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Electrieity in the Atmosphere

9-1 The electric potential gradient of the amosphere

On en ordinary day over flat desert country, or over the sea, as one goes up-
ward from the surface of the ground the electric potential increases by about 100
volts per meter. Thus there is a vertical electric field E of 100 volts/m in the air. The
sign of the field corresponds to 2 negative charge on the earth’s surface. This
means that outdoors the potential at the height of your nose is 200 volts higher
than the potential at your feet! You might ask: “Why don’t we just stick a pair of
electrodes out in the air one meter apart and use the 100 volts to power our electric
lights?” Or you might wonder: “If there is really & potential difference of 200
volts between my nose and my feet, why is it I don’t get 2 shock when I go out into
the street?” _

‘We will answer the second question first. Your body is & relatively good
conductor. If you are in contact with the ground, you and the ground will tend to
make one equipotential surface. Ordinarily, the equipotentials are parallef to the
surface, as shown in Fig. 9-1(z), but when you are there, the equipotentials are
distorted, and the field looks somewhat as shown in Fig. 9-1(b). Bo you still have
very nearly . zero potential difference between your head and your feet. There are
charges that come from the earth to your head, changing the field. Some of them
may be discharged by.ions collected from the air, but the current of these is very
small becanse air is a poor conductor.

@ E =tony /.

9-1 The electric potential gradient
of the atmosphere

9.2 Electric currents in the
atmosphere

9-3 Origin of the atmospheric
currents

9-4 Thunderstorms

9.5 The mechanism of charge
separation

9.6 Lighining

Reference; Chalmers, J. Alan, Atmos-
pheric Electricity, Pergamon
Press, London (1957).
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(a) (b) GROUND

Fig. 9=1. .{a} The potentia) distribution above the earth. {b} The potential

distribution near @ man in an open flat plg':ca.

How can we measure such a field if the field is changed by putting something
there? There are several ways. One way is to place an insulated conductor at some
distance above the ground and leave it there until it is at the same potential as the
gir. If we leave it long enough, the very small conductivity in the air will let the
charges leak off (or onto) the conductor 1ntil it oomes to the potential at its level.

“Then we can bring it back to the ground, and measure the shift of its potential as
we do so. A faster way is to let the conductor be a bucket of water with a small
leak. As the water drops out, it carries away any escess charges and the bucket
will approach the same potential as the air. (The charges, as you know, reside on
the surface, and as the drops come off “pieces of surface” break off.) Wecan meas-
ure the potential of the bucket with an electrometer.
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Fig. $~2. (a} A grounded metal plate
will have the same surface charge as the
earth. {b) I the. plate Is coversd with a
grounded conducior It will have no
surface charge.
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Fig. 9-3. Maasuring the conductivity  t{assium, ete.
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é There is another way to directly measure the potential gradien?. Since there

is an electric field, there is a surface charge on the earth (¢ = €E). If we place
a fiat metal plate at the earth’s surface and ground it, negative charges appear on
it (Fig. 9-2a). If this plate is now covered by another grounded conducting cover B,
the charges will appear on the cover, and there will be no charges on the original
Jate A. If we measure the charge that flows from plate A to the ground (by, say,
2 galvanometer in the grounding wire) as we cover it, we can find the ﬂ_u;_fice
charge density that was there, and therefore also find the electric field.
ving suggested how we can measure the electric field in the atmosphere,
we now continue our ‘description of it. Measurements show, first of all, that the
field continues to exist, but gets weaker, as one goes up to high altitudes. By about
50 kilometers, the field is very small, so most of the potential change (the integral
of E) is et lower altitudes. The total potential difference from the surface of the
earth to the top of the atmosphere is about 400,000 volts.
AV = Yoo, au

zf .
9-2 Electric currents in the atmosphere (L3 VT R

Another thing that can be measured, in addition to the potential gradient, is
the current in the atmosphere. The current density is small—about 10 micromicro-
amperes crosses cach square meter parallel to the earth. The air is evidently not a
perfect insulator, and because of this conductivity, & small current—cansed by the
electric field we have just been describing—passes from the sky down. to the earth,

Why does the atmosphere have conductivity? Here and there among the air
molecules there is an jorn—a molecule of oxygen, say, which has acquired an
extre electron, or perhaps lost one. These jons do not stay as single molecules;
because of their electric field they usually accumulate a few other molecules around
them. Fach ion then becomes = littie Jump which, along with other lumps, drifts
in the fieJd—moving slowly upward or downward—making the observed current.
Where do the ions come from? It was first guessed that the ions were produced by
the radioactivity of the earth. (If was known that the radiation from radioactive
materials would make mir conducting by ionizing the air molecules.) Particles
like -rays coming out of the atomic nuclei are moving so fast that they tear elec-
trons from the atoms, leaving ions behind. This would imply, of course, that if
we were to go to higher altitudes, we should find less jonization, becausé the radio-
activity is all in the dirt on the ground—in the traces of radium, ~raninm, po-

To test this theory, some physicists carried an expegiment up in balloons to
ineasure the ionization of the air (Fess, in 1912) and discovered that the opposite
was true—the ionization per unit volume increased with altitude! (The apparatus
was like that of Fig. 9-3.. The two plates were charged periodically to the potential
7. Due to the conductivity of the air, the plates slowly discharged; the rate of
discharge was measured with the electrometer.) This was a most mysterious
result—the most dramatic finding in the entire history of atmospheric electricity.
Tt was 80 dramatic, in fact, that it required a branching off of an entirely new
subject—cosmic rays. Atmospheric electricity itself remained less dramatic.
Jonization was evidently being produced by something from outside the earth;
the investigation of this source led to the discovery of the cosmic rays. We will
not discuss the subject of cosmic rays now, except to say that they maintain the
supply of ions. Although the jons are being swept away all the time, new ones are
being created by the cosmic-ray particles coming from the outside.

