. The separation of a cy-
clone into two independent storms is proba-
bly aided by the irregular distribution of rain.

Inequality in.the strength of the inblowing
winds is a result of irregular distribution of
barometric pressure in the regions around the
storm ; and the stronger indraught will come
from the higher pressure, because the gradi-
ents will be stecpest on that side. .Thus, in
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the case of the West India hurricanes, the
higher pressure is to the north or north-east in
the ¢horse latitudes’ above named, and the
- lower presstre to the south, near the equator;
and the northerly winds will therefore be
stronger than the southerly. The stronger
the wind, the greater itscentrifugal force;
and, if this is not equal on all sides, the centre.
of lowest pressure will be drawn toward the
point where it is strongest. This will be where
it has to bend sharply around from its original
direction, and may average about 135° from
the source of the.wind : lhence, if' the stronger
wind come from the north-east, the storm-
centre will move west ; if from the cast, north-
west, as in fig. 17; and soon. Consequently,
this cause will aid the first named in requiring
the storm to describe a curved track in passing
from the torrid to the temperate zone. "It will
also aid the coalescing of two neighboring
storms, which has not unfrequently been ob-
served ; but, as a'rule, it plays a subordinate
part in determining the direction of advance.
The slower advance of such of our storms as
have extra strong winds on their western side
(Loomis) is probably also due to this cause.
The fourth cause of a storm’s advance is a
peculiar effect of the deflective force arising
from the earth’s rotation. It lhas ahcad)
been shown that this force increases toward
the poles : it will therefore be greatest on the
polar side of a cyclone; and the greater the
“storm’s diameter, the more marked the differ-
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ence between the two s'1des.~ Its effect W111 be

"'to make the centrifugal force on the two s1des

unequal, as in the previous cause; but the

resultant’ motion will" here ‘be always from

Fia. 17.

‘the equator. In the absence of other causes of
,motion, cyclones would therefore’ move along
memdlans: as it 'is, they nearly always have
‘a more or less pronounced polar -tendency;
‘and their failure to.move directly from  the
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equat01 is due to the other causes of proo’les-
sion aheady mentioned.

Cyclonic Regions.

" We are now prepared to cousider and ex-
plain’ the actual distribution and motion .of
c¢yclones.
“The limitation of violent cyclones to:the
ocean is natural enough: the level surface of
the sea allows a great accumulation of warm,
moist air before the upsetting begins, and’ per-
mits the full strength of the winds to reach a
very low altitude. On land the air never waits
so long as it may at sea, before upsettmg, it
-never becomes so moist ; and, when in motion,
the inequalities of hill and valle_y hold back the
lower winds by friction. On land the strong
part of the cyclone is relatively higher than
at sea, as the records of mountain obselvato-,
ries show ; and we know less of' it.
" No .violent cyclones are known to.have oc-
curred within four hundred miles of -the equa-
‘tor. -Here; — where ‘the air is Warm, quiet,
and heavily charged with moisture; where
 heavy, quiet rains are frequent; -where the
conditions which have been mentioned as es-
sential for starting a cyclone-are of common
‘occurrence, — ¢y clones are nevertheless un-
- kown.  They occur often enough, however,
in the embryonic form of thunder-showers, but
‘they never reach the adult stage ; and this must
be because at the equator the deflective effect of

Fipem e

I
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the earth’s rotation is zero, and the inrushing
winds are allowed to move directly. toward the
low-pressure centre and fill u p the depression,
instead of increasing it by their deflection and
their centrifugal force. "From this we learn,
that, while warmth and moisture may be suffi-
cient to begin a cyclone, they alone cannot main-
tain it. There would be no violent cyclones

if the earth stood still,

It might be inferred from this, that cyclbnos-

- should increase in frequency and intensity as
- we recede from the equator toward the poles,

for in the higher Iatitudes the carth’s deflective

force is' known to incrcase. It is true that

storms are much more frequent in high lati-
tudes than near the cquator ; and this is very
likely due to the greater case with which mod-
crate indraughts are here deflected so as to pro-
duce a central baric depression.’ *But the more
intense storms are all within thirty or thirty-

five degrées of the equator; because, in more

polar latitudes, the air is not warm or moist
enough 1o co-operate effectively with the deflec-
tive forces, and produce violent winds. Ithas
already been explained that a rising column of
moist air cools more slowly than one of dry air;
and on this there was shown to depend much of
the greater'energy of oceanic storms over that

of desert whirls. ‘It should now be added,

that, of two ascending currents of saturated
air, the warmer will rise much more vigorously
than the cooler : hence the warm, saturated aip
of the tropical sea breeds hurricanes, cyclones,
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-and typhoons of greater strength than the
storms that are raised in tempelate latitudes,
althongh the latter outnumber the former on
account of the more effective aid of the earth’s
_rotative deflection at a distance from the equa-
tor.

