Chapter IV Cloud Discharge
1. Introduction

4s we have already investigated in Section 1, Chapter II,
the statistical measurement of the record of electromagnetic
field changes due to a lightning discharge shows the fact that
about 7€% of all the recorded lightning discharges are occupied
by cloud discherges, which can.be divided into three categories,
i.e., the intracloud discharge which develo es completely

inside ©f a thundercloud, the inter-cloud discharge, in which the
middle part of the lightning charnel travels through the
transnarent air outside a thundercloud and both ends_ of

the chanrel sre hidden in the cloud, and the air- discharge,
which aevelopes from the inside portion of a thundercloud
toward the outside of it, hence one end of the
lighting channel is 'included in the cloud while the other
end of it terminates -in the clear air, Of these three
categories, the intercloud discharge-and the air discharge
have, at least, a part of their lightning channels being
recordable with a photographic camera, theref-re these
discharges are suitec, to a.certain extent, for analyzing
the structure of the lightning flash., As to the intracloud
discharge, in which all parts of the lightning channel are
hidden in a opaque thundercloud body, it can be noticed
optically cnly as a curtain lightning,

In this case, there 1s no way to photograph any part of a
lightning channel, and the only one possible optical way is,
though indirectly, to know the character of light emissions
form the discharge Ly investigatining the record of flash
luminosity changes (see Fig. 1).
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For this reason our knowledge about the mechanicsms of a
intracloud discharge, so far obtained, are very rough and
usually assume the discharge of a vertical dipole. So

that we have only a least knowledge especially concerning
the fine structure of the discharge which directly relates
to the radiation of an atmospheric pulse at present.
Concening this point, the development of an observation
method which enable us to measure the intracloud

discharge more directly, e,g., the radar: method of lightning
measurement, will promote our knowledges about the discharge
mechanism very much.

2. Intercloud discharge and air discharge

4
The photographs of intercloud discharges and air discharges

obtained with our flash resolving camera through thunderstorm

observations in several summers have made it possible to

measure the progressive velocities of the discharge streamers,.

Table 1 shows the results of these measurements, which

indicates three velocity values of cloud discharge stireamers,

Table 1.
Progressive :
lightning flashes g i
Multiple First stroke 3.7 X 10? ._ 4
intercloud s S
QEsChargs |oenweas s ronaws T ey b e 6§ § e
Successive
stroke 3.3 x lO8 5
Leader to the
first stroke 3.9 x 108 1
Slow streamer 6
initiating a 5.3 x 10 _ 2
cloud
discharge
Fast streamer more than 10 2
Air discharge ¢ 7 1.2 x 107 10

* Mean Value )
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i,e., the fast streamer velocity (3~4 ) x 1089m/sec, the
median streamer velocity ( 1~2 ) x 107 em/sec, and the slow
streamer velocity  about 5 x 100 cm/sec. We shall
describe hereafter the results of the measurements of

the three velocities of intercloud streamers.

(A) Fast Streamer

(a) Multiple intercloud discharge: An example of a
fast streamer is illustrated in = , Photo. 1 (a) which
indicates the Boys' camera photograph of a six fold
multiple cloud discharge, For the sake of comparison
the flash resolving photograph of dart leaders preceding
the successive stroke of a multiple ground discharge
is illustrated in Photo 1 (b). Fig, 2 is the
sketch of rhoto, 1 The time values written to ‘the
left hand side of the sketch (a) represent the time
of occurrence of individual lightning strokes, The
direction of streamer progress and the velocity of it are
written beside the sketch of the second and the third
strokes, The figure (b) represents the sketch of the
second and the third strokes of a multiple ground
discharge, The dart leaders are expressed with
broken lines and the return strokes with full lines, The
time interval between the two corresponding point on
the dart leader and the return stroke, and the measured
progressive velocity of the dart leader are written along
the dart leader sketch expresced with broken line, The
streamer velocity indicated in.the figure (a), (5.5~7.2)
x 108 cm/sec, c01nc1des very well with the dart leader
veloclty bk, 7\,8) x 10 cm/sec ?epreqented in the figure (h) .
images in Photo, 1(a) and (b) shows that no differences seem
to exist between them, These observational faets lead
us to the conclusion that the fast streamers appearing in
a intercloud discharge have the character of a dart leader.
Further it is very clear from Table 1, ‘that the above
point will not be changed whether the discharge'being

stroke composed of a 1earer followed by a‘return stroke:
This may be a rare sort of intercloud discharges, because
we have succeeded to record the discharge only once till
to the present, Fhoto., 2 indicates a six-fold intercloud
discharge, the first stroke of which is- composed of a
leader followed by a return stroke.

Fig. 3 is the sketch of first stroke of , Photo, 2,

in which the streamer BC (that constructs) a leader is

re presebted wuth a broken line and the streamer (B!

"that constructs a return stroke with a full line.and
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g 3,

the direction of the streamer advance is indicated with
arrows, The investigation of details of the photographic
images of the two streamer BC and CB' on Fhoto., 2 shows that
the photographic density of the streamer BC is much lower
than that of the streamer CB', which is the relation very
similar to that between the dart leader and the return
stroke as illustrated in the Photo., 1 (b) Therefore it
will be reascnable to consider that the streamer CB' has
very higher electric current an very larger progressive
velocity than the streamer BC., As the time difference
between the two corresporiding points B, B' is 0.23 ms

as indicated in the figure, and the length of the
lightning flash is 0.9 km, so the streamer BC is expected
to advance with a velocity vy = 0.9 x 10°/0.23 x 10-3 =
3.9 x 108 cm/sec from B to C, This value ic comprable with
the progressive velocities of individual strokes of an
ordinary multiple intercloud discharge, and indicates the
streamer BC being not a stepped leader but rather a

leader with the profound tendency of a dart leader in
spite of the streamer BC occurring at start of the
intercloud discharge, Concerning the direction of
progression of the streamer CB' it is impossible, from the
measurenent of Fhoto, 2, to determine whether the streamer
advanced from B' to C or progressed from C to B' because of
the slow sweeping speed of the photographic image.
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1f the streamer B'C progressed to the same direction as that

of the leader BC, the latter combined with the streamer B'C would
form a B2 type stepped leader, If the two streamers formed

a B 2 type stepped leader, the mean.. velocity of the streamer
BC in the interval between B end C would be about 2 x 10 cm/sec
at most according to the reference (1). But the result of the
measurement of Photo., 2 gives V[ = 3.9 x 1080m/sec as

described above, which seems to incicate that the two

streamers do not form a B2 type stepped leader, Thersfore

it will be reasonable to consider thst the streamer CB' is

a return streamer progressing from C to B' in the reverse
direction to the leader BC. Thus it is clear that despite

of the discharge taking place in the intercloud space, the
first stroke of it is composed of a learfer followed by a

return streamer., Sourdillon(2) also reported in his paper

that in some cases, the stroke of a multiple intercloud
discharge had the structure composed of a dart leader

followed by a return streamer, which seems to coincide with our
result,

As we have investigated above, the fast streamers with
progressive velocities more than (3-_4) x 108 cm/sec*
appearing in a multiple intercloud discharge usually have
not the nature of a stepped leader, but a strong tendency
of the nature of a dart leader, Moreover, most of the
ordinary intercloud discharges really are composed only
of the fast streamers of this kind of dart leaders,

(B) Slow streamer

(a) The intercloud discharge initiated with a slow
streamer: There are some intercloud discharges being initiated
with a very slow streamers with velocities smaller than
107cm/sec, We have succeeded to record two such streamers
till to the present, one of which is a single discharge
composed only of a slow streamer, and the other of which is a
double discharge composed of a slow streamer followed by a
fast dart leader of the nature like those composing an
ordinary multiple intercloud discharge, The latter
is illustrated  in Photo. 3, and Fig., 4., represents the
Sketch of it, in which the slow streamer is represented
with = broken line, and the fast streamer composing the
secon stroke with a full line, and the ecorresponding
points on' the slow and the fast, streamers with (BCD),
(B'('D') respectively,. The direction of the streamer
advance is indicated with an arrow.

* Some of the intercloud strokes have a velocity hicher than
109 cm/sec, and in these, it is impossible to measure a
reliable velocity on the photographic record of flash
resolving camera,
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It is clear that
the slow streamer gives a photographic image like a coast-
line, and the flikering in the photographic densities is
observable along the coast-line like image. lhis feature
of the photographic image is the one which is peculiar to
a B typs stepped leader and pust come from the short length .
of each steps-of the leader as well as from ‘the low luminous
intensities of individual step streamers, This makes it )
impossible to record individual step streamer separatedly.

If we assume the second stroke A'G' to have a high progressive,
velocity, we can determine the velocity of the slow leader

B D by measuring the photographic image, which gives the

value 5.5 x 1O6cm/sec. Hence the conclusion is that the

B type stepped leader, progressed to the direction BCD with

the veloecity 5.5 x 106 cm/sec, As the second stroke A'G!

is preceded by the slow stepped leader BD, the streamer A'G'
must be composed of a fast streaner, the progr6351ve

direction of which, however, can not be determined from thephotographlc
measurement because of the slow speed of the image sweep.