To be precise, we must say that besides the ions made of molecules, there are
also other kinds of ions. Tiny pieces of dirt, Hike extremely fine bits of dust, fioat
in the air and become charged. They are sometimes called “nuclei.”” For example,
when a wave breaks in the sea, little bits of spray are thrown into the air, When
one of these drops evaporates, it leaves an infinitesimal erystal of NaCl floating in
the mir. These tiny crystals can then pick up charges and become ions; they
are called “large ions.”

The small lons—those formed by cosmic Tays—are the most mobile, Because
they are so small, move repidly through the ar—with & speed of about 1

5-2




#r1/sec in a field of 100 volts/meter, or 1 volt/em. The much bigger and heavier
. +ns move much more slowly. It turns out thatif there are many “nuclei,” they will @ P L
nick up the charges from the small ions. Then, since the “jarve ions™ move BO j s
a7 in a field, the total conductivity is reduced. The copductivity of air, there- |j |
s quite variable, since it 15 very sensitive.to.the amonnt. of dirt” there is in it. I

ks

‘ were is much more of such dirt over Jand—where the winds can blow up dust @ [ F0 A
or where man throws all kinds of pollution mto the air—than there is over water. Mr~ps Afr Ar
# is not surprising that from day to day, from moment to moment, from place = dn.oé‘ m KL

3 -

1o place, the conductivity near the earth’s surface varies enormously, The voltage

gradient observed at any particular place on the earth’s surface also varies greatly @ IO ke

hecause roughly the same current flows dowa from high alfitudes in different places, A : Lfl I

and the varying conductivity near the earth results in a varying voltage gradient. . cb._ NS ) e R vawas( b
The conductivity of the.air due to the drifting of ions also increases rapidly 0-'\") -

with altitude—ior two reasons. "First of all, the ionization from cosmic rays in-- z 3o My

-reases with sltitude. Secondly, as the density of air goes down, themean freepath © ¢+ o waxw's™ = Yoo LS
of the ions increases, so that they can travel iarther in the € ectric ie. ore they A ' il
have a collislon—resulting in a rapid increase of conductivity as one goes up. = [

Although the electric current-density in the air is only 2 few micromicro- . - 12- s
amperes per square meter, there are very many square meters on the earth’s surface. j I~ Aeps / o
The total eleciric current reaching the earth’s surface at any time is very nearly s e |
constant at 1800 amperes, This current, of course, is “pogitive”—it carries plus X A = v 7P o amps Fgeld]
charies to the earth, So we have & voltage supply of 400,000 volts with a current Ay 3
of 1800 amperes—a power of 700 megawatts! - : —

With such a large current coming down, the negative charge on the earth _ \{ L\.l'
<hould soon be discharged, In fact, it should teke only about half an hopr to dis- T* YL
charge the entire earth. But the atmospheric electric field has-already L +d more so0om— —f — —— — == ==
than & half-hour since its discovery.. How is it maintained? ‘What maijntains the GURRENT
voltage? And between what and the earth? There are many guestions. - 400,000 \“’ 107" |

The earth is negative, and the patentis] in the air is positive. If you go high e gea /i |

gh, the.conductivity is so great that horizontally there is no more chance for | i
\ _.age varigtions. The air, for the scale of times that we are talling about, be~ SEALEBVE. — |
comss effectively & conductor. This ocours at a height in the neighborhood of 50 {cuwrt EARTH'S SURFACE .
Lilometers., This is not as high as what is-called the “jonosphere,” in which there b 9-4. Tybical eleciiical cond il
175 very large Tumbers ol 1ons produced by photoelectricity ‘rom the sun. Never- f.ionlsgi-ri u :I.earﬁ::s h:z" rical - cendl- (i
theless, for our discussions of atmospheric electricity, the air becomes sufficiently phere. ,
conductive at about 50 kilometers that we can imagine that there is practically 2 (rs ]9' I
perfect conducting surface at this height, which the currents come down. @ D,,,.':) dned v euv-oJ‘."
Our picture of the situation is shown in{Eig. 9-4.) The problem is: How is the
positive charge maintained there? How is it pumped back? Because if it comes f‘"‘L b T P leadon hat .
down to the earth, it has to be pumped back somehow. That was one of the (el merm = 5"3’“‘ Y i
greatest puzzles of atmospheric electricity for quite & while. E{v/mii [ 7:99 e e 1 '|

~ Each piece of information we can get should give a clue or, at least, tell you e
something about it. FHere is an interesting phenomenon: If we measure the current = — '
(which is more stable than the potential gradient) over the sea, for instance, or I ok N
carefu] condrGons, and average very carefullv so that we get 110 ol 1he irregularities, J
we iiscover that there is still a daily variation. The average of many measurements fox /
over the oceans has a variation With e roughly as shown in Fig. 9-5. The I
current varies by about =15 percent, and it s largest at 7:00 ».. in London. The l e
strange part of the thing is that no matter ‘where you measure the current—in the T ,