‘We must next examine the cause that deter-
mines the season of ¢yclones, throws them near
the western shores of their oceans; and requires
them. to ‘move ‘toward or parallel to the east-
ern coasts of the adjoining continents. . This
will be found to depend on the genéral circula-
tion of the winds, as may be seen on examin-
ing the air-currents of the North Atlantic at’
tlxe scasons of the most frequent hurricanes.
Poey has compiled a list of hurricanes observed
in the West Indies since 1493, amounting to
three hundred ‘and sixty-five.in all; -and of
these, two hundred and eiﬂht) -scven, or nearly
elghty per cent, oceurred in July, Autrust Sep-
tember, and October. Now, these are the very
months when the equatorial calms or doldrums
are farthest north of the equator, and hence in
a position 'to allow the embryoniec storms to
develop by the aid of the earth’s deflective
force.. At other scasons the trade-winds ex-
tend nearer to the equator; and then, in alati-
tude where storms might grow if once started,
the steady blowing trades prevent even the for-
mation of an embryo. The few storms that
ocenr at these other seasons have less evident
canses : they may arise in confiicting winds,
and may be fairly thrown among those unex-
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plained effects  that we call accidental.  Onee -
formed, the storm is carried along, by the gen-
cral circulation and by the strong winds, . to-.
" ward the West Indies. ' On ncaring them, it
moves to the north-west ard north, mostly be-
cause branches of the trade-winds here turn
to that direction in the cyclone.season, so-as to
avoid the mountains farther west, and to run
up over the warm land of our country ; partly
because of the continual po];h* tendency, or
cxcess of deflection on the northern side of the
storm. . Even if the general surface-winds do
not blow along the storm-tracks, it is very prob-
‘able that the upper current, returning from the
cquatorial calms toward the prevailing westerly
winds of the temperate latitudes, follows 2
course closely. parallel to the average of the
cyclone paths; and there is good reason to be-
lieve that the upper winds have a great control
over the storm’s progression. If the storm
should: begin on the eastern side of the Atlan: -
“tic, it would probably be'held so near the equa-.
tor by the indraught of the trade-winds that it
could not reach a destructive size. The greater
- Atlantic hurricanes’ are thercfore those' that
begin in the western part of the calms or dol-
drums when they are farthest from the cqua=
tor, and then, passing along their carved paths,
take the West Indics and our south-eastern
coast on their way up into the North Atlantic.
As.they go, their diameter greatly increases’;
because ~they draw their wind-supply from
longer distances, and because in the temperate
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latitudes the- earth’s deflective foree is greater
than it was in the tropics. ~But with thisin-
crease in- diameter - there comes a diminution
of -intensity, because the winds are cooler and
- contain less vapor; and finally the storm dies
away when the weakened updraught at the cen-
tre- fails to throw its overflow .outside of the
Timits of the whirl.  The storm is then not work-
ing its way : friction will soon cause the winds
to cease, and’the disturbance will come to an
cnd., . : R :
As for the ‘South Atlantie, it possesses no
.cyclone region, because the doldrums never
extend south of the equator. In spite of -the
sun’s passing to the south in winter, the heat-
.cquator, which determines the position of the
‘doldrums, hardly passes the geographic equa-
tor in the Atlantic; the excess of land in the
porthern hemisphere, and the strong gencral
winds of the southern hemisphere, keep it
-back: and so the South Atlantic has no cy-
‘¢lones such as occur in all the other oceans,
" ‘The cyclones of the Pacific and Indian oceans
~depend on conditions such as have been - de-
scribed for the North . Atlantic. They- are
commonest in the southern hemisphere in Feb-
ruary for the same reason that they are most
-frequent in the northern in the months about
-September. L
We have now considered the origin and mo-
-tions of the cyclones and hurricanes, and. the
‘regions of their occurrence. This-study has
its highest aim in giving timely warning . of
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their approach and in devising rules for avoid-
ing them. If their tracks lay over the- land,
the telegraph could in all cases give ‘sufficient
notice of their coming, for their motion is slow 5
but they are at sea during much of their life,
and the questions now arise, How can the cap-
tain of a vessel gain the first intimation of their
coming ? and, What should he best do to avoid
their dangerous centre ? .

. Bules for Avoiding Storms at Sea.

The storm’s earliest effect on the atmosphere
is shown by the barometer. It is ordinarily
stated that the first effect is scen in a diming.
tion of pressure; but it is very probable, both
from theory and from careful observation, that
a slight abnormal increase of pressure precedes
this diminution. The tropical seas, where cy-
clones are most violent, have, as a rule, very
small and very rare irregular changes in at-
mospheric pressure ; and careful watching will
pretty surely show a rising barometer, as the

-annulus of high pressure that surrounds the

storm (see fig. 8) moves over the observer.
The weather may still be clear, and the wind

anoderate and from its normal quarter ; but this

change in the glass demands renewed watch-
fulness. Let us suppose that such an observa-

-tion’be made on board a vessel lying east of

the Lesser Antilles. The chart shows the cap-
tain that he is in the stormy belt. He may be
direetly in the path of the advancing storm,
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where he will feel its™ fall violence; and he
must make the best of his way out of it. . Fol-
lowing the rising pressure, three other signs
of increasing danger may be observed, — first,
faint streamers of high cirrus-clouds may be
seen, slowly advancing from the south-cast to
the north-west, or from the east to the west,
in the high overflow from the storm’s centre;
this unpropitious change may accompany the
rising of the barometer, or may be first secn
when the barometer is highest : second, the ba-
rometer begins to fall, slowly at first, but more
and more quickly when it reaches and passes
twenty-nine inches; the vessel is then within
the limits of the storm: third, the wind has
shifted so as to blow from a distinctly northern
quarter, and its strength goes on increasing ;
this is the indraught, blowing spirally toward
the centre.  There is then no longer any ques-
tion that a storm is approaching ; and as soon
as a heavy bank of clouds makes itself seen,
moving southward across the castern horizon,
then the central part of the storm is in sight.
These clouds are the condensed vapor in the
rising central spirals, and rain is falling from
them, In deciding on a course to be pursued,
the first point to be determined is, where is the
storm’s centre? That being known, its prob-
able path can be laid down with considerable
certainty in this part of the ocean; and then,
perhaps, the greatest danger may be - avoided.
. But here a very practical difliculty arises. To
find the direction of the storm-centre,” we must
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know the incurving angle of the wind’s spiral; -
—the angle of inward inclination that it makes
with a circle whose centre is at the storm’s cen-
tre. . The earlier students of the question — .
Dove, Redfield, Reid, and Piddington—con-
sidered the course of wind to be concentric cit-
cles, or inward spirals of very gradual pltch

- 8o that they said the inclination of the wind is’
practically zero, and a line at right angles to its
course must be'a radius leading to the centro.
Laterstudies showed this to be incorreet.  The
inclination of the wind inward from the circle’s
tangent was found to vary from 20° to 40° or
50°: ‘but it was thought that this inclination
was symmetrical on all sides ; ; 80 that, with an
average inclination of 30°, the storm’s centre -
must alw*t) s bear 60° to. the left of the wind’s
course. Finally, the most recent results seem
to show that the wind’s course is'neither circu-
lar nor symmetrically spiral ; that the wind’s
inclination is very distinctly different in differ-
ent latitudes, on different sides of the storm,
in the different conditions found on ses and .
land, at different distances from the centre and
at different altitudes. ~In so complicated “a
case, much judgment will be required to ﬁnd
where the storm-centre les. :