As the velocity of the preceding leader in this case is very
smaller than that of the case of photo, 2, and moreover the
investigation of the photographic image of the Photo. 3

clearly shows the point that the leader BCD is a stepped
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leader, so the following two interpretations will be possible
in this case, i.e., the one is to consider the succeeding streamer
A'G' progressing from A' to G' and the other is to consider
the streamer A'G' progressing from G'toA', If the former
is the case, the steramer A'G' must be a negative fast dart
leader which, combined with the g type stepped leader
BD*, will form a8 2 type stepped leader in a wider sense,
If the latter is the case, the streamer A'G' must have a
positive polar.ty, and will form a return stroke preceded by
a negative B type stepped leader. The intercloud discharge
initiated ty a slow streamer process seems to be identical
with the cloud discharge that was named by sourdillon the
type I. Howeve , if we take the point into account, that
many of the multiple intercloud discharges usually are composed
of dart leacders, it will be more resonable to consider simply
a intercloud discharge composed of a negative gtype stepped
leader followed by a negative dart leader, i.e., am intercloud
discharge with a prodound tendency of a 82 +type stepped
leader, in a wider sense, than to conside the latter cloud
dishcarge, on the half way of which the polarities of the *~
element streamers are reversed,

(b) Air discharge: As described in Section 1, the
air discharge is a lightning discharge, one end of whose
channel terminates in a thundercloud and the other end
stretches into the clear air, This kindof the lightning discharge
generally has a slow progressive velocity, and the measurements
of ten photographs give the values ranging within (1.1 - 2,0)
x 107 em/sec, the mean of which is 1.2 x 107 cm/sec (see
Table 1 ). These velocities are neary equal to the minimum
value of the velocity of a stepped leader, which seems to
indicate that the air discharges are composed of nothing
other than stepped leaders, 1n fact the investigation of
the favorable photographic records of air discharges
obtained with our flach resolving camera shows that the
discharges really all composed of @ type stepped leaders.
Fhoto, 4. illustrates an example of air discharge and the
Fig, 5. is the skech of it, in which the last step streamers
are indicated with a full lines, the pilot streamers with
broken lines, and the time values measured backwards from the
streamer ehds A2, Bp along each channel of a pilot streauer
are written beside the streamer Ap A1 and Ky By. The streaks
aa', 3 a', and bb', b b' represent the high brightness
portions. of the individual step streamers caught with our
photographic camera, and they belong to the branch A7

A2, Bl B2 of the discharge respectively,
The existence of thege streaks indicates the point that

# Much of the stepped leaders occurring in association with
cloud discahrges generally have a negative polarity
(see cection 4 B, Chapter III), therefor. it will
be reasonable to think that the stepped leader BCD
in the 3 will have a negative polarity.
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the air discharge is really composed of B type stepped leaders,
The velccities of these stepped leaders measured along the
branches A, A7 and Bp By give the value 1.6 x 107 cm/sec and
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1.2 x 107em/sec respectively, and the estimated distance of
the Aischarge from the observation statinn was about 500
meters, According to what we have investigated in this
paragraph, it is clear that the streamers, with velocities
roughly ranging (0.5~2.0) x 107 cm/sec and ocecurring in
association with an intercloud discharge or an air .
discharge, all have a strong tendency of the nature of a

type stepped leader, so long acs our flash resolving camera

have succeeded to photograph them,
(¢) Medium velocity streamer .
The strokes of a multiple intercloud discharge have not
always the extremum velocities such as those described in
Paragraph A and B, Indeed the velocities of some of then
are often intermediate between these two extremums, and
of the order of 108 cm/sec., An exampoe of a medium
velocity streamer is illustrated in Fhoto, 5, and Fig, 6 is
the sketch of it, Judged from the feature of the
photographic image, the discharge seems to be composed of
triple strokes, As the Fig, 6 indicates, the image of
the first streamer, however, is very broad to the lateral
direction, and the width of it is seen to decrease gradually
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from A to C. Further the boundary line ABC to the left
handside of the streamer image is very much clearer than that
of the right handside A'B'C,.

Fig, 6

This clearly indicates that the streamer must have the
nature of a stepped leader, We can estimate the velocity of
the streamer at 1.1 x 108 cm/sec under the assumption that
the streamer is a stepped leader, The atreamers, the moving
photographs of which indicate the decrease in the lateral
extent from one end to the other end of their images, are
recorded not always as the first stroke of a multiple intercloud
discharge, but often ovservable as the successive strokes of .
the discharge, hence it is clear that the streamers are of
the intermediate nature between the fast streamer and the
slow streamer concerning the progressive velocity as well
a5 the structure of the streamer,

(D) iIntercloud discharge with point sources of light
emissions

The invegtigation of the Boys' camera photographs of
intercloud discharges shows that mainly the zigzag points on
a discharge channel sometimes emit the strong light continuous-
ly during 30 - 60 ms, These point sources of light emissions
will give the streak images on the Boys' camera photograph of
a lightning flash. Concerning the streak images of the Boys!
camera photographs, there are the afterglows which also give
the streak images, however, the durations of these normal
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streaks due to afterglows are compratively shorter than the
streak durations being described just above. In fact the
greater portion of the short streaks can be attributed to the
afterglows caused by the luminosity durations of zigzag points
on the discharge channel after the bright streamer having
traveled the whole channel, The afterglows remaning after the
completion of a return stroke of a ground discharge gensrally
give the

Fig, 7

streak images as illustrated in the #ig, 7. They can be

divided into two categories, i.e., the géneral afterglow
represented by the, continuous lateral extent (a a'), (b b'),
.....along the image of the return stroke ABC, and the

afterglows in the streak form represented by (A A'), (B E'),

v.+.. mainly cauced by the high ionic density at the

zigzag points on the discharge channel, As the Fig, 7

indicates, it is very clear that the durztions of the

normal streak afterglows are generally uuch longer than

those of the general afterglow, The former durations have

been measured on the flssh resolved photographs of

intercloud discharges and ground discharges, both representing

no extremely long streak afterglows, The table 2, represents, The resul
of this measurement is represented in Table 2, which indicates the
maximum duration of the normal streak afterglows not to

exceed 12./4 ms, ‘

Therefore the extremely long streak images, which appear from.
time to time in association with the moving photographs

of intercloud discharges, and continu themselves more than.

30 -- 60 ms, can not be interpreted with the light emission
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- Table. 2 -

Lightning Intercloud Ground

‘ discharge - discharge dikcharge
Duration : .

! = :
Normal ' Vean value 2, 0 ms 2.1 ms
streak Distributed i
af'terglow ‘ range
duration ’ O.4 = 5,4 ms 0.2 - 12,4 ms

|

ai'
Number of data 23 43

like z3 an afterglow of a lightning flash, 1In some of the
intercloud discharges the light emissions producing

several extremely long streak images are seen to appear long
before the cut-break of a fast streamer, rhoto, 6 illustrates
an example of such a intercloud discharge with point sources

of light emissions, the sketch of which is represented in Fig. 8.
,This intercloud discharge is composed of a single stroke and at
least, four very long streaks (A B), (a b), (£-F), (e f) are
discernible from the moment before the outbreak of the fast
streamer XLYZU, The regions surrounding these four streak

images on the photograph are blackened weakly, This clearly
indicates the existence of week luminosities in the neighborhood
of the point sources of light ewmissions throught the whole period
of the streak light emissions, The time interval from the start
of the streak images to the outbreak of the fast streamer,
estimated on the Fig, 8 gives the value at least more than

32 - 46 ms, The detailed investigation of the four long

streaks futher shows that they go through the neighborhoocd

of the zigzag points on the fast streamer., The long streaks

(H 1), (h i) in the ¥ig, & appearing in the period just

after the outbreak of the fast streamer continue themselves

as long as 20 - 22 ms, These durations of long streaks are
clearly much longer than the durations of the normal streak
afterglows, therefore, it is evident that the light

emissions producing the streak images in the Fig., 8 can not

be attributed to the afterglows of zigzag points on the

fast streamer, but mist be ecaused by the discharge carrying
strong point sources of light which present themselves from

the .czent 20 - 50 ms before the outbreak of the fast streamer
at several zigzag points of it, As the velocity of the main
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fast streamer XYZU in Fig, 8 is extremely high and probably
exceedes 109 cm/sec, so the accurate values of it can not be
determined from the measurement of Photo, 6, For the production
of a fast streamer with the velocity of this order of magnitude,
it is necessary to fill up previously the channel of the succeed-
ing fast streamer with the sufficient density of ions of %$he order
of 108 ion/cc (see bection 3), These ions must have been
distributed, in this case, along the channel of the following
fast streamer XYZU through the period of $he preceding discharge
with point sources of light., In other words, during the period
of the discharge accompanying point sources of light a

lightning channel, with so low a luminosity as to make it

very difficult to record it.with our Boys' camera, must have
already bridged the point sources, mnd a gradual disbharge

must have been maintained through this weakly luminous bridging
channel, Through this process the necessary ions for the
production of the succeeding fast streamer nust have been
distributed previously along the channel of the streamer,

If we over look the large differences dxisting in the durations
of point luminosities, it is not very difficult to notice

the intercloud discharges which actually have many strong

Fig, 8.
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point luminosities at the zigzag points of their channels,
These intercl ud discharges are usually very rich in
crookedness., FPhoto, 7 represents an example of these
intercloud discharges, 1f the number of strong luminous points
are very large, the flash will have the form of a beads-
lightning, And, if the durations of luminosities of the
individual beads are extremely long, and further, the

portions of the discharge channel which bridge the beads have
very weak luminosities resulting from a slow rare of
discharge, the boys' camera will be unable to record

any image other than the streaks, Sourdillon(2) also

reported the intercloud dischdrges which give the Boys' camera
photograph composed only of several long streake, which

he named the type III cloud discharge,.