Atlantic Ocean, the Pacific Ocean, or ‘the Arctic Ocean—it is at its peak value © : T B L
when the clocks in London say 7:00 p.M.l All over the world the current is at its _
maximum at 7:00 p.M, Loodon (ine and it is at & minimum at 4:00 AM. London Flg. 9-5. 'The average daily varia-

tHme. In other words, it depends upon the absolute fime on the earth, nof upon  fion of the atmospheric-potential gradient.
the local time at the place of observation. In one Tespect this is not mysterious;  on a clear day over the oceans; referred

Yecks with our ides that there is a very high conductivity laterally at the top. 1o Greenwich fime.
._ iuse that makes it impossible for the voltage difference from the ground™to
the top to vary locally. Any potential variations should be worldwide, as indeed
they are. What we now know, therefore, is that the voltage at the “top” surface
is'dropping and rising by 15 percent with 1he absolute time Ofi e Sarth. %
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0-3 Origin of the atmospheric currents

We must next talk about the source of the large negative currents which
must be flowing from the *“top” to the surface of the earth to Keep charging it up
negatively. Where are the batteries that do this? The “battery”” is shown in Fig.

Nty Cann L \‘-wr 0.6, It is the thunderstorm and its lightning. It turns out that the bolts of lightning
V\.A. e m P do not “discharge” the potential we have been talking about (as you might at
Pl  first guess). Lightning storms carry negative charges to the earth. When a lightning

F,M f_'*_)@ O - /" bolt strikes, nine times out of ten 1t brings down negative charges to the earth in
large amounts. It is the thunderstorms throughout aﬁ world that are charging

the earth with an average of 1800 amperes, which is then being discharged through

L‘ELE 16gions Of 181 Wealler.
: There are about 40,000 thunderstorms per day all over the earth, and we can
think of them as batteries pumping the electricity to the upper layer and maintain-
ing the voltage difference. Then take into accoust the geography of the earth—
there are thunderstorms in the afternoon in (Bruril,\tropical thunderstorms in
Africa, and so forth. People have made estimales +-a'—lﬁ|)w much Iightning is striking
world-wide at any time, and perhaps needless to say, their estimates more or less
agree with the voltage difference measurements: the total amount of thunderstorm
= activity is highest on the whole earth at about 7:00 p.M. in London. However,
\F Thunderstorm estimates are very difficult to make and were made only afier
it was known that the variation should have occurred. These things are very
difficult because we don’t have enough observations on the seas and over all parts

of the world to know the number of thunderstorms accurately. But those people

. who think they “do it right” obtain the result that there are about 100 lightning
o ~1—> flashes per second world-wide with a peak in the activity at 7:00 P.M4. Greenwich

Mean Time.

Fig. 9-6. The mechanism that generates the atmospheric electric field. [Photo by William L. Widmayer.]
94



In order to understand how these batteries work, we will look at a thunder-
<torm in detail. What is going on inside & thunderstorm? We will describe this
ipsofar as it is known. As we getinto this marvelous phenomenon of real naturé—
; ead of the idealized spheres of perfect conductors inside of other spheres that

_an solve 8o neatly—we discover that we don’t know verv much. Yet it is really
Juite exciting, Anyone who has beenin a fhunderstorm |18 enjoyc. it, or has been
irightened, or at least has had some emotion. And in those places in nature where
we get an emotion, we find that there is generally a corresponding complexity and
mystery about it. It is not going to be possible to describe exactly how a thunder-
storm works, because we do not yet know very much. But we will try to describe
a little bit about what happens.

@ ﬂ"“JL\L'"‘\ —~\JP¢ 5 A\n\.w,
94 Thunderstorms — prhny Aedot, bt — St

_J,«ffflifi\\\-\\v\::_
In the first place, an ordinary thunderstorm is made up of a number o O it N 1