Inclmatton of Storm - I’des : ‘

First, in regard to the latitude of a storm.
Without considering its progression, the nearer
it is to the equator, he less its indraught winds
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will be deflected to the right by the carth’s ro-
tation; — the more nearly radial they will be.
But, as they move with much energy, they will
gain' in totary motion rapidly as they ap-
proach the centre, and there will whirl around
in almost perfect: circles. - “Storms in low lati- -
tudes will .therefore tend to have a compara-
. tively small but violent central whirl, only one
or two hundred miles in diameter, within which
the winds' may ‘be almost’ circular; .and. the
centre will there be nearly at right angles to
the wind’s.course. Farther from the centre, the .
winds would be nearly radial; and, if storms-
conld arise on the equator, they would have:
simply radial indraughts with a very small cen-
tral whirl.  On the other hand, in'the temperate
zone the inflowing winds will be strongly de-
flected to the right of their intended path ; and
they must depart widely-from a direct line to
the centre of low pressure, forming a whirl
often one thousand miles in diameter: but, un-~
less they inclined inward at a distinet angle, it
would take them too long to reach the centre,:
and their strength would be lost in overcoming:
friction on the way. Their average inclination
is.therefore well marked.  The steeper incli-
nation: of the winds closc to the centre,:ob-"
served in some northern storms (Toynbee);
may be ‘an ‘effect of the tornado: action in the
cyclone, yetto be deseribed. -

.Second, in regard to the sides of the storm,
as affected by its progression. The inclination:
- will generally be less than the average in front:
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and on the right, and greater in the rear and on
the left of the centre; forin whatever manner
the storm advances, either by bodily transfer-
rence or by successive transplanting, the motion
of the wind must partake both of the direction
of whirling and ‘direction of progress, when
scen by an observer not moving in either of
these directions.  In the case of bodily trans-
ferrence, the direction of the wind as shown by
a vane will be the simple resultant of its whirl-
ing and progressive motions: in the case of
successive transplanting, it will be the result-
ant of the carth’s deflecting force and a, curve
of pursuit; a curve of pursuit being the path
followed by a body moving towards a point that

s continually"changing its position. In either _

case, the effect'may be sufficiently represented
by fig. 18, in. which the broken arrows show
the motion of the wind with respect to the
storm-centre, and the straight dotted lines
measure the velocity of the storm’s advance.
The wind will seem to blow along the result- .
ant of these two directions, as shown by the
full arrows ; and the resulting inclinations are.
manifestly less in front than in the rear, and
léss on the right than on the left. With the
variation of inclination, there will be an - in-
verse change in the wind’s velocity. It will
blow faster on the right and rear or dangerous
side of the storm, and slower on the left and
front or manageable side. In the North Atlan-
tic, where the storms often move rapidly, while
a hurricane prevails south of the centre, very
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moderate winds may blow on‘the north; the.
difference between .the two ‘being about twice
the storm’s progressive motion. The change
in inclination has been shown to occur in sowe
of the West:Indian hurricanes, bus it is not
very plonoﬁuu,d in the land- stmms of the
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temperate zone. Its' best application is in
storms on mountain summits; as on Mount
‘Washington (fig. 19), and again in the case
of the outﬁowmg winds in the upper’ “half of
the storm, as shown by the motion of cirrus-
clouds, and illustrated in fig. 20. Of course,
in this case of outward motion,,thc less incli-
pation is in the rear, and the greater in the
frant.
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Third, in regard to land and sea storms. The
inclination will be greater in the former thanin
. the latter.. ‘On the sca, the centrifugal force:
of the earth’s deflection will be most pro- -
nounced, and the winds will be more nearly
circular than on' land, where friction will tend
to destroy their original motion, and so allow
them to run more directly into the storm-cen-
tre. This is fully borne out by observation,
and is especially well shown in the contrasted
cases of storms on the opposite sides of the
northern Atlantic. - Fig. 21 shows an average

storm in the eastern United States, about ready
to embark on the ocean ; and in this the inclina-
tion of the winds is less on the sea than on'the
land side. This effect is doubtless produced in
part by the preceding condition concerning the
front and rear sides of the storm. But in ex-
amining a storm just about landing- on the
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western shores of Europe, as shown in‘fig. 22,
it'is seen that here the front winds have the
greater, not the lesser, inelination: hence posi-
tion in regard to the centle cannot be the cause

of‘thc dlﬁ'ermrr mdmattons here., A better ex-
planation is ‘found in the fact th‘l,ﬁ' the eastern
side of the storm teceives its winds from the
land, and the western side from the sea; and,
in accordance with this, the eastern side should
have the greater, and the western side the
lesser inclination, as is the case. The fact that.
Enropean storms have a less velocity of pro-
gression than those in this country wounld still
fulther allow the land and sea conditions to
control the inclination in the former region. _
Fourth, it is manifest from all the preceding
cases that the outermost w1nds of a storm are
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nearly radial, and that their direction becomes
more circular as they advance. This results
‘directly from the faster motion and less radius,
consequently the greater centrifugal force near
the centre, and requires no special illustration.
It need only be noted, in recalling the first or
latitude condition, that, at large distances from
the centre, equatorial storms.are generally
‘more radial than those of the temperate zones?
‘but, at small distances from the centre, this
" role may have to be reversed. This is quite-in
‘accordance with the greater size but less in-
“tensity of the storms in the temperate zone.
Fifih, in regard to altitude. The absence of-
‘strong friction will allow the upper winds to
‘whirl'inn even more circular paths than they do
at-sea. Indeed, at a moderate altitude, say
7,000 feet, the winds arc probably perfectly
“cireular in the core of the storm; and at a
‘little ‘greater height they assume an outward
‘inclination as they change to the outward
‘gpiral of the upper overflow. It is common,
‘therefore, to note that the surface-winds of a
‘storm are not parallel to thie motion of the
‘clouds. As the latter are more fully in control
"of the earth’s deflecting force, they will always
‘tend to the right of the former; and, in the
‘extreme contrast of surface-indraught and: up-
permost outflow, the cirrus-clouds- may drift
‘slowly (in appearance) 90° or 120° to the right
‘of the surface-winds. " It is therefore usuvally
‘to storm-disturbances of the general atmos-
-pheri¢- circulation that the irregular- drifting
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of different cloud-layers is to be ascribed..” And
now, after this long digression, we may return
to the rescue of the \essel in the West-Indian
hurricane.