-135. -



3 General structure of an intercloud discharge

The first stroke of a ground discahrge is initiated
always with a streamer of the nature of stepped leader,
coresponding to this, the eletromagnetlc waveform of it is
always initiated with the waveform of a special character, i.e.
an Ig section, or a L section, In contrast to this the
investigation of the outbreak of a cloud discharge on the
electromagnetic waveform of it shows that cloud discharges are
not always initiated with the waveform of the nature of an
Ig or a L section, but many of the cloud discharges really
initiated without this character, inspite of the sufficiently
high gain of the smplifier of the waveform recorder to
register an Ig section or a L section, and further inspite of
the fact that the waveform of a ground discharge recorded on
the same 16 mm cine film clearly initiated with an Ig or a
L section, The waveforms of cloud discharges obtianed at
amplifier gains 0+~ 20 db have been investigated to see
whether the waveforms were really initiated w.th an Ig or a
L section, the result of which is represented in Table 3.

The table indicates that about 35 % of the recorded cloud
discharges are initiated with a streamer that has more or
less the character of a stepped leader, but remaning 65 %
are initiated with a discharge process without any stepped
leader structure,

We have already investigated in Section 2, the existence
of a intercloud discharge which clearly initiated with a @ type
stepped leader, and of a intercloud discharge, the photographic
record of which lacks a clear stepped leader 4n its initial
portion and is composed only of dart leaders, so that the
discharge seems as if to start with a dart leader cn the

Table 3.
Waveform of a i Fercentage of
cloud discharge | records of Number of
waveforms

Initiated with
Ig or L section 34.7 %

395%
Initiated with
lgoral 65.3 %
section

* The gain of the recorder amplifier 0, 10, 20 db.
The distances of the discharges 20 —60 km,
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Boys' camera record, These two observational facts lead us
to the conclusions that many of the intercloud discharges
really start with a mechanism without the nature of a

stepped leader and are composed only of the fast streamers
with the nature of a dart leader, Theoretically speaking,
the fast streamer like a dart leader generally progresses
with the discharge mechanism given by Cravath and Loeb(3).

Lo make the Cravath and Loeb's mechanism to paly an active
role for the development of a streamer it 1s necessary to
distribute previously the ions with densities higher than

a threshold value alone ?be channel of the discharge,
According to Schonland 4)" the ions produced by the
immediately preceding return ground stroke in the discharging
chanrel and remaining in it after the completion of the
stroke reduce their density through the volume recombinaticn
process of ions durng the period of the stroke interval,

If the etroke interval of a ground discharge is extremely
long, the density of ions remaining in the lightning channel
at the instant of occurrence of the next ground stroke

will be reduced to a value lower than the threshold
necessary for a streamer to advance with Cravath and Loeb's
mechanism, In this case the streamer leading the next

ground strike can not take the from of a dart leader, but

it turns out to progress with a mechanism of a dart-stepped
leader with a lower volocity, If the ion density remaning

in the the lightning channel after the previous ground stroke
is reduced to an extremely low value, the streamer will not
be able to take even a from of a dart - stepped leader, but
tabke the form of an ordinary slow stepped leader,(1l) which
progresses into the unionized virgin air, Our investigation
of the photographic record of leader streamers appearing in
the inter-cloud discharges also has shown that the streamers
with progressive velocities higher than 4 x 108 em/sec
usually have a strong tendency of the nature of g dart
leader, the streamers with velocities of about 1 x 10¢ ew/sec
represent move or less the nature of a stepped leader and the
streamers with velocities smaller than (0.5 - 1) x 107 cm/sec
all must be inferred as being composed of £ type stepped
leaders, Following these considerations, the intercloud
discharges which seem to start with a dart leader on the Boys'
camera records as descrivBd in Section 2 A, must have the
ions previously distributed along the channel of the
following first stroke composed of a dart leader, in spite

of th= fact that no luminosity can be recorded on the flash
photograph before the outbreak of the first suvroke, There are
two possible mechanisms which seem to give these distributions
of ions. The one is that the ions accumulated by the mechanisms
of separation and accumulation of electricity in and around a
thundercloud 1incerease its density, so as to exceed the
threshold value necessary for the formation of a dart leader,
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and the other is that a graduzl discharge without any nature
of a stepped leader breaks out before the occurrence of the
first stroke of a intercloud discharge, and emits a very low
intensity of light which can hardly be recorded with our
Boys' camera, Our statistical estimations of the minimum
ion densities necessary for a streamer to take the from of a
dart leader give the value of the order of & x 107 ion/cc**.
In contrast to this, the direct measurement of electrical
charge density inside the active thundercloud cells

carried by Hoss Gunn 7) snows that the electricity with the
ion density of about 2.1 x 10% ion/ce is distributed inside a
thundercloud cell, Therefor we see the difference of the two
units exisiting between thece two values, On the other hand the
ion density of the electrical charge center relating to the
first stroke of a ground discharge has been estimated,
through the discussion in Section 4 of Chapter [1I, from

0.9 x 107 ion/ce to 1.4 x 1O7ion/cc, which are nesrly
comparable with the ion density & x 107ion/cc necessary for
the formation of a dart leader. This mean that the density
of ions which must be distributed previously throughout the
whole length of a lightning channel to let the following
streamer to take the from of a dart leader is comparable
with the ion density at the electrical charge center
producing the stroke of a ground discharge, However, the
statistical measurement of length of the -visible part of

a lightning channel involved in a intercloud discharge gives
the mean value 2,6 km¥ therefore it will be very implausible
to assume that a very long volume statistically extending

to 2 length 2.6 km, which composes a portion of a discharge
channel previously prepared in the atmosphere to guide the
following dart streamer, is really filled with ions of the

* Mean value of the 10 flash lengths on our photograpaic
record. Median value of the same data gives 2.5 km,

* % The statistical invectigation of the stroke interva.. of
ground discharges\®) has shown that the probability distribu-
tion of stroke intervals represents a clear bending at the
time interval value of about 130 ms, This means that the

lightning strokes whose relating time intervals do not
exceed 130 me all have the same methanism of stroke
initiations, Therefore it will be reasonable to consider
that the maximum time interval between ground strokes, which
may not change the nature of a dart leader to a succeeding
stroke, is statistically about 130 ms, 1f we assume that
the coefficient of volume recombination of ions is given by

@ =106 following to Meek's book(€), the ion density
remaining in the lightning channel 130 ms after the previous ground
stroke will be 7.7 x 107 ion/cc, because the ion censity in
the channel at time t after the preceding ground stroke may
be expressed as N = 1/at,
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density comparable with that ineide a electrical charge center,
Therefor inspite of the fact that the greater part of the
recorded intercloud discharges, judged on the Boys' camera
photograpghs, each seem to start with a dart leader, it is
very probable that in the reality, they are initiated with

a mechanism of a very slow g type stepped leader or of a
gradual discharge without any step structure, both of which
will very hardly be recorded with our flash resolving camera,
The necessary ions for the formation of the succeeding dart
streamer must be produced and distributed along the channel
by the process of these low luminous discharges not
recordable with our photographic apparatus. An example of
these gradual intercloud cischarges preceeding a dart leader
forming up a cloud discharge has alreay been investigated in
Section 2D, This streamer with several point sources of
light emmissions on it does not represent a clear stepped
leader structure, however, it must have an ability to

advance into the unionized virgin air, Following these
postulations, we may expect that an intercloud discharge

will be initiated generally with a stepped leader that has

an ability to advance into the unionzied virgin air, or with
a gradual and very weakly luminous discharge which dces not
represent any character of a stepped leader, however, hac the
same ability as the leader, In some cases, many zig-zag
points on the channel of a very weakly luminous discharge

may emit the relatively strong light for more than several
ten milli-seconds, and the strong point luminosities at
zig-zag points combined with the weakly luminous channel
bridging the these point scurces may complete a intercloud
beads lightning., The ions distributed along the discharge
channel, through the process of a stepped leader or a gradual
discharge, will be left behind in the channel so as to

nake it possible the streamer composing the second strake to
take the from of a fast dart leader. This will be the
general structure of an ordinary intercloud discharge., The
differences between a stepped leader and a grdual discharge
with point sources of light emissions on it seems to

consist in the point that the former takes place outside a
thundercloud an” the latter mainly inside the cloud., The
observational facts which seems to support the above deduction
will be the following three, so long as we consider mainly the
measurenent of moving photographic records of intercloud
flashes obtained by us. The first, the air discharges which
gave the photographic images having spread out downard from
thundercloud bases were all composed of B type stepped leaders,
the second, the number of intercloud discharge:, whose moving
photographs represented nothing other than the fast streamers
with the nature of a dart leader, were much larger than the
number of recor”s of the intercloud discharges which were
initiated with gtype stepped leaders, and the third, the
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investigation of the electromagnetic waveforms of all the
recorded cloud discharges, the majority of which, of course,
were considered statistically to correspond to intracloud
discharges, clearly showed that the number of cloud
discharges which were initiated each with a process without
any nature of a stepped leader were generally twice as much
as the number of the cloud discharges which were initiated
with a stepped leader process (see Table 3,).