fairly close together, but almost independent of each other. So it is best to
one cell at a time, By a “cell” we mean a region with a limit area in the horizontal
direction in which all of the bagic DIOCCISCE DECUT. Usually there are several cells
side by side, and in each one about the same thing is happening, although perhaps
with a different timing, Figare 9-7 indicates in an idealized fashion what such a
cell Tooks like in the early stage of the thunderstorm. 1t turns out that in a certain
place in the air, under certain conditions which we shall describe, there is 2 general
rising of the air, with higher and higher velocities near the top. As the WAl
[noist ar af the bottom rises, it cools and condgnges. In the figure the little crosses
indjcate spow and the dots indicate rain, but becanse the updraft currents are great
enongh and the drops are Shall enough, th{Enow and rail 00Tt come,COvY AL
this stage. This is the beginning stage, and not the real toumderstornT yet==11 the
~ange that we don’t have anythjng-happe ming at the ground. At the same time that
> warm air rises, there is 2 =t f air from the sides—an important
_point which was neglected for maTy-years, Thus it 18 not just the air from below
which is rising, but also a certain amount of giher gir from the sides.
. Why does the air rise like this? As you know, when you go up 1 altitude the
air is colder. The ground is heated by the sun, and the re-radiation of heat to the
sky comes from water vapor o the atmosphere; 8o at high aftitudes the air
is ﬂ—very cold—whereas lower down it is warm. You may say, “Then it's
very smple. Warm air is lighter than cold; therefore the combination is mechan-
ically unstable and theswarm air rses.” Of course, if the temperature is different
at different heights, the air is upstable thermodynamically. Left to itself infinitely
long, the air would all come to the same temperature. But it is not Teft to itself;
the sun is always shining (during the day). So the problem is indeed not one of
thermodynamic-equilibrium, biit of mechanical equilibrium. Suppose we plot—as
in Fig. S-8—the temperature of the mir against Reight sbove the ground. In
ordinary circumstances we would get a decrease along a curve like the one labeled
(2); a8 the height goes up, the temperature goes down. How can'the atmosphere
be stable? Why doesn’t the hot air below simply rise up into the cold air? The
answer is this: if the air were.to go up, its pressure would go down, and if we
consider a particular parcel of air going up, it would be expanding adiabatically.
(There would be no heat coming in or out because in the large dimensions con-
sidered here, there isn’t time for much heat flow.) Thus the parcel of air would
cool as it rises. Such an adiabatic process would give a temperature-height relation-
ship like curve (b) in Fig. 9-8. Any air which rose from below wotld be colder
than the efvIFODETEnt it zoes into. Thus there is no reason for the hot air hclow
to ise; if it were to rise, it would cool to a lower temperature than the air already
here, would be heavier than the air there, and would just want to come down again.
__.ma good, bright day with very little humidity there is & certain rate at which the

“temperature in the atmospliere (alls, an this rate is, in general, lower than the
“maximum stable gradient,” which is represented by curve (b). The air is in
stable mechanical equilibrium.
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Fig. 9-7. A thunderstorm cell in the
early stages of development. [From U.S.
Depariment of Commerce Weather Bureau
Report, June 1949.]
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Fig. 9—B. Atmospheric temperature,
{a) Static cimosphere; (b} adiabatic
cooling of dry air; {c) adiabatic coeling
of wet air; (d) wet air with some mixing
of ambient air. '
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™3 On the other hand, if we think of a parcel of air that contains a lot of water

| heer

B, — T, s vapor being carried up into the air, its adiabatic cooling curve will be different. A8

i if expands and cools, the water vapor in it will condense, and the condensing water

- e ez = H'El 1E| will liberate heat. Moist air, therefore, does not cool nearly as much as dry air

RN T \ does. So if air that T5Wolier Than {he BVETBES SLaris 10 I, its temperaturs will

ﬁf-" I PR S follow & curve like (¢) in Fig. 9-8. It will cool off somewhat, but will still be warmer
3 <\;.‘"-__ v o :/i"h_fﬂi thap the surrounding air at the same level. If we have a region of warm moist
s __‘_.M\ " _'-k‘ e e j,. air and something starts it rising, it will always find itgelf lighter and warmer, than ‘ |
R \ TR DO <5 meW&%mmiﬁmﬂitgmm enormoug heights. This || ./

"t-"“""\-. R S ) { e '.1- is The machinery that makes the air in the thunderstorm cell rise.

T s o o For many years the thunderstorm cell was explained simply in this manner. .
:V{ ;!j-l_ f v ey, y, J./ v ,-,,-.,f- But then measurements showed that the temperature of the cloud at different !

RTINS NRPE L e B ¥ i g heights was not nearly as high ag indicate e (). The reason is that as the
,]."./.! ” I--'-'_ /.t;:"-‘_'-:--r- _,_, _']‘. moist air “bubble” goes up, itientrains i ironment and is cooled ;
s ___'_-.;.:_;;_,/_-Z UN el off by it. The temperature-versus-nsgs ch
Loaoitlis NG gy i oachcloser to the original curve (a) than to curve (c). : !
| .ﬂ jZ////" ] g After the convection just described gets under way, the cross section of 2 |
DB "“.ﬂ“.i‘“\ﬁ‘:-?— ==+~ thunderstorm cell looks like Fig. 5-9. We have what is called & “mature” thunder- |
AR .z’“-‘%‘_c}‘m;‘iﬁ\\"\;“}‘:;\‘\\,“,:\_‘,‘ ~~~ | storm. There is a very rapid updraft which, in this stage, Bocs UP to about 10,000 '
i —_ e NS ™ 115,000 meters—sometimes even much higher. The thunderheads, with their 3
e L, - condensation, climb way up out of the general cloud bank, carried by an updraft h
Dot v 2w T2 T -t crete _  that is usually about 60 miles an hour. As the water vapor is carried up and !
Fi: 9-¢ : . condenses, it forms tiny drops Which are rapidly cocled to temperatures below i
[FI'OII:. U';' D“: "::*“::m*h“:‘:"g:::‘n cell.  sero degrees. They should freeze, but do not freeze immediately—they are “super- |
i mer'Bur“uPRe e o 19491 ICE A cooled.” Water and other liquids will usnally cool well below their freezing points !

port before crystallizing if there are no “muclei” present to start the crystallization N4

process, Only if there is some small piece of material present, like a tiny crystal of