The Central Calm

The barometer was ffxlhng more and._ more
rapxdb, and  the wind blowing with increased
violence from'the north, in-the example that

was described. Then, if a transparent storm-

card, drawn to proper scale after the pattern
of ﬁO' 9, be placed on the chart so that its
stron(r north wind shall pass the position, of
‘the \essel it will give the best indication of the
general foxm of the hurricane; and a course
may be laid by which the dangerous centre
will be avoided. In this casc, the safest
course will be to run southward, or a point or
two west of. south, till the barometer beging
to rise; and then, if desired, a more: eastelly
course may be followed. Even if the vessel be
on its way to a European port, this will be its -
sufest: method of avoiding the storm; for, in
attempting to beat acramst the wind-and leave
the stormn to the south there is too much risk
that its - increasing stxenvth will prevent the
vessel making sufficient headway to escape
being caught in the central whirl: it would be
better to sail around the southern side of the
storm, and, after the centre had passed on
the west, then shape a north-easterly course
with the wind on the starboard beam. Some-
times it has happened from ignorance of such
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sailing-rules ‘as' these, or from inability, even
-with their aid, to escape from the sudden vio-
lence of a storm, that a'vessel finds itself on
~ the storm-track at the time of the passage of

the . centre; and there is.then observed -the
peculiar and dreadful calm within the whirl, to
which sailors have given the name of ¢ the eye
of the storm.’ Let us suppose, in the example
given above, that the vessel endeavored to force
its way against the increasing north wind, and,
failing in . this, remained on .the path of the
storm till the centre advanced on it. During
its approach there will be no very marked
change in the direction of the wind; but its
force increases even-beyond what seems its
greatest possible strength, and goes on increas-
ing, blowing in tremendous and terrible gusts,
411 the vessel is stripped of its canyas, and the
yards and masts are cracked and broken away,
and the hull lies helpless and unmanageable.
Rain falls in driving torrents, and the sea rolls
in great broken waves. The roaring of - the
. winds rises to a screaming pitch;: and -when
at its most fearful. strength, it suddenly dies
away. In five minutes, perhaps .even less; -
{he air is quiet ; and only the heavy sea, and the
commotion of the clouds, and a distant fading
sound of the retreating wind, tell of .the vios
lence that has passed by. The vessel isina’
cushion of quiet air left under the core of the .
storm. There is generally but a ‘short .time
given to suffer the suspense of this unnatural
quiet. In half an hour or an hour, according to
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the size and rate of motion of the étorrn; fhe
centre passes away, and the opposite side of
.the whirl suddenly falls on the unhappy wreck,

coming again with all the roar and fury that
‘was felt before, but now blowing in the oppo-
site direction,—a terrific hurricane from the
south,’” chopping the waves into the dreaded
‘cross-sea, where the water rises in pyramids
instead of in linear crests, and changes its
form so rapidly and with such broken rhythm as
to’'strain great leaks in the worn-out hull, and
leave it to founder in clearing weather, while
the storm gocs on in its destructive path.
There is yet much to be learned concerning
the “curves followed by the winds in ‘these
storms. The diagrams, as described above, are
based on'observation and theory, but must be
regarded only as provisional until proved by
the average of many more observations than
liave yet been made. - Rules for various cases
may be easily devised on the plan above de-
seribed, but they are not infallible: there is
still much to be done in perfecting them. Only
‘one.additional point need’ be mentioned : care
is needed to avoid sailing after and overtaking
a slow-moving storm, and so falling into its
power. This would seldom happen in our lati-
tude, but might well occur in the Indian Ocean,
where some storms' have been found to rest
almost stationary over one district of the sea
for ‘more than a day. A case is reported
where ‘2’ vessel thus fell into the .dangerous
whirl; and ‘could not ‘escape, but was' carried
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round and round the centre, while scudding
under bare poles, till it made five complete
revolitions before the storm left it behind.

Storm Floods.

There ‘remains to be deseribed the storm-
Aflood produced when a storm runs upon a low
"shore, as often happens at the head of the Bay
of Bengal. The eyclone advances with grow-
ing-strength til] it reaches the flat delta of the
great Indian 1ivers. It finds the land here
perfectly level, and so little raised above the
water that its cultivated surface has to be pro-
tected from river-overflows by dikes ten or
tweive feet high built along the shores. DBut
the inblowing winds brush the water of the
bay up against the land; the diminished at-
.mospheric pressure about the storm-centre
allows the heavier surrounding air to lift the
water here, and for every inch that the mercury
falls in the barometer the water will rise a foot ;
the rain alone may contribute nearly a foot of
water in a day; and finally, if a strong tide -
conspire with these other causes, a great flood
is produced, that overwhelms even the dikes,
-and drowns out all the low country; and the
poor people, unprovided with sufficient means °
of escape from the winds and the waters that
come from above and below, are-lost by the
thousand.  Six storms alone, that have devas-
tated this coast since 1700, have, if the records
can be trusted, destroyed over half a million
lives.
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The disappearance of a storm has already
been alluded to. The storm will fail, or greatly
decrease in strength, when running from the sea
on the land; for friction here is greater, and
there is less moisture in the air from which

_heat can be obtained to overcome the increased
friction and . continue the existence of the- dis-
_turbance. * Again: the storm must decrease in
intensity as it recedes far from the equator ; for
it then enters regions of less warmth, and con-
sequently less moisture. Finally, it must end
‘when the updraught caused by heat derived from
the falling rain fails to throw the overflow out-
side of the storm’s limits ; for then more air
enters the storm than flows out of it, and the
pressure at the centre will increase. The re-
verse of this is worth noting: the storm will
increase in size and in total strength, although
perhaps not in central intensity, as long as the
updraught is active enough to throw. some of
its volume outside of the arca occupied by the
surface-indranght; for then the pressure at
‘the centre will decrease, and the development
of the embryo will continue.

Storms of the United States.