Follwoing the above deduction, the major part of the intracloud
discharges should be initiated by a gradual discharge
mechanism with a large time duration without any stepped
character, However, the nature of a gradual discharge will
be expected to become clearer, if we can investigate the
electrostatic field changes due to these discharge processes,
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4. interpretation of atmospheric radiation pulses
emitted by streamer discharges

As we have alreay investigated in the previous section,
fast streamers involved in a cloud discharge must generally
be preceded either by the process of a stepped lezder, or
by the process of a complex streamer¥* in a thundercloud,
or by the ionic distribution remaining along a discharge
channel developed by the preceding fast streamer. The
velocity of a fast streamer is greatly influenced by the
ion density exisiting in a discharge channel at the moment
the outbreak of the streamer, The investigation of the
flash photograph in section 2 D, has made it clear that
the velocity of a fast streamer often attains the value
larger than 10%cm/sec provided the density of ions
previously distributed along a discharge chamnel being
high enough to produce it. This velocity of a fast streamer
more than 169 cm/sec is nearly comparable with th? Yelocity
values (1.5 ~21) x 109 cm/sec of return strokes, and

belongs to a very high value as a streamer velocity.
Therefore a strong radiation pulse may be expected to
radiate from a dart leader with the velocity -

this order through the similar mechanism to that of the
return streamer of a ground discharge, The photographic
image of a return ground stroke caught with the Boys' camera
clealy indicates that the width of the image decreases with
the progress of a return streamer from the earth's surface
toward the cloud base. This means the bright channel of a
return streamer growing upwards from the earth to the
thundercloud base., Therefore electrically the return
streamer of a ground discharge may be replaced, as a way

of an approximation, with a vertically growing electric
current channel, the upper end of which increses its
altitude from the earth's surface toward the thundercloud
with the velocity of a return streamer, and the current |
density of which is uniform everywhere along its length,

As an uniform current density 1s assumed in this
approximation, the measurement of a return streamer current
at the earth's surface will be sufficient for the .
determination of variation in the return stresmer current.
This means that the waveform of a return streamer current
can be given by the lightning current variation

* Hereafter a discharge process, which relates to a discharge
in a thundercloud, and produces gradual field changes with
a long duration, and 3cometimes likely carriés many point
sources of strong ligh emissions on its, channel under
a favorable conditions, will be named as a intercloud
comples streamer, It is very evident that the complex
streamer is of the similar nature as that of the J-streamer
appearing in the stroke intervals of a ground discharge.
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corresponding to a ground stroke striking a structure on the
earth's surface, such as a lightning rod. Taking these
approximation into account, let us consider the model
illustrated in the Fig, 9, which represents the return
streamer at the time t after the start of the streamer from
the earth's surface,

Fig., 9

Following this model the variation of a dipole-moment dp
in the time interval between t and t4 dt will be repregsented . .
as dp = jdt x 2h, where j(t) and h(t) are the return streamer
current and the altitude of the upper end of it at time t,
from which the following relation will be obtained,

AP = 25k (1)

dt

Generally, the electromagnetic field change K produced by
vertical dipole discharge can be represented by the sum
of the three components, i.e¢., the electrostatic field change
Eg, the induetion field change E] and the radiation field
change Ef, If we denote the horizontal distance PQ of the
return stroke from the obsavation station lying on the
earth's surface and the alt tude of dp with r and H
respectively, and further asrume that these satisfy the
conditon r»H, the three components Eg, E1, Eg will be
represented as follows: (& :

Es = 1 By =_1 dp Ep = _L d2
3 P e v e o (2)

where
= By +I'-;J_ "Q-ER
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The widths of atmospheric radiation pulses which have each
an appreciable amplitude have been measured on the
electromagnetic waveforms of lightning discharges, which
have been inferred to break out at distances 1060 km
apart from the station, Table 4. represent the result

of the measurement,

Table, 4.
Sort of Pulse I Rise Tail Total |Number
measured type width | width pulse |data
waveforms (Median! (Medien | width

value)| value)

! *%
Cloud discharge Diffe- 4O us | 616
rential '
Ig process of a | form
ground discharge | " " : 26 ns | 733
keturn stroke
voltage* Peaked [ 10 us 90 us | 100 usl| 19
waveform of a form ’
ground
discharge

* The data referring to the Journal of the Power and
Weather Coordinating Comittee, "l

*¥ The results of statis®ical measurements of the radiation
pulse widths indicate the existence of the minor group
which has the median value 90 us, other than the major
group represented in the table,

Following the statistical result indicated in the table, the
widths of two sorts of differential type pulses with
appreciable amplitudes indicate the median values 26 us and
and 40 us respectively, But when the electromagnetic

field change of a return stroke involved in_a ground discharge
is recorded with our waveform recorder at a distance roughly
larger than 30 km, the peaked type radiation pulse correspond-
ing to return stroke is always more less influenced either

by the induction component or by the existence of ionosphere,
Therefore it is difficult to find out a peaked type pulse .
which corresponds purely to the radiation component ER of

the electromagnetic-field change due to a return stroke and to
measure the correct radiation pulse width corresponcding to

a return stroke., For this reason we have measured the

widths of peaked type voltage-waveform produced by ground
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strokes striking either electrical power lines, or some other
installations of this kind instead., The lowermost row of the
Table 4 represents the voltage pulse width. According to

the theory of the electromagnetic radiation from a vertical
dipole anntena, the main part of the field change E of the
formulae (2) recorded at a distance larger than a wavelength
is occupied by the radiation term By, if the height of the
dipole is sufficiently smaller than the wavelength,

If we assume the above pulse widths represented in the table
being identical with the period of the field changes, the
pulse widths 26, 40 and 100 us in the table must correspond

to the wave-lengths 7.8, 12 and 30 km respectively, Following
this, the differential type pulse* invelved in a cloud
discharge waveform and the peaked type_ pulse corresponding

to a return ground stroke may be considered, as the first approximation
to correspond to the radiation component by, if the two types
of waveforms are recorded at distance roughly larger than

10 km for the former case and 30 km for the latter case
respectively (see Fig., 14, Section 30, Chapter II), which
point is indicated in the Table 5,

Table. 5,
. L Ty Distances, at which the
Sort of pulse - radiation field change
_ predominated
Differential type pulse
(cloud discharge) 12 km
Differertial.type pulse : al
ki ‘ 7.8 km
(Ig process of ground :
discharge)
Peaked type pulse
30 km

(return ground stroke)

In this case, it is evident that we can replace the field
change E with the radiation component By a5 the first
approximation, In this approximation, we can get following
representation of ER by using the formrlae (1) and (2)

Br = 2 (4] j dh )

e et R B

This relation indicates that the pulse width of a radiation

field charge R is really determined by that of the related

* As the lightning cnannels of the greater part of real cloud

discharges are inferred usually to ineline from the vertical
axis, we must consider the vertical conponent of them in
most cases.
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current pulse j, so long as dh/dt does not represent a
comples variation, The mean length of the related streamer
will be given by ( MM hdh)/Hp - Hy/2, If a return streamer
bridges the half of the lightning gap length Hnég at a

tremendous speed in an infinitesimal time length given by
t=0, t=dt, and after this the progress of the streamer

ceases, and if the current flowing through the lightning
channel varies in accordance with the function j= j(t),
then the following approximation will be allowed.