. NeCL will the water drop freeze into o little piece of ice. Then the equilibrium is :‘y
w such that the water drops evaporate and the ice crystals grow. Thus at a certain
t“y"z point there is & rapid disappearance of the water and & rapid buildup of ice. Also,
v:;," there may be direct collisions between the water drops and the ice—collisions in
which the supercooled water becomes attached to the ice crystals, which causes it

* to suddenly crystallize. So at a certain point in the cloud expansion thereis a raEd l

@ k ( 4 " accumulation o ice .
_ “a W Ane v 5% partoies are heavy epough. they heg; to fell through the rising
Wy air—they get too heavy to be supported any Jonger i wraft. As they come
D A"'c"" @' 'j“""{ € down, they draw a little air with them and start & downdraft."jAnd surprisingly
]
"""I’"l + sd "’TL— _ enough, it is easy to see that once the downdraft is u d, 1t will maintain itself.
‘\-H_,________

A The air now drives itself downl
) Awr-t _’\i P Am Notice that the curve (d) in Fig, 9-8 for the actnal distribution of temperature
/

in the cloud is not as steep as curve (¢), which applies to wet air. So if we have wet_
-+ STAVE 1 (° l" " »L air falling, its temperature will drop with the slope of curve (c) and will go below
Sl the temperature of the environment if it gets down far emough. as indicated by
- —E t é; curve (e)n the Bgure. The moment it does that, it is denser than the environment
(LS

and continues to fall rapidly. You say, “*That is pcrpetuﬁoﬁon. First, you argue

that the air should rise, and when you have it up there, you argue equally well that

the air should fall.” But it isn’t perpetual motion. When the situation is unstable

and the warm air should rise, then clearly something has to replace the warm air.,

' Tt is equally true that cold air coming down 'would energetically replace the warm
air, but you realize that what js coming down is not the original air. The early
arguments, that hed a particular cloud without entrainment going up and then

coming down, had some kind of 2 puzzle. They needed the rain to maintain the
duwnd:aft?n‘u'rgument which is hard to believe. As soon a8 you realize that there

~> isalot of riginal ajf mixed in with the rising air, the thermodynamic argument
shows that thére can be a descent of the cold air which was originally at gpase-pre -

height, Tzis-exphi.l:gs the picture of the active thunderstorm sketched o Fig. 9-9.

As thE air comesdown, rain begins to come out of the bottom of thethumder=

storm. In additien;the relatively cold air spreads out when it arrives at the earth’s

| —s surface. So just before the rain comes there s & certain [ittlo cold wind that gives

T ke A SR b | T T gt .
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11
u5 a forewarning of the coming storm. Tn the storm itself there are rapid and ir- I
-epular gusts of air, there is an enormous turbulence in the cloud, and so on. But
nasically we have an updraft, then a downdraft—in general, a very complicated

il ¢ gt which th that the X H Somelh
4e moment at which precipitation starts is the same moment that arge _

presiel 5 nent i 1\ P!A"‘ &‘1\'\1' é— I“H:"’“Jfﬁ'

arige. Before we describe lightning, however, we can finish the story by looking I L., R i

i what happens to the thunderstorm cell after about one-half an hour to an hour. A I_ﬁ L‘-

The cell locks as shown in Fig. 9=10. The iipdraft stopsbecause thiere is no longer [ HWIAAnS Pt

enough warm air to maintain it. The downward precipitation continues for a while,

the last little bits of water come out, and things get quieter and quieter—although

+here are small ice crystals left way up in the atr. Because the winds at very great

oxifdde are in different directions, the top of the cloud usually spreads into an
¢ anvil ghape. The cell comes to the end of its [ile. T

.. ndraft begins and is the same moment, in fact, when the elctirica] phenomena
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Fig. 9-10. The late phgsg_ of a thunderstorm Fig. 9-11. The distribution of electricdl charges in @
cell. [From U.S. Department of Commerce Weather mafure thundersiorm cell. [From U.S. Department of Com-
Bureau Report, June 19}49.] metrce Weather Bureau Report, June 1949.]

\oo

_ -7 %9 3 S

9-5 The mechanism of charge separation : L
We want now to discuss the most important aspect for our purposes—ihe 18~ » v

development of the electrical charges. Experiments of various kinds—including. \;‘ !IA :

flving airplanes through thunderstorms (the pilots who do this are brave men!)}— 3 “,4

tell us that the charge distribution in a thunderstorm cell is something like that . _ ("ﬂ c}a

shown in Fig. 9 [T, "The top of the thunderstorm has a positive charge, and the’ t;\'*“"'/""b

bottom a negative one—except for a small local rezion of posttive charge in the o U

bottom of the cloud, which has caused everybody a lot of worry. 110 ope seems to ' ' c,\W

know why it is there, how important it is—whether it is & secopdary effect of the "SUE

positive rain coming down, or whether it is an essential part of the machinery.. bM e

Things would be much simpler if it weren’t there. Anyway, the predominantly

nﬂﬁi&@@hﬁ%ﬁoﬁﬁﬁh}me charge at the top have the correct 2 ChTk ~2'e

sign for the baticry needed to drive the carth negative. The positive charges are = N

6 or 7 kilometers up in the air, where the temperature is about -<20°C, whereas v Ehdwwy e TSR FIOE =
negative charges are 3 or 4 kilometers high, where the temperature is betw=cn s b

o — | S y 7 20 b bousV
The charge at the bottom of the cloud is large enough to produce potential ra A L

differences of 20, or 30, or even 100 million volts between the cloud and the earth— d

much bigger thurf{The 0.4 million volts from“(he “sky” to the ground in & clear

I\‘"}‘
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Fig. 9-12. A jet of water with an

elecitic fleld near the nozzie.