Before procceding to the  consideration of
tornadoes, we may devote a little space to ‘the
special features of our own storms east of the
Rocky Mountains, as determined chiefly by Pro-

fessor Loomis in his careful study of the signal-
service maps. . » ,
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- The storm-areas, as indicated by the curved
-lines of equal pressures, are ovals about twice
as long as wide, with the longer axis generally
north-cast and south-west.  The average direc-
tion . of progression. of mnearly five hundred
storms, in 1872-74, was north 81° east, with a
-mean velocity of twenty-six miles an hour, or
six hundred and twenty-four miles a day: the
" maximum velocity was above eighteen hundred”
miles & day.. Some of these bmometrlc, de-
" pressions begin on the.Pacific Ocean, or in our
north-western territories; most of -them arc
first noted within the western mountainous dis-
trict ; and a good share of the remainder arise
on the plains.  Very few come from the West
Indies. After passing us, they sweep out over
the ocean, generally turning well to the north-
cast, and, if continuing long enough, running to
Norway or Iceland rather than to Great Britain.
The probability that a storm which leaves -our
coast will arrive in England is only onc in
nine. The average tracks of a lar gc number of
storms from the Rocky Mountains to the Ural
are shown -on the accompanying map, prepared
by Koppen (Annalen der Hydrographie, 1882).

If storms moved only according to these
averages, their prediction would be made casy
and accurate ; but they naturally fail to do so,
and hurry or slacken their pace, or turn to onc
side or the other of their average course, in
what scems to be the most capricious fashion.
It is the carly discovery of these individual
peculiarities that tasks the acuteness of the-
_weather-men.
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With regard to velocity, storms advance
much faster in February than in August (174 :-
100), and in the late afternoon and evening
than at other hours (125 : 100). If the tele-
graphic reports show a rapidly rising barome-
ter, and a weak wind in the rear of the storm,
it will probably move rapidly. The rain, also,
exercises a marked control on the storm, as is
shown by comparing the forward extension of
the rain-area with the rate of progress : =

hl f

" Forward cxtension of rain. DProgression of storm-centre.
640 mlles. 40.1 miles an hour.
568 202 ¢ T
589 “* " 22.3 & 113 e
422 “ 15.3 o “ "

fm'ther by comparing the axis of the rain-area
.with the coursc of the storm:

Axis of rain-area. - Course of storm.
N.5® E. - N4 E.
8. 65° E, 8. 69° K,

~ finally, by comparing the rainfall with the in-
crease or decrease of the central barometric
depression : —
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Average rainfall within C]m.nge of central depression in
: isobar 29.807, - twenty-four hours
0.078” +.0.10” (L.e., storm decreasing). -*
0.149 —0.05 i "
0.159 —0.128 (i.e., storm increasing).

Rain, therefore, is shown to aid in determining
the velomt) ) dlrectlon and development of our
storms, as has already been inferred.

Thus far in regard to the motion of the storm
as a whole. The winds of the storm blow
faster, the more marked the central depression
and the closer the isobars. If the space on the
signal-service maps between adjoining isobars
(the difference ot their pressure being one-tenth
of an inch) measure one hundred and thirty.
miles, the wind will probably blow five miles
an hour ; if eighty miles, thirty miles an hour;
if forty-five miles, fifty miles an hour. . There
is, however, much variation from this rule,
depending on the form of the ground and the
neighborhood of he lakes or the sea. The
average direction, inclination, and velocity of
our storm-winds in the four quadrants is shown
in fig. 21. The relation of the several inclina-
tions here shown has already been discussed..
Tt should be added, that the unexpected ap-
~-proach to equality in the wind’s strength on
_ the right and left (south and north) sides of the
storm is probably in large part due to the wind
on the wmorth coming but little retarded from
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the sea, while that on the south has lost much of
its proper velocity by blowing long over land ;
so that, while the winds should theoretically
show a less velocity on the left than on the right
side of the track when the storm moves over a
uniform surface, this inequality might be largely
counteracted by the relations of sea and land
that obtain in the eastern part of our country.
This is confirmed by finding the winds on the
left'side of the storms of northern Europe much
weaker than on the right ; for here the progres+
sion of" the storm, and the relation of sea and
land, combine to produce this effect. OQur space
" forbids more detailed consideration of the vari-
ation of our storms with the seasons; and the
reader desirous to pursue the subject farther
.should provide himself with the government
daily weather-maps, which may be had. by sub=
scription ‘to the chief: signal-officer in Wash-
ington, and should consult Professor Loomis’s
essays in the' American Journal of Science for
recent years, the circular on the practical use
of ‘meteorological reports and weather-maps
(issued by the signal-service, 1871), and the.
appendices on the relation of rain and winds;
and on the course of storms in. the different
months, in the signal-service reports for 1878
and 1874, : T

Tornadoes.