ER =__Hn di
c<r dt (4)

In this approximation we can see the ER is directly proportional

to the differentiation of the current wavefrom of a ground

stroke, According to a gimple theory of electromasnetic radiation
from a dipole antennal9), it will be evident that the field change
due to a cloud discharge recorded on the earth's surface that has a :
good electrical conductivity can be dpproximated with a field change
produced by the vertical component of a dipoke discharge in a
thundercloud, So let us consider the model of a vertical intercloud
so let us consider the model of a vertical intercloud discharge
illustrated in Fig. 10 (a)

Fig. 10
@H
%
__§—|_+\\Jdt 7
[ _I |
ity 1L ‘ £
L & H- -

- x __ =
< ¥ Streamer head

(a) (1)

In this model we consider a vertical fast streamer running
upwards from the lower negative charge center with the
altitutde H- to the upper positive charge center with the
altitude Ht , Let us assume that the linear density of the
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electrical charge along the vertical streamer can be represent-

ed by q = q (%, t)as illustrated by Fig, 10(b), where represente
the vertical length measureed from the streamer head downwards,

and t the time measured from the moment of start of the

streamer, If the streamer carrying the above charge
distribution moves with a velocity v upward, then the

electric current appearing along the streamer channel will be given

by i

(2, %) = q(§, t)v(t)
If we introduce the electric moment p representing the resultant
moment of a vertical dipole, which is determined by the
electric current j(& , t) moving together with the fast
streamer from H- to H+ , dp/dt will be obtained as follows,
after some deformations of the relation reprecenting dp/dt
given in the reference (10) considering the electrical image

of the dipole into acc%ﬁPt.vt - ) .
account 4dp = }2j (H- +vt - b,t)dh:bf 2305 ;b)dt »
dt H- &

(5)

where the streamer is as-umed to have uniform velocity,
In this case ER and E1 will be expressed with respect to p
as follows,

Ep=_1 d< )
& clr dt (1 '? )
7. :
By —dp__ (145 (6)
er? dt

where g represents the angle of elevation of the discharge
altitude measured at P represented in Fig. 10, (a) and '
(1 - €2) is the correction term of this angle of elévation,
when r is not negligble relative to H. For example, if
H=5knr =20 km, then 1 -g2 = 0,94, In this case we can
neglect 62 , if the approximation with the error as much

as & % is allowed, Using the formulae (5) and (6) we can
get following expressions of ER and Et

. y Ut s
B =f—— LVJ(Vt,t)D(_th 3] (1 - |
, ¢ 0 ()
wiz (fag iy

i
Here, let us consider tw> extreme casces concerning J(} 1.
Case L: The case where the approximation §.(1,t) =g(t)v(t)
=j(t), similar to that of the return ground streamer is
allowed,

*1f the velocity v is not uniform, but represented v - v(t),
v.t must be replaced by qu(t) at,
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Bg=_2 [ vj(t)ﬂ—(vt)%%%»i(l - 2) ]
' ; (8)

i (emam] a 13

Case 1I: The case where the linear electrical density along
the streamer does not very with time, so that

e ¥y sale). v 2 LB

then,

vt (9)

In the approximation I, if we assume that the fast streamer of
a cloud discharge instantaneously bridges the gap length

+(H+ -H-), like the case of a return ground streamer just
described above, and after this the progress of the

streamzr is ceased, If the streamer current remaining
hereafter varies with time t following the relation

j = j(t), then ER will be expressed as

BR=_1 (H4 -H-) i (er)
c2r dt

This is just the same relation as the formula (4). In this
approximation the waveform ER is given by the differentiation
of the waveform of a streamer current, independent of the fact
that the streamer assumes the form of a return stroke of a
ground discharge or the form of a fast streamer of a cloud
discharge, However, if we consider the optical structure

of a fast dart leader, involved in a cloud discharge the

case 1I, which assumes a linear charge-density q( ),
distributing independent of time t along the streamer

head advancing with a unform high velocity v as illustrated

in Fig. 9(b), seems to give an approximation nearer to the
actual streamer than the case I, If we put H-= O into the
formulae (5), it becomes to represent the case of a return
ground streamer, Therefore it is very clear that the fast
streamer involved in a cloud discharge really has an ability
to emit an atmospheric radiation pulse, if the velocity of the
streamer relating to the cloud discharge is comparable with
that of a return ground streamer, We shall next inverstigate
the nature of an atmospheric waveform produced by a ground
stroke 30~100 km apart from the observation station

followinﬁ the above approximations, Bruce and Golde(11)
showed that the waveform of a return ground stroke current

can be represented by the following relation
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2 g T ~dx =
B (et ey (10)

Generally, if the enquivalent resistance R which the input
terminal of a lightning voltage waveform recorder has
against an earthed line, carries no appreciable inductance
the voltage output £(t) of the recorder will be proportional
to R x j(t). In this case we can deduce the variation of a
ground stroke current j(t) by measuring the voltage waveform
E(t) relating to it. The result of the statistical measurement
of ground stroke voltage waveforms recorded through the
thunderstrom observations from 1948 to 1956 is represented" in
the last row of Table 4. The current waveform with this rise
time and the total pulse width can be represented by puting

a= 4 x 10t4 sec "1, g =2 x10"5 sec-l into the formulae(10)
These , values are seen to be comprable with the values

a= 4.4 x 104 sec‘lq B = L.6x 10°sec-1 given be Bruce and
Golde(1l). in contrast to this, the current waveform of a ground
stroke, statistically investigated by Norinder, has
appreciably larger pulse width than that given by Burce and
Golde, Concerning this point, I\ﬁorrj-son{8§ pointed out that
the Norider's waveform can fairly well be represented by the
formulae (10), by assuming e= 7 x 103sec~l, pa L x 1045eé'1,
Fig, 11 indicates the current waveforms calculated from the
formulae (10), in which the waveform (1) represents the case
of 8 = 4 x 104, fB=2 x 105 indicating a narrow pulse width,
and the waveform (1I) represents the case of a = 7 x 103,
B= 4 X 104 indicating a wide gulse width. MNorrison further
pointed out in his paper (8) that the ground strokes

gy Al
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producing current waveforms with the wide pulse width break

out more frequently than those producing current waveforms with
the narrow pulse width, 1n contrast to this the result of

our statistical measurement of the ground stroke voltage
waveforms represented in Table / shows-the reversed situation,
i,e,, the latter breaks out more frequent than the former,
However, at present, it is difficult to determine whether the
discrepancy either coming from the difference in the method

of measurement or from the difference in the occurrence
vrobabilities of these two types of ground strokes éxisting
between our country and England*, As we shall describe
afterwards, the first pulse involved in a main discharge type
atmospheric waveform,**which can be considered to originate

from a ground discharge roughly more than 300 km apart from

the observatjon station, statistically has a pulse width of
about 135 us 12 in the median value, For this reason we

shall take the current waveform (II) represented in Fig, 11

into account inspite of the statistical result of the-
measurement of ground stroke voltage waveforms having indicated
the predominance of the narrow pulse width, As we shall see

in the following discussion, the theoretical estimation of

the atmospheric pulse width of a return ground stroke derived
from the assumption of the current waveform (II) gives the value
only about 80 us, so it is very clear that the assumption of a
current waveform of a return ground stroke with much wider

pulse width is nesessary to explain the actually measured value
135 .us of the atmospheric radiation pulse width, As to the
altitude og the top of a return stroke, let us assume, following to
Morrison(8 , that the altitude h of a return stroke varies with
time as follows ek
h = Hp( 1 -e = 7)%xx

; ’ _
where r = 3 x  To i . Then B can be derived from the
formulae (3), (10) and (11) as follows,
er o ; -rt -t -t
T ) a1 e g PaaeT Ty T
£
) *
‘The value of ER can be obtained by giving in the

formulae (12) the above numerical value, Further the waveform
dj/dt can also be calculated in the same way, since the

** As the main discharge type waveforms selected fof this
statictical measurement all have appreciable amplitudes, so
the waveforms may be concidered statistically to correspond
to return strokes of ground discharges, i

*¥*hs the upward velocity of the return streamer following to
the first stroke is generally uniform, the formulae (11),
strictly speaking, can not be applied to the successive stroke,

% The difficulty mainly comes from the minority of the

available records of voltage waveforms of ground strokes,
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differentiation of j is given by

-t -t :
S8l 23 ( € ~ & ) ' (13)
dt
Fig 12 Fig 13
b o Pt \ 0 3ms
j=e b At ; T ,_jx\}\_ﬁj/____.
7 o Rl (10 db)
4l - pe*_ e ; 7 Atmospheric wavelorm
at . v Az
(a) r’,:.:\‘ : +l Nt (0 db)
N | Luminpsity 'change
\\‘J (a) Return &round stroke
- S ! (1959. 8. 18 )
504 400ps ! *T G —3ms
i () N
d,, ¥, s =BE -k | (0 db
—( 1) =|(1- = !
(b) dt (n) {(1 BERACHE ) © v Atmospheric waveiorm
9 swtem) | L0
at (Jh) iy e i | i K _ (0 db)
' S ‘o .
A\ R O L (b) Cloud stroke
o S— * (1959.5.18)
f“ac“”-’\/_wo}ls '

80ps

Fig, 12 represente the result of numeriecal calculations‘of the
formulae (12) and (13), in which (a) indicate the time dependent
part of (j and dj/dt), and (b) indicate those of d(jh)/dt.