{

atmosphere. Thesc large voltages break down the air and create giant arc dis-
charges. When the breakdown occurs the negative charges &t the bottom ol the
thunderstorm are carried down to the earth in the lightning strokes.

Now we will describe in some detail he characies he nehtmng. | First of
all, there are larse voltace differences around, so that the air breaks dov
are lightning strokes betw ne piece of a cloud other piece of a cloud,
or between one ctoud and another cloud, or between & cloud and the earth. In
each of the independent discharye flashes—the kind of lightning strokes you see—
{Tiere are approximately 20 or 30 coulombs of charge brought down. One question
is: How long does it take for the cloud to regenerate The 20 or 30 coulombs which
are taken away by the lightning bolt? This can be seen by measuring, far from a
cloud, the electric field produced by the cloud’s dipole moment. In such meagure-
ments you see a sudden decrease in the field when the Jightning strikes, and then
an exponential return to the previous value with & time constant which i5 slightly
different for different cases but which is in the neighborhoog-0f 5 seconds. Itfuakes
a thunderstorm only 5 seconds after each lightning stroké to Build 1is chatge up
again, That doesn't necessarily mean that another stroke s zoing to occur in
exactly 5 seconds every time, because, of course, the geametry is changed, and so on.
The strokes occuy more or less irregularly, but the important point is that it takes
hiiit 5 seconds to recreate the original condjtion. Thus there are approximately

4 gmperes of current in fhe generating machine of the thunderstorm. This means

t any mo.ie] mudt fo explain how this storm geperates its electricity must be one
Witk plenty of juice—it must be a big, rapidly operating device.

Before we go further we shall consider something which is almost certainly
completely irrelevant, but nevertheless interesting, because it does show the effect
of n electric field on water drops. We say that it may be irrelevant because it
relates to an experiment one can do in the laboratory with a stream of water to
show the rather strong effects of the electric field on drops of water. In a thunder=
storm there 16 DO SIToaMO Waler; There I8 & cloud of condensing ice and drops of
water. So the question of the mechanisms at work in a thunderstorm is probably
not at all related to what you can see in the simple experiment we will describe.
If you take a small nozzle connected to a water fancet and direct it upward at a
steep angle, as in Fig. 9-12, the water will come out in a fine stream that eventually
breaks up into a spray of fine drops. If you now put an electric ficld across the
stream at the hozzle (by bringing up a charged rod, for example), the form of the
stream will change. With & weak electric Tield you will find that the stream breaks
up into a smaller number of large-sized draps. But if you apply a stronger field,

the-sream breaks up into many, many fine drops—smaller than before.* With a

( weak }lectric-ficld there is a tendency o inhibit the breakup of the stream into

drops. With { stronger field, however, there s amrincrease i the tendency to sepa~
rate into-dropsi-——

The explanation of these effects is probably the following. If we have the
stream of water coming out of the nozzle and we put a small electric field across it
one side of the water gets slightly positive and the other side gets slightly pegative.
Then, when the siream breaks, the drops on one side may be positive, and those on
the other side may be negative. "They will attract each other and will have & tend-
ency to stick together more thah they would have before—the stream doesn’t
break up as much. On the other hand, if the field is stronger, the charge in each
one of the drops gets much larger, and there is & tendency for the charge itself to
help break up the drops through their own repulsion. Each drop will break into
many smaller ones, each carrying & charge, 0 that they are all repelled, and
spread out so rapidly. So as we increase the field, the stream becomes more finely
separated. The only point we wish to make is that in certain circumstances electric
ficlds can have considerable influence on the drops. The exact machinery by
which something happens in & thunderstorm is not at il known, and is not at all
necessarily related to what we have just described. We have included it just so that