Tornadoes differ from the storms thus far -
mentioned in their excessive violence over a
very restricted area, and their visibly rapid ad-
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vance. After a great'deal of theorizing,'it is
now possible to explain them very satisfacto-
rily and simply as whiils in the air, a little
above the ground, into the vortices of which the
_surface-winds are drawn up with great velocity.
Electricity has no essential sharc in their ac-
tion.| e !
Recent studies, especially the reports by Mr.
Finley of the-signal-service, have done much
~ to show us the regions of, and general condi-
tions preceding, tornadoes. ' They are most
numerous” in -Kansas, - Missouri, and Illinois,
although they have been recorded- throughout
the states east of the Mississippi, except in
the far north-east and on the central Allegha-
nies.; So they have occurred in all the months,
and at nearly all hours of the day; but their
time ‘of greatest frequency is in the afternoons
of June and the months adjoining. Where
most' fully studied, they seem to occur along
the contact-line of warm southerly winds and
cooler north-westerly or westerly winds. - Local
quiet and rather excessive warmth commonly
precede them, and chilly winds come Iafter
their, passage. Rain and hail fall in itheir
neighborhood, but usually at a moderate dis-
tance away from the destructive wind-centre.
Their advance is nearly always to the- north-
east, at about thirty miles an hour. .
" 'When first perceived, the tornado.is gener-
ally described as a dark, funnel-shaped mass;
hanging from heavy, dark, agitated clouds (fig.
23).  Its roaring sound is heard as it comes
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neaver ; and the whirling funnel is often seen
to swing from side to side, and to rise and fall, -
Withinits dark column, various objects snatched.
from the ground may be scen rising and turn-
ing round- and round in the eddying winds:
pine-trees appear like bushes, and barn-doors
- are mistaken for shingles. = At a certain height
these fragments are thrown laterally out of the
power of the ascending current, and then fall
to.the ground, often with violence, from their
lofty flight. If such a cloud appear in the
west or south-west, one should make all possi-
ble haste to the north or south of its probable
track; but there is seldom time to escape..
The rapidity of the storm’s approach, - the
noise of its roaring, the fear that its darkness
and destruction - naturally inspire, too often
serve 1o take away one’s presence of mind;
and, before there is ‘time for reflection, the
whirl has come and passed, and 'the danger is
over for those who survive. = The force of the
wind is terrific.  Heavy carts have been car-
ried, frec from the ground, at such a velocity,
that, when they strike; the tires are bent and
twisted, and the spokes are broken from the
hubs. - Iron chains are blown through the air.
~ Large beams are thrown with such strength that
they penetrate the firm earth a foot or more.
Children, ‘and even men, have often been
carried many feet above the ground, and some-
times dropped unhurt. - A veloeity of wind ex-
ceeding one hundred miles an hour is required
to produce such effects. Strange examples of
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the wind’s strength are found in the treatment
of small objects: nails are found driven head
first firmly into planks; a cornstalk ‘is shot
partly through a door, recalling the firing of a
candle through a board. . More than this, the
wind shows sigus of very unequal ‘motions in
asmall space : bedding and clothing are torn to
rags; larness is stripped from horses. ‘Noth-
ing can withstand the awful violence' of the tor:
nado’s centre ; and yet, at a little distance one
side or the other, there is not only no harni
done, but there is nonoticeable disturbance in

the gentle winds. ‘The track of marked disturb:

ance averages only half' a mile, and the path
of great destruction is. often”only a few huu-
“dred feet wide. : T

The whirling at the centre is evident enough, .
in many cases, from the rotary motion of the
funnel-cloud : it is, in all reportéd cases, from
right to left, like the cyclones of this hemi-

-~ sphere. At a little distance Irom the centre;

the wind is probably nearly radial, as is shown
fully cnough by the direction in which fences
or trces are blownover, or:houses and*all
loose objects carried.  On the right side of the
track the winds are more violent, and -their
destructive effect consequently reaches farther
from the whirl than on the left.” This is evi-
dently because, on the tight, the motion of the
wind and the advance of the storm are com:
bined, as has been-explained under cyclones.
Here are several examples from the Kansas
tornadoes of May, 1879, as described. in Fin-
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ley s 1ep01t, showing thc opposed currents of
air. )

Fig. 24 shows the fence on the urrht blown

“to the east ;. the fences.on the left, to the west

and south; ‘zmd the hay from a sta‘ck,-“scattered
in a curved.line. -When fences are not blown

x

]
2
WAV BTACK -
.
3

FiG. 24

over, rubbish often colleets on their Wmdwmd
side. =

Fig. 25 illustrates, b) arrows, the direction of
the wind, by which sevelal buildings were.more
or less anUIGd but most peeuhm is the track -
of a man, who, on coming out of the east
side of a barn, was cau(rht up by the winds
and carried half way around the’ building, and
there set.down very dizzy, but unhurt.” At the
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same time two horses near by were killed, their
harness stripped off and torn: to pieces. A
scantling four inches square and ten feet long -
was found driven.three feet and a half.into the
ground, only forty-five feet from its starting-
point. A large board sixteen feet long was
found two miles to the north-cast, where it was
identified by the color of its paint.

) }«‘16. 25,

Fig. 26 shows a more disastrous case.. A’
house was swept away, and its fragments filled
the creek to the sonth-east. "The trees west
of the house were not hurt ; but those in the
grove on the track were blown over to the
north-cast, their bark and leaves stripped off, -
and their south-western side blackened as if
burnt.  On such occasions, branches have been
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found twisted from right to left about the
trunks. As the storm came on, the family
occupying the house ran out, turning to the
north and west. One by one they were blown
away, — first a little girl, who was found dead ;
then a girl and boy, not seriously hurt; next
the mother was thrown against a trce and

FATHER AND
BABY

e
«Q‘é‘
ﬁoma_i

. E ‘

Fra, 26,

killed ; and last, the father, carrying the baby,
and becoming confused in the rushing wind,
turned back from his safe flight to the west,
was caught up and thrown over one hundred
yards to the north-east, and Kkilled. The ac-
counts of tornadoes only too often give a
record like this. In six hundred and odd
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tornadocs, forty are recorded as fatal to the
people on their track. . In these forty, four
hundred and sixty-six lives were lost, and six
hundred and eighty-seven persons were injured.
In addition to the violence of the whirling
winds, an explosive effect is often noted in
buildings where the windows and doors are
closed.  Doubtless this is one reason why
roofs are so generally carried away. Doors
.and windows have been blown outward. The
four walls of a house have fallen outward from
the centre.  Still more definite is the account
of a-railroad-agent who had barred the window-
shutters and-locked the’ door.of his. station
after a train had gone by. A tornado passed
over it, and burst the window open outwards.
Evidently the air of ordinary density . within
the building suddenly expands as the outside -
pressure of the atmosphere is taken off when
the storm-centre passes. Possibly tliis action
may aid in the plucking of poultry in torna-
does : the unfortunate chickens that are caught
near the centre are nearly always stripped of
their feathers. 'So with the remarkable' penc-
tration of mud into clothing, which cannot be
cleansed by repeated washings: perhaps the-
air'is drawn out as the storm passes, and . then
the mud is forced closely into the fabric by the
returning atmospheric pressure. The ground
is sometimes said to look as if heavily washed
on the central path: it may be that the expan-
* sion of air in a loose soil aids such a result.
Nothing can be better proven than, the ex-
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istence of a continuous and violent updraught
. ‘at the centre of the whirl. An-observer far
enough from the track of the tornado to watch
it composedly, and yet necar enough to see it
-with some distinctness, seldom fails to note
the rapid rising of débris and rubbish in the
vortex, whirling as it rises; and a current of
air strong enough to lift boards and beams
‘must ascend with great energy.. Most of the
fragments thus captured by the wind are thrown
to one side, and allowed to-fall after a short
‘flight; but smaller, lighter "objects, such as
hats, clothes, papers, shingles, are often. car-
ried several miles through the clouds, and
dropped far away from home. But observers
often report, also, that the extremity of the
funnel-clouds is seen to descend, and from
hanging aloft it suddenly darts downward to
the ground. - How can these two contradictory
motions be reconciled?. Simply enough: for
the last is purely an. apparent motion. . It is
simply the downward extension of the cloud-
“forming space faster. than the cloud-particles
are carried upward., The same style of ap-
parent motion against the wind may be seen
in some thunder-showers where a cloud forms
faster than the wind blows, and so eats its way
to windward.- There has been much needless
mystification here, for the. point was_ neatly
explained by Franklin a century and a quarter
ago. He wrote,. that ¢*the spout appears to
drop or descend from the cloud, though the
materials'of which it is composed are all tb
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whilé -ascending ;*’ for the moisture is con- .