1t is clear from Fig, 12, that the general features of the
two waveforms representing dj/dt and d(jh)/dt are, as the
first approximation, analogous te each other, and the
measurement of the pulse width ATof the two pulse waveform
dj/dt and d(gh)/dt in Fig, 12, gives the values 50 ms and 80
aus respectively, moreover the peak amplitude of the waveform
dj/dt, breaks out only 15 us earlier than that of the waveform
d(jh)/dt. Therefore we may consider that the waveform of a
ground stroke, as the first approximation, can be expresed

by the formula(4). Concerning the mechanism of atmospheric
radiation, the vertical component dp/dt corresponding to a
return ground stroke and that corresponding to a intercloud
stroke are represented simply by the same formulae (5), and
there are no differences existing between these two strokes
except for the limit of integration of the formulae(5), so

it is evident that the above result relating to a ground

stroke can be applied for the case of a intercloud stroke.
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The first pulse involved in a train of main-discharge type
waveforms, which probably originate from the return streanmers
more than 300 km apart from the observation station,has
statistiecally the pulse width of about 135 ms in the mecian
value, on the otherhand, the atmospheric radiation produced
by the first return ground streamer appearing within a range
of distances*, at which the light pulse associated with the
streamer can be recorded with an appreciable difficulty,
usually gives the waveform as illustated in Fig, 13. (a),
and the measurement of pulse widthAg of 15 such first pulses
gives the wvalues ranging within 130 ~» 230upe, the mean value
of which amounts to 199 wus.According to the above result, it
is evident that the measurement of pulse widthe of return
ground stroke waveforms recorded at these distance results in
the overstimation of the pulse width of Eg component of
about 1,5 times larger than the true wvalue, The reason of
this discrepancy seems to come from the influences of the
term ET on the term ER  when the electromagnetic waveform

of a ground stroke is recorded at distances about 50 km
apart from the observation station, To clear out this point
we have calculated numerically the half pulse widths

ZY[ E] + ER of a return ground stroke waveforms recorded at
several distances more than 50 km apart from the discharge
taking the influences of the E[ term into account and then
obtained the valuesdlyt+ggR AIER , the ratio of the half
pulse width dTgp 4 ER, which takes the influence of the E
term into account, to the half pulse widthirCEH = 8C us of

the EBR term, The result is represented in *ig. 14. According

to these estimations, the overestimation of the pulse width

1.5 times larger than the true value would being produced

when the distance of the concerning discharge amounts to

about 75 km. So that it can be conclouded that the

measurement of the half pulse withg( of atmospheric waveform

of a return ground stroke does not give the true half pulse

width of the ER component of the waveform, so long as the

distance of the ground discharge does not exceed roughly 200 km,
Fig., 14
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* Probably about 50 km,
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In contrast to the case of a ground stroke, when the pulses
appearing on the atmospheric waveforms of a cloud discharge
are recorded at distances about 50 km apart from the
discharge, they usually take the form of a differential type
as illustrated in Fig. 13 (b). The point that the differential
type pulse really corecponds to the discharge taking the
form of a fast streamer can clearly be recognized by the
light pulse* indicated in the simultaneous record of
luminosity change illustrated in the lower half in Fig, 13
(b). These simultaneous record of the electromagnetic
waveform and the luminosity change seems to give the
verification of the fact that a faet streamer really emits
an atmospheric radiation pulse,

The atmospherics radiation pulse involved in the
waveform of a cloud discharge 10 ~60 km apart from the
observation staion generally are classifiable into three types,
each of which includes both positive and negative polarities,
Fig. 15 illustrate these three types. Following the
approximation represented by the formula (&'), (3), (3')
correspond to the case in which the streamer current
waveform has the analogous form with that of a ground strcke,
(1), (1') correspond to the case in which the streamer
current waveform has the form reverse to that of a ground
stroke, and (2), (2') correspond to the case in which the
streaner current waveform is symmetrical with respect to
time,

As we shall see later in Table 3. of Secticn 3 Chapter V,
about 64% of the recorded waveforms of cloud discharges
are the aggregation mostly of the negative radiation
pulses with the nature illustrated by the waveform (2), or
(3), in Fig 15, of with the intermediate nature between (3)
and (1'), so long as the appreciable amplitude pulses appering
on the waveform of a cloud discharge being taken into account,
The statistical investigation further shows that more than
50 percent of the recorded negative radiation pulses of '
appreciable amplitudes, which break out on the cloud discharge
waveforms, are classified into the type 2 of Fig. 14,

'The result of the statistical measurement of the total
pulse width <JT(see Fig, 13 (b) ) of the type 2 pulse

* mxactly speaking, the light pulse recorded with our
luminosity change recorder does not correspond to the
light emission from the streamer itself, but coresponds
to that from the whole of a streamer discharge. So that
the peak of a light pulse is recorded generally at the
moment somewhat after the dissapearance of the streaner,
and the light pulse seems rather to correspond to the
discharge remaning after the end of the streamer. The
situation is kept the same for the case of the fast
streamer appearing in a cloud discharge as well as for
the case of the return streamer invelved in a ground
discharge, (See Fig. 13)
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- waveforms has already been given in Table 4, ;
Following the principle which derived the formulas (9), the
total pulse widthdT is to be determined by the duration of
the streamer current, therefore it will be reascnable to
consider that T may be given by _JT= L/v*, where L
represents the length of the linear charge distribution
along the streamer, and v the velocity of the streamer
progress, The Table 6 represent the lengths of several
sorts of streamers estimated from the relation ATz L/f%.
bchonland(d‘ showed in his paper relating to the

Fig. 15

S

(1) (B (2)

Table. 6
Sort of streamers Pl v L

Return ground streamer N :
(successive stroke) 100 us 4 x 107 4000 m

Fast dart streamer 40 ns >109 > 400 m
(cloud discharge)

Step streamer leading
a ground stroke 26 us >107 > 260 m

* The values given by Schonland (4)

* The total pulse width AT may not influenced so severely
by the term Ej as the half pulse widthéﬁtbeing influenced
by it.
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photographic investigation of lightning flashes, that the
measurensnt of the length of the highly luminous part of

a step streamer that composes an element of a stepped leader
preceding the first ground stroke gave the mean value 24.6
m, while the measurement of the length of the highly
luminous part of a dart leader leading a successive ground
stroke gave the mean value about 40 m, These values given
by Schonland are only 1/10 of the lower limit of the streamer
length given in the Table &, These discrepancies probably
partly come from the overstimation of the total pulse width
AT of a differential type radiation pulse caused by the
short propagation distance (10~60 km) of the atmospheriec
waveform, however, the main part of them may be attributed
to the fact that the effective length of a streamer
contributing to the radiation of an atmospheric pulse is
very longer than the optiecal lengh of the streamer which
emits strong luminosity and gives the luminous image on

the photographic record of it. Table é further indicates
the length of a return ground streamer amounting roughly to
4 km, which is the length being enought to bridge the
distance between the earth's sureface and the negative
electrical charge center in a thundercloud, and which seems
to support the fitness of the model of a ground stroke
illustrated in Fig. 9.% As described briefly in the above
discussicn, the effective length of a dart streamer or of

a step streamer contributing to the emission of an atmospheric
radiation pulse should be considered to be very short
compaured with the discharge gap length., To know the variation
in the effective lengths of individual step streamers,

which construct a stepped leadsr appearing in a cloud
discharge, in accordance with the development of the

leader, the widths of individual differential type pulses
forming a lg type pulse train involved in a cloud discharge
waveforn have been measured on 10 waveforms of the
discharges, and then the relative pulse widths thus obtained
for each of the Ig type waveforms have been averaged among

'+ those relating to the same pulse order in a lg type pulse
train, the result of which is represented in Fig. 16, It

is eveident from the figure that no materical variations

in the relative pulse widths can be detected except for

a little decrease with the increasing pulse order, which
means the effective lengths of step streamers contributing to

* The value 4 km in Table 6 has been obtained by assuming
the current waveform with a narrow pulse width (see Fig.
11.), which result in the smaller value of 4T, If we
assume the current waveform with the wider pulse width,
instead, 4T will take the value 3~/ times larger than
thkat of the narrow current waveform. In this case the
electric current must continue its flowing through the
“ime length (2~3) x 10-4 sec, after the return streamer
has bridged the discharge gap.
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Fig. 16,
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the emission of an atmospheric radiation pulse decreasing
a little with the progress of the Ig discharge in a
thundercloud,

Wie shall next investigate the amplitude of the Er term
following the streamer model illustrated in Fig, 9, If
we follow the approximation represented by the formulae(4)
or (8'), the pulse width of ER must be proportional to
(dj/dt) mex, Therefore, the value proportional to (ER)
max, as the first approximation, can be obtained by
putting the maxmum current value jmax and the rise time
Almeasured on the streamer current waveform (sce Fig,
10(b) ) into the approximate. relation

dj/dt £ jmaxdT.