* A handy way to observe the sizes of the drops is to let the stream fall on & large thin
metal plate. The larger drops make & Jouder noise.
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you will appreciate the complexities that could come into play. In fact, nobody
hag & theory applicable to cloudg based on that idea.
We would ke to describe/iyp theoriesywhich have been invented to account
"+ the separation of the charges in thunderstorm. All the theories involve the
_ea that there should be some charge on the precipitation particies and 4 different
‘charge in the air. Then by the movement ol the precipitation particles—the water
or the foo—1i-ough the air there is 2 scparation of electric churge. The only ques-
tion 18: FTow (loes ihe chnrgmg of the drops begin? One of the older theories is
called the “breaking-drop” theory. Somebody discovered that if you have & drop
of water that breaks info two pieces in a windstream, there is positive charge on the
water and'neeﬁva charge in the air. This breaking-drop theory has several
disadvantages, among which the most serious is that the sign is wrong. Second,
in the large number of temperate-zone thundegstorms which do exhibit ightning,
the precipitation effects at high altitudes are if icd, notf in water.
From what we have just said, we note that if we could imagine some way for
the charge to be different at the top and bottom of a drop and if we could also see
a high-speed airstre up into unegual
: & i the front and a.smaller one in the back becanse of the motion
through the air or something—we would have a theory. (Different from any known
theory!) Then the small drops would not fall through the air as fast as the big
ones, becanse of the air resistance, and we would geta charge separation. You
see, it is possible to concoct all kinds of possibilities. ' ’
One of the more ingenious theories, which is mpre™Satls
spects than the breaking-drop theory, is due to C. T{R. Wilson. /We will describe
it, as Wilson did, with reference to water drops, althtsgh thesame phenomenon
would also work with ice. Suppose we have & water drop that s falling in the elec-
tric field of about 100 volts per meter toward the negatively charged earth. The
drop will have an induced dipole moment—with the bottom ofthe drop positive
and the top of the d_mp_ negative, as drawn in Fig, 9-13. Now there are in the air
he “nuclei” that we mentioned earlier—the large slow-moving ions. (The fast
"jons do not have an important effect here.) Suppose that asa drop comes down,
" it approaches a large ion, If the ionis ositive, it is repelled by the positive boftom
of the drop and is pushed away. So it"does not become attached to the drop.
If the ion were to approach from the top, however, it might attach to the negative,
top side. But since the drop is falling through the air, thete is an air drift relative
to it, going upwards, which carries the ions away if their motion through the air
is slow enough. Thus the positive ions cannot attach at the top either. This
would apply, you see, only to the large, slow-moving ions. The positive jons of
this type will not attach themselves cither to the front or the back of a falling drop.
d. as the large, slow, negative ions are approached by a drop,
they will be attracted and will be caught. The ‘drop will agguize nesative charee—

the sign of the charge having been determined by the.original potential difference
on the entire carth—and we get the right sign. Negafive-charee will be brought
down to Lhe bottom part of the cloud by the drops, aad the positively charped ions
which are left behind will be blown to the top of the cloud by the various undraft
currents. The theory Jooks pretty good, and it at least gives the right sign. Also it

aciory in many fe-

doesn't aepend on baving liquid drops. We will see, when we learn about polariza-

tion in a dielectric, that pieces of ice will do the same thing. They also will develop
positive and negative charges on Their extremities when they are in an electric field.

There are, however, some problems even with this theory. First of all, the
total charge involved in a (et s very high. After a short time, the supply

of large jons would get used u_&So Wilson and others have had to propose that
there arte addigonal sources of the large ions. Once the charge separation starts,
very lquTﬁ These large fields there may be places
where the air will become tomized. If there is a highly charged point, or any small
object like a drop, it may concentrate the field enough to make & “brush discharge.”
" When there is a strong enough electric field—let us say it is positive—electrons
will fall into the field and will pick up a lot of speed between collisions. Their
speed will be such that in hitting another atom they will tedr electrons off at that

9o
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Fig. 9-13. C.T.R. Wilson's theory of
charge separation in a thundercloud.
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Fig. 9-14. Photograph of a lightning
flash taken with o “Boys” camera. [From
Schonland, Malan, and Coliens, Proc. Roy.
Soc. London, Vol. 152 (1935).]
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Fig. 9-15. The formation of the “step
leader.”
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atom, leaving positive charges behind. These new electrons also pick up speed
and collide with more electrons. So a kind of chain reaction or avalanche occurs,
and there is a rapid accumulation of ions. The positive charges are left near their
original positions, 80 the net efiect is to distribute the positive charge on The point
into 2 region arcund the point. Then, of course, there is no longer a strong field,
and the process stops. This is the character of a brush discharge. Itis possible that
the fields may become strong enough in the cloud to produce a little bit of brush
discharge; there mey also be other mechanisms, once the thing is started, to pro-
duce a large amount of ionization. But nobody knows exactly how jt works. So
the fundamental origin of lightning is really not thoroughly understood, 'We know

it comes from the thunderstorms. (And we know, of course, that thunder comes
from the lightning—from the thermal energy released by the bolt.)

At least we can understand, in part, the origin of atmospheric electricity. Due.
to the air currents, ions, and water drops on ice particlesina thunderstorm, positive
and negative charges are separated. The positive charges are curried upward to
the top of the cloud (see Fig. 6-11), and the negative charges are dumped 1nto the
ground in lightning strokes. itive cf feuve the top of the cloud, enter
the high-alisude layers of more highly conducting air, and spread thronghout the

. garth. In regions of cle T Weather, the positive Charges in owly
'oonductedtothecarthbytheionsinthem—mnsform by cosmic rays, by the
| see; and by man’s sctivities. The atmosphere is 2 busy electrice] machine!

7
9-6 Lightning

The first evidence of what bappens in 2 lightning stroke was obtained in
photographs taken with a camera held by hand and moved back and forth with
the shutter open—while pointed toward & place where lightning was expected.
The first photographs obtained this way showed clearly that lightdifg stcokes are
usually multiple discharges along the same path, Later, thg' “Boys” chmers,
which bias fwo lenses mounted 180° apart on & rapidly rotating dige, was dexeloped.
The image made by each lens'moves across the film—the picture out in
time. If, for instance, the stroke repeats, there will be two jmages side by side.
By comparing the images of ihi two lenses, it is possible to work out the details
of the time sequence of the flashes, Figure 9-14 shows & photograph taken with a