densed ¢ faster in a right line downwards than
the vapors themselves can climb in a spiral
line upwards”” (Franklin’s’ Works, Sparks’s

ed., vi. 153, 154 ; letter dated Feb. 4, 1753).

\ Ferrelfs' Theory of Tornadoes.

Now let us look for the explanation of these
varied effects, and discover, if’ possible, the
reason of the extremely local development of
such intense motions. ' s

The explanation given for sand-whirls in the
desert fails to. provide for the excessive force
of the tornado. . A thin; warm surface-stratum
of air would be prevented by friction.with the
gronnd from attaining any very excessive ve-
locity ; and, moreover, it is often excessively
hot without tornadocs following, and tornadocs
often happen when the air is not perfectly still.
Yet, as they occur most frequently on warm or

hot afternoons, surface-warmth very probably

re-enforces other causes up to the point of -
violent storm development. - S

- The existence of conflicting winds, as already
noted, gives us more aid. = So long as the cold
wind passes under the warm, there will be

" no great disturbance, for the equilibrium will .

remain stable ; but, if the warm wind advances
under the cold,.an'unsta_ble equilibrium may
result. We have already seen that warm satu-

" rated air requires the smallest vertical difference

of temperature to destroy its stability; and
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" also that the saturated condition may.often
be met in the cloud-stratum, although absent
“ below it. For these two reasons we may infer
that a tendency to upset will be inore frequently
reached a few hundred or thousand feet above
the earth than closer to the ground. Suppose
that such a condition is reached when a mass
of warm southerly wind has pushed itself
below the colder north-westerly stratum: the

surface-air- will often rest quiet and become
" warm below such a meeting, for the same rea-
son that calms occur along the cquator at the.
meeting of the trades ; and a change must soon
relieve this unnatural arrangement. The warm
wind, feeling about for a point of escape through
its cold cover, soon makes or finds a vent where
it can drain away upwards ; and then the entire
warm mass, even a mile or more in diameter,
and often more than one thousand - feet in
thickness, begins the rotary motion already
described in whirls and cyclones, rises at the
centre, and passes away. Before describing
the peculiar tornado features, let us contrast -
the storm as. now developed with the two
other kinds of storms already cxplained. The
desert-whirl ‘arises from' a thin layer of hot
~-dry air, warmed at the place where the whirl

begins, ascending in a small column through a
- considerable thickness of colder air.. TFriction

with the ground prevents the attainment of an

excessive velocity ; and the ascending current

can lift only sand and light objects. As soon

as the bottom-air is' drained.away, the whirl
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stops. The cyclone is fairly - compared, on
account of its great horizontal extension, to a
broad, relatively thin disk, with a horizontal
measure several hundred times greater than
its thickness, having a spiral motion of much
rapidity, inward below and ontward above, but
a central ascending component ‘of its motion
80 gentle that- raindrops . can - ordinarily fall
down . through it. Its continuance . depends
largely on heat derived from vapor condensa-
tion: it is therefore self-acting after it has
once begun, and goes on drawing in new. air
long after the original supply is exhausted.
The tornado is-like a cylinder, with a height
cqual- to or greater than its diameter. Its
warmth is chiefly imported to the point where
its action begins, partly as sensible, partly as
¢ latent’ heat ; but, unlike the cyclone, its.ac-
tion ceases as.soon as.the; original, mass of
warm air escapes upward through its warm
cover. .On.apprehending these peculiarities,
we Inay. better appreciate its farther develop-
ment. I R o

The tornado has two motions .to be consid-
ered, in addition to its general progression, —
the spiral rotation, and the central updraught.
The latter cannot, except under special condi-
tions yet to be mentioned, become very rapid,
_for it depends primarily, simply on_differences
of temperature. insufficient to produce very
active motion ; but the former attains a great
velocity near the centre in virtue of the me-
chanical principle. already quoted,—the ¢ pres-

o
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ervation-of areas.”. When a whirling body is
drawn toward the centre about which it swings,
its velocity of rotation will increase as much as
its radius of rotation decreases ; the centrifugal
force will also increase, and thh the square > of
the velocity, or inversely as the square of the -
radius. This law claims obedience from air,
as well as from solid bodies : hence, if the air
of a tornado mass have a gentle rotary veloci-
ty of twenty or thirty feet a second at a thou-
sand yards from the centre, this velocity will
increase as the central air is drained ‘away
and the outer partlcles move inward ; so that,
when their radius is.only one hundred yards,
they will fly around at the rate of two or three
hundred feet a second, or over one hundred -
and fifty miles an hour It ‘must be under:
stood, however, that this requires that there
should have been no loss of motion by friction,
-and hence can be true only for the air at & dis-
tance above the ground ; and, further, that, in
spite of the great horlzontal Totary motion,
there is still only a moderate vertical current.
And consequently we have not yet arrived at
the cause of the violent central and upward
winds that distinguish the tornado from other
storms, but this cause is close at hand.,