For the case of a return ground stroke, the rise time ACof the
current waveform given in Table 4 isdT= 10 us, and the

measurement of the maximum_ current jp., observed in our country( 13)
gives phe mqst f;equent value jpax = 60 103 sings, o Lhat. the
radiation field Eret produced by a return ground stroke will be

Eret a jgax/d%= 6 x 10%amp/sec A

For the case of a fast dart leader, Table 4 gives the total
radiation pulse width<4T =z A0 ms, I1f we assume the current
waveform of a dart leader being usually symmetrical with
respect to time t, the first approximation will give the
relation .

AT :A1/2, which results in £ (= 20 ns, The peak value
3max of the current waveform of a dart leader will be estimated
as follows, Let us assume that the magnitude of eledtrical



charge trancsferred by a dart leader preceding one of the
successive strokes of a ground discharge is statistically
equal to the mean value QL] = 1,4 coul as indicated in
Table 26(b) Section 5B, Chapter 1I., If we take the
duration of a dart leader, which statistically has the
progressive velocity 5.5 x 108 cm/sec as a mean, being
qual to the over all mean 0,9 ms of the values indicated
in Table 18 in Section 4B, Chapter II, mean duration of
the dart leaders which have the progressive veloelty

as large as 2 x 109cem/sec will be given by

Ti = 0.90 x 6.5 x 108/2 x 107 = 0.25 ms,

Therefore the mean electric current along a dart streamer
will be L

RLif2E = 1.4/2,5 1074 - 5.6 x 10° amp.
Further if we assume the peak value of the current waveform
being twice as lerge as the mean value of it, following to
the analogy of the current waveform of a return ground stroke,
the peak current value of a dart leader will be given by

Jmax = 11,2 x 103 amp, Taking the above estimated values of
4Tand jpax into account, we can estimate the value
proportional to amplitude of the atmospheric radiation

pulse emitted by a fast dart streamer as follows:

Edart oA jmax/AF = 5.6 x 10° amp/sec (15)
From the relation (14) and (15) we can get

bdart/Eret = 5.6 x 108/6 x 107 = 0.093
To compare the estimated value with the observed values, we
have measured the amplitudes Ep of differential type
radiation pulses which were recorder on the electromagnetic
waveforms due to a few sort of non-ground stroke processes
probably having occurred at distances 40~ 100 km apart from
the station, and then calculated for each pr the ratio by /Epet,
where Epet 18 the mean radiation pulse amplitude Aue to
return ground strokes recorded on the same 16 mmn cine film as
the record of the respective Er pulse, The statistical
result of the estimation of E./Eret values is represented in
Table 7. In the case of dart leaders, it becomes evident
from the table that the theoretical value can roughly hbe
made equal to the observed value, if we assume the veloc:ty
of a dart leader being 2 x 107 cm/sec, Judged from the
configuration of individual atmospheric radiation pulses,
the nature of a dart streamer involved in a cloud discharge
and chat of the fast streamer appearing in the junction
process of a ground discharge seem to be identical with
each other exception for the fact that these two streaners
statistically emit the atwospheric radiation pulses of
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opposite polarities with each other, Further the relative
ampitudes of these two are, as indicated in the table, nearly
equal with each other, Considering these points, it will be
resonable to conclude that the fast streamers occurring in a
Jjunction process, which takes place in a thundercloud during
the period of a ground stroke interval, generally havé the
nature of a dart streamer, however, the directions of
progression of the streamers involved in a junction process
of a ground discharge are statistically reversed from those
of the fast streamers involved in a cloud discharge.

Table. 7.
Relative Ground discharge. Cloud'ais;harge
amplitude i ]
p Junction | Stepped Dart leader
process | leader
Br/Eretx 0.092 0.050 0.10
Number of data 736 179 702

* lMedian value

Concerning the step
streaners, the Table 4 gives the median pulse width 4T= 26
micro-sec, so that it follows A7=A4T/2 = 13 micro-sec,
As it is not possible at present tc estimate the magnitude of
electrical charge transferred by a step streamer, and to
obtain the observed value Ep/fpe¢ directly, because of the
shortage of the data suited for the purpose, we shall intend
to estimate the electrical charge indirectly from the following
method,

Let the mean value of the. linear electrical charge dencity
be 3, and the mean progressive velocity of it be v, then we get
the relation :

Estepod §.v/1.3 x 1075 (16)

Using the formula (14) and the value 0,05 indicated in Table
7, we can est . mate Egtep value as follows,
3.v/1.3 x 107 « 0.05 x 6 x 109
Therefore we get
J=q.ve3.9x 1093mp.
If we ascume v = 5 x 107 cm/sec following to &chonland,cé)then'

we get § = 8 x 10-7 coul/em, Further let us assume that the
total length of a stepped leader preceding the first ground

* 0,83 represents the correction factor to eliminate the
error caused by the inclination of the discharge channel
from the vertical axis,
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stroke will take the value 3.5/0.83 = 4.2 km* following to the
result represented in Table 16 in Section 4#, Chapter II,

Then the total electrical charge transferred by all of the
step streamers will be

Q"1 z qL= 8 x 1077 x 4.2 x 105 = 0.34 coul,,
provided the overlapping of the step streamers with each other being
neglected, Following the result represented in Table 26(b)
of Section 5B, Chapter II, the total charge transferred by
a stepped leader will be given by QL1 = 2.6 coul, so that
the electrical charge transferred by a pilot streamer must

be 911 = 2.6 - 0.3 = 2,3 coul, Table 8 represents the
result of the above estimations, Following these results,
it is evident that the electrical charge transferred by step
streamers, in cpite of their strongly luminous charasters,
occupied only 13 % of the electrical charge transferred by
the non luminous pilot streamer associated with then,

Table 8.
Total electrical charge
contributing to the
first leader (QL1) 2,6 coul, 100 %

Total electrical charge
contributing to the 2.3 coul. 88.5 %
pilot streamer (Qr1)

Total electrical charge |
contributing to step 0.3 coul 115 %
streamers (QLl) ‘

If the electromagnetic waveform corresponding to the first
leader of a ground discharge breaking out within a distance
roughly .1 km apart from the station ls recorded under a
favorable conditions with the wavef'orm recorder with a long
enough time constant, e.g., 40 ms, in comparison with the
duration of the electromagnetic field changes the waveform
will give nearly the correct electromagnetic field-changes
corresponding to the fine structures of discharge mechanisms
of a stepped leader. An example of this kind of waveforms is
illustrated in Fig, 17.

The figure clealy incdicates that the magnitudes of the step
electrostatic field changes which probably correspond to-
each of the step streamers are generally smaller than those
of the continuous electrostatic field changes which present
themselves in the intervals between two successive step
field changes, and therefore which must correspond tc the
pilot streamer advancing continuously throughout the process
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of a stepped leader, This point seems, as the first
approximation, to coincide with the above result given by
Q"L1/Q'L1 2 0.13. To confirm this point further, the
magnitude of a step field change A Estep and the continucus
field changed Epilot appearing in the interval between the
relating step field change and the immediately following

on have been measured on the waveforms of stepped leaders,

and the value AEgtep/ AEpitot:i.e., the ratio of AEstep to
the relating Afpilot, has been calculated for each AEgtep

value, Following the result of these estimations, it

has become clear the values of the estimated ratios are all
included in the range of numerical values 0,2 - 0.5.
Therefore JﬂEStep/ﬁjEpilot = 0,13

estimated half theoretically in the above discussion, seems
somewhat to be too small in comparison with the observed
value, OUne of the principal reason of this discrepancy may
be attributed to the neglection of overlapping of the
individual step streamers with each other, however, the
decision of this point should be postponed to the future
investigations, If we consider the mechanism of radiation

of the electromagnetic waves from a vertical dipole discharge
which is represented by the formula (2), the electromagnetic
waveform corresponding to a discharge taking the process of

a stepped leader should be interpreted the with a grouping

of the model waveforms illustrated in Fig, 12, The investiga-
tion of details of the stepped leader waveforms illustrated in

=159 =



Fig. 17 (the record obtained inside the field reversal
distance) and fig, 19 (the record obtained outside the
field reversal distance) shows that the polarity of the
step radiation pulse ER and that of the continuous
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electrostatic field change A Epilot taking place between two

successive step field changes roughly coincide with the
theoretical epectations illustrated in Fig, 18. However,
the polarities of the individual step electrostatic field
changes AEgtep on the waveforms are seen not always to
coincide with Ehe theoretical expectation as illustrated

in the figure, This may partly come from the fact that,
strictly speaking, the approximated formulae (2) can not

be valid for such a case as the distance of a ground
discharge is comparable with the altitudes of the discharge,
However, if we consider the point that the polarities of

the step radiation pulse ER and the continuous elestrostatic
field change AEpilot roughly concide with the theoretical
expectation, it will be reasonable to consider that the
disagreement of polarity of the step electroststic field change
with the theoretical expectation would mainly be attributed
to the magnitude OfidﬂEstepl being smaller than the lower
limit of the amplitude measurement., If the above estimated

value ABstep /Aipitot = 0.13 tell the real situation, the

estimation of the true value of 4kstep will become very
difficult because of the small amplitude of the step
electrostatic field changes recorded with our waveform
recerder,
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5 General character of a cloud discharge deduced
from the record of electromagnetic
field changes