We will now describe the lightning. Again, we don’t understand exactly how
it works. We will give a qualitative description of what it Jooks like, but we won't
go into any-details of why it does what it appears to do. We will describe only the
ordinary case of the cloud witha negutive bottom over flat country. Its potential
is Mdmth, so negative clectrons will be
accelerated toward the earth., What happens is the following. It all starts with &
thing called a “step leader,” which is not as bright as the stroke of lightning. On

the photographs oDe can see a little bright s _g!:_atthebeginninsthat starts from the
cl y—at a sixth of the speed of lightl 1t goes

only about 50 meters and stops. It pauses for about 50 microseconds, and then
takes apother step. It pauscs again and then goes enother step, and 8o on. It
moves in a series of steps toward the ground, along a path like that shown in Fig.
9-15. In the jeader there are negative charges from the cloud; the whole column
18 full of negative charge. Also, the air is becoming jonized by the rapidly moving
charges that produce the leader, so the air becomes & conductor along the path
traged out._The moment the leader touches ihe ground, we have 2 ing
“wire” that 1 rng_;s:_-rﬂ_ Tthe way up to the cloud and 18 negative charge. INOW,
AtTEET. the negative cherge of the.c oid can simply escape and run out. The
electrons at the bottom of the leader are e [irst ones to realize thus; they dump
out, leaving positive charge behind that attracts more negative charge from higher
up in the leader, which in its turn pours out, etc. So finally all the negative charge
in a part of the cloud runs out alony the column in & rapid and Enerpeic way.
So the lightning sipske you see runs upwards from the ground, &s indicated in Fig.
9-16. In fact, jfis main stroke—by far the brightest part—is called the rerurn
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stroke. It is what produces the very bright Light, and the heat, jsifich by causing
5 rapid expansion of the air makes the fhinder clap. [4

The current in a lightriing stroke is about 10,000 amperes at its peak, and it

-ries down about 20 coulombs. e

But we are still not Ainished, After a time of, perhaps, & few hundredths of a
qecond, when the return stroke has disappeared, another leader comes down.
But this time there are no pauses. 1t is called a “dark leader” this time, and it
goes all the way down—from top to bottom in one swoop. It goes full steam on
exactly the old track, because there is enough debris there to make it the easiest
route. The new leader is again full of negative charge. The moment it touches the
ground—zing!—there is 2 return stroke going straight up along the path. So you
eee the lightning strike again, and again, and again, Sometimes it strikes only
once or twice, sometimes [ive or ten imis-—oﬁ'c? as many as 42 times on the same
track was seen—but always in rapid succession. -

Sometimes things get even more complicated. For instance, after one of its
pauses the leader may develop a branch by sending out fwo steps—both toward the
ground but in. somewhat different JTections, as shown in Fig. 9-15, What happens
then depends on whether one branch reaches the ground definitely before the other.
If that does happen, the bright return. stroke (of negative charze dumping into the

ground) works its way up along tfie branch that touches the ground, and when it
reaches and passes the brariching point on its way up to the cloud, a bright stroke
appears to go down the other branch. Why? Because ncgatlm;ggi_sgmwing
out and that is what lights up the bolt. This charge begins to move at the top of
the secondary branch, emptying successive, longer pieces of the branch, so the
bright lightning bolt appears to work its way down that branch, at the same time
as it works up toward the cloud. 11, however, one of these extra leader branches
happens to have reached the ground almost gimultaneously with the original leader,
it can sometimes happen that the dark leader of the second stroke will take the
-cond branch. Then you will see the first main flash in one place and the second
&h in enother place. It is a variant of the original idea. - :
Also, our description is oversimplified for the region very near the ground.

When the step leader gets to within a hundred meters or so from the ground, there

is evidence that a discharge rises from the ground to meet it.’ Presumsably, the
field gets big enough for a brusii-type disciiarge to OCCUT, If, for instance, there is
2 sharp object, like & building with a‘point?ﬁﬁe Top, then as the leader comes
down nearby the fields are so large that 2 discharge starts from the _sharp point
and reaches up to the leader. The lightning tends to strike such a point.

1t has apparently been known for a long time that high objects are struck by
lightning. There is a quotation of Artab is, the advisor to erxes, giving L8
master advice on a contemplated attack on the Greeks—during Xerxes’ campaign
to bring the entire known world-under the control of the Persians. Artabanis said,
“See how God with his lightning always smites the bigger animals and will not
suffer them to wax insolent, while these of a lesser bulk chafe him not. How like-
wise his bolts fall ever on the highest houses and tallest trees.” And then he explains
the reason: “So, plainly, doth he love to bring down everything that exalts itself.”

Do you think—now that you know a true account of lightning striking tall
trees—that you have a greater wisdom in advising kings on military matters than
did Artabanis 2300 years ago? Do not exalt yourself. You could only do it less
poetically.

5-11
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Fig. 9=16, The return lighining stroke

runs back up the path made by fhe leader.
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Thunder storm evolution
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Fig. $-7. A thunderstorm cell in the
eatly stages of development. [From W.5.
Department of Commerce Weather Bureay
Report, June 1949
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Fig. $=10. u_!.a-vrnaoo*u thundersiorm
cell. [From ULS. Department of Commerce Weather
Bureau Report, June 1949.]

Fig. 9-9. A mature thunderstorm cell.
IFrom U.S. Department of Commerce
Weathsr Burecu Report, June 1949.]
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