" Admit for.a moment that there is no friction
between the air'and the ground. We should
then have a tall vertical cylinder- of air, spin-
ning around near.the centre at a terrific speed,
at the base as.well as aloft, and consequently
deve]opmor a nrreat; _centrifugal force. - Asa re-
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sult, the density of the central core of air must
be greatly diminished. Most of the central air
must be drawn out by friction into the whirl-
ing cylinder, and prevented from returning by
the centrifugal force. 'The core will ‘be left
.with a feeling of emptiness, like an imperfect
vacuum. If there were any air near by not
controlled by the centrifugal force, it would
. tush violently into the central core to fill it-
again. Now cousider the effect of friction with
the ground. The lowermost air is prevented
from attaining the great rotary velocity of the
upper parts, and consequently is much less
under the control of the centrifugal force,
which  is measured by the square of the ve-
locity.- The surface-air is therefore just what
is wanted to fill the incipient vacuum: so it
rushes into the core and up through it with' a
velocity comparable to that of the whirling. it-
selt'; and this tnward-rushing air is the destruc-
tive surface-blast of the tcrnado. '
“This explanation, first proposed by Mr. Fer-
rel a few years ago, is most ingenious and
satisfactory, Morcover, he has followed its
several parts by close ‘mathematical analysis,
-and shown that the moderate-antecedent con-
ditions are amply sufficient to -account for all
the violence of the observed results.

There are still several points to be considered.
The whirling motion has been described as
. corresponding in nearly all cases with that of
northern ceyclounes; and yet it cannot be sup-
posed that the indraught winds of a tornado are
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.drawn from siifficient distances to show the ef-
fect of the earth’s deflective force : it is more

probable that the tornado is to be regarded as-

a small whirl within a larger one, for the warm
and cold winds are probably part of a large
cyclonic system in which differential and rotary
motions are established ; and, when such winds

form a small local whirl of their own, it will

rotate in the same direction as they do, from
right to left. For a like reason the planets ro-
tate on their axes in the direction in which they
revolve around the sun. - The constant direc-

tion of rotation in tornadoes may therefore, by-

jtself, be taken as evidence that their causeis
not in a stagnant atmosphere, like that of the
desert-whirls, but is conneeted with the con-
flicting currents of 2 large, gentle cyclone.
The progressive motion of the tornado-
centre is so constant in its direction to the
north-east or cast, that it cannot depend on local

conditions within itself, but must rather result
from its bodily transportation by the prevail--

" ing winds, with which the tornado-tracks agree
very well in direction and rate. It will last
till the lower warm air, which constituted the
original unstable mass, is exhausted. This

- generally happens in-about an hour, when

it ‘has traversed a (hstance of nearly thirty
miles.

" The tornado thnus constituted may be likened

to a very active air-pump, carried along a few

hundred feet above the oround, suckmrr up the
air over which it passes. It is for {his rcason
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71
that the surﬁce-wmds are so nearly radial.-
For this reason an enclosed mass of air; as'in
ahouse, suddenly ‘explodes’ as the vacuum is
formed over it; and as the air rushes to-the
centre, and thexc expands and cools, its vapor
bédomes visible in-the, great funnel, or spout,:
pendent from the clouds above.  No rain can
fall at the centre. Bodies much lieavier than
rain are lifted there, instead of* dropped: so
the rain must rise through the central. core,
- and fall to one side of the storm. or before or
behind it. If the expausion'be very great,
and the altitude reached by:the drops rather
excessive, then they will be frozen to hail-
stones-before falling.  :Hail-storms and torna-
does” commonly go together: ‘they mutually
explain each other. Electrlclty has no 1mp01-_
tant part to play in the disturbance. =,

It was stated under ¢yclones that their cen-
tral barometric depressxon had two- causes, —
the overflow caused by the ‘central: warmth,
and the dishing-out of the air by centrifugal
force. The ﬁrst of these is ordinarily regarded
as the effective cause of ‘the wind’s mwald
blowing. It has already been pointed out that’
the second and greater part of the depression
is also effective in drawing in the winds when:
friction decreases their rotary velocity:  We
may now call attention to a third cause of cen-
tripetal motion in the cyclone_already alluded
to, in which it is'like the tornado. 'Fhe upper
winds move with great rapidity, and cause a
- stronﬂ' bmometllc depression at the centre of
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their whirling ; but at the base of ‘the storm,
where fuctlon with the sea, or still more with
the land, reduces the lower wind’s motion, and
50. dlmlmshes their centrifugal force, we may
have an indraught of the: Tornado - style, in
which the centrlfwal diminution of central
pressure in the upper winds is an cffective
cause of centrlpetal motion in the lower winds.
While this is not the principal cause of surface-
winds in a cyclone, it may be an-important
aid to central warmth.

Water- spouts are closely allied to tornadoes :
but when seen in small form they approach the -
character of simple desert-whirls ; -that is, they
then depend merely on air war med at the place
where ‘they occur, and not on the running to-
gether of warm and cold winds from othel re-
gions. A probable cause for the excess of
their strength above that of the sand-whirls lies
in  the smoothness of the water-surface. on
which they spring up, which will allow a Iong'
time of preparation; and in the moisture in- -
~the air, which will cause the warming of a
greater thickness than if the air were very dr)
The greater the thickness, the more their action
will resemble that of a t; pical tornado. The
appearance of the downward cxtension of.the
funnel-shaped cloud to meet the rising column
of water is almost certainly only an appear- -
ance, and has the explanation already quoted
from Franklin’s ingenious writings.

We have relied largely, in the preceding ex- -
planations, on deductiors from general 'prin-
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ciples, checked by the rosults of observation.
The writings of many investigators have been
e\:ammed, and in a few cases their names have
been given; but the literature of the subject is
now so extensne that full reference has been
deemed unadvisable. Little attention has been’
paid to the older theories, in which conflicting
winds and electricity were looked on as the
chief causes of storms. - The latter is regarded
as an effect rather than a cause ; and, Wl‘lle the
former has much importance w hen 1101\t1y con-
sidered in connection with the eartly’ SI‘OL‘ItIOn,
it is of small value as originally stated, and is
thien “limited ‘to the ploductlon of short—hved
storms in mountainous districts. The more
important factors of the modern theory of
storms are the consideration of the conditions
of stable and unstable equilibrium of the at-
mosphere, the true measure of the action of
condensing water-vapor, the full estimation of
the cffect of the carth’ srotation, and the recog-
nition of the necessary increase in the wind’s
velocity as it is drawn in’ toward the storm-
(.entrc.