Because of the difficulty to photograph the lightning
flashes occurring incide a thundercloud, it is very difficult
to make clear the structure of a intracloud discharge, on the
contrary to the case of a intercloud discharge. At night when
a thundercloud was floating overhead, we had many times the
experience that the curtain lightnings, which did not produced
any luminous phenomens other than the glows of the overhead
portion of the cloud base filling up the whole cky, were
observed much more frequently than discharges accompany-
ing visible flashes, It was not seldom that most of the
discharges breaking out in a thundercloud 10 - 20 km apart
from the observation station were composed only of curtain
lightnings. Of couse, it is evident that the percentage
number of discharges whose flashes are intercepted by cloud
bodies should increase with the increase in their distances
from the station, This must result in the inecrease in the
number of curtain lightnings, However, despite of this, the
experience described above seems clearly to indicate the
point that statistically the number of intracloud discharges
really predominates the numberof intercloud discharges and of
air discharges, Therefore the statistical investigation of
the nature of discharges including all kinds of non-ground
lightnings inveitably result in studying the nature of
intracloud discharges, Following these views, we have
separated the records of atmospheric waveforms, lightning
flash luminosity changes, and electrostatic field changes,
all produced by cloud discharges, from the records
correcponding to ground discharges, and investigated the
above sorts of cloud discharge records, through which the
structure of intracloud discharge may statistically be
expected partly to become clear, The situation will not
be changed, as the first approximation, even if the record
of discharges including all sorts of lightnings are
investigated instead of the records of cloud discharges,
tecause the occurrence probability of gr und discharges is
generally much smaller than that of cloud discharge (see
Table 1, Section 1, Chapter T1‘,

(a) Time interval between two successive lightning

discharges:

The time intervals between two successive lightning
discharges, including not only ground discharges but also
cloud discharges, generally represent different probability
distribution from a thunderstrom to another, if the small
differences existing between the individual distributions
are to be taken into account, However, if we neglect these
rather small differences existing in the probability
distribut_ons representing pecuriarities of individual
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thunderstroms, the general character of the distribution
based on the data of lightning luminosity changes can be
represented by the curve (1) of the Fig, 20.

The statistical mean of the discharge intervals estimated
from the inclination of the curve (1) are seen to be composed
of the two values, i,e., the value in the range 3 - 20 sec
corresponding to the major group of the discharges and the

value in the range 50 - 100 sec corresponding to the minor
group of them, Of these two groups, the majority group

has been recorded in every thunderstom, while the minority
group has not been recorded in much of the observed thunder-
storms, An example of the probability distribution of discharge
time intervals obtained through a thunderstom that lacks the
minority group is illustrated by the curve (II) indicating

the result obtained from the data of the luminosity changes,
The statistical result of the investigation of CW records

is represented by the curve (III) of the same figure, which
gives the statistical mean value 2,7 sec as indicated in Table 9,

Table, 9
i
Statistical mean Median |Number of
r
&e value value data
T —— Majority | Minority
| group group
Lightning i
luminosity 11.4 seex | 65,5 sec| 10.2 sec 2226
change(FPM)
(cw)
Atmospherics 2.7 see 1,8 sec 306
wlectrostatic
field Ch&l’l%e 18.0 sec 50.0 sSec 13-3 Sec 1763
EM) 1

* lNean of the statistical mean values ranging 3.9~~ 16,7 sec,
and obtained. from the distributions corresponding to
individual thunderstroms,

#*% llean of the median values ranging 3.7~16.,2 sec, and
obtained from the distributions corresponding to
individual thunderstorms,

This value is somewhat smaller than the minimum value 3,9 sec

of the statistiecal mean obtained from the data of lightning
luminosity charges, As the sensitivity of the CW method of
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recording is generally higher than that of the luminosity method
so the former will catch the more minute discharges than the
latter will do, and further in the method of CW recordings, the
waveforms are recorded on a running 16 mm film of 100 feet in
length in about / minutes, which makes it impossible to

record many lightning discharges with long time intervals on
one film, therefore it is very natural that the probability
distribution of disScharge time -intervals measured on the

CW records is composed only of the part representing a shap
linear inclination which gives the smaller statistical mean
correspond.ng to themajority group. In contrast tc this

the statistical result obtained from the ink-written records

of electrostatic field-meter, which is not suited for record-
ing small scaled lightning discharges because of its low
sengitivity, has the character represented by the curve(IV)

in Yig, 20, which gives the statistical mean 50 sec that
clearly corresponds to the minority group giving the long mean
value represented by the curve(l) of the same figure. Follow-
ing the above deduction, the short discharge time intervals seems
statistically to correspond to the majority group of lightning
discharges which have a small scale, while the long time
intervals to correspond to the minority group of discharges
which have a large scale., On the other hand, the ink-written
record of an electorstatic field-change, which correspond to a
lightning discharge appearing within & distance less than 5.
km, enables us to measure the time necessary for the '
electrostatic field to recorver its initial value after the
occurrence of the field change due to the related lightning
discharge, Probability distribution of field recorvery

time thus obtained represents roughly a linear relation not
illustrated here, from the inclination of which we can estimate
the statistical mean of it, Table 10 represents the result

of this estimation,

Table 10
Stgp, .
ﬁflstic | Statistical Median value| Number of
aluesal mean value data

Field-
recovery
Electrostatic TL*
field-recovery il aee 24.6 sec
time**

¥ The major part are occupied with ground discharges
*% Ink-written records

Comparing Table 10 with Table 9, we can easily see that the
time length necessary for the recovery of a step electrostatic
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field change produced by a lightning discharge is the
intermediate between the two categories of discharge tine :
interval values, Hence it is evident that in the case of
short discharge time intervals the succeeding discharge
breaks out statistically before the completion of recovery

of the charge dissipated by the preceding one,

This may limit the magnitude of the electrical charge
discharged by the succeeding one, On the contrary, in the case
of long discharge time intervals the succeeding discharge
breaks out statistically after the completion of recovery of
the charge dissipated by the previous one, hence the scale of
the succeeding discharge may not be limited by the

incompleted recovery of the charge dissipated by the previous
one, These two facts seems also to support the above views
that the majority ground of lightning discharges relating to
short discharge time intervals probably corresponds to those
with small.scales, while the minority group of the discharges
relating to long discharge tine intervals corresponds to those
with large scales,

(b) Duration of a lightning discharge:

The statistical nature of the duration of a lightning
discharge is not so complicated as that of the discharge time
interval, Fig, 21 represents the several cases of probability
distributions of lightning discharge durations, As the
first approximation, they all can. be represented their
inclinations each by a straight line, Curves (I) and (II)
are the probability distributions obtained from the data of
atmospheric waveforms corresponding to lightning discharges
having appeared in the range of distances roughly less than
100 km, and correspond to the ground discharges and the
cloud discharges respectively,

Curves (I[I1) and (IV) are the distributions obtained
respectively from the measurements of atmospheric waveforms
and from those of lightning luminosity changes, and both
are the statistical results including ground dischargec as
well as cloud discharges, all having been recorded at
distances roughly less than 30 km apart from the station,
Curve (V) 1s the sitribution obtained from the records of
lightning luminosity changes corresponding to all lightning
discharges having occurred within distances roughly less than
10 km, Table 11 represents the statistical mean and the
median of the discharge durations obtained from the data
giving the curves in Fig, 21,

The table clearly indicates that the duration of a ground
discharge 1s generally longer than that of a cloud discharge,
this seems to mean that the magnitude of electrical charge
dissipated by a ground discharge is statistically larger
than that dissipated by a cloud discharge process, i.e,,

the former usually has a larger scale than the latter, if

the mean discharging
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Table. 11
= !
Discharge duration Statistical | Median Number of
liethod of mean value |value data
measurement
Atmospheric gizgﬁgrge 0.88 sec 1.30 sec 187
waveform Clong
discharge 0.64 sec 0.74 sec 1195
Atmospheric |All lightning 0.80 sec 0.9 sec 427
waveform(TA) |discharges
Lightnin i i
luﬁinoéi%&TPm ﬁ%éc%%ﬁgéglng 0.22 sec 0.44 sec 328
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rates* ) .
of the two do not differ appreciably from each other, Curves

(III) and (iV) have been introduced to see the difference in
the statistical mean values resulting from the difference in
the measuring methods, Because of the high sensitivity of the
atmospheric waveform recorder the durations of lightning
discharges measured on the CW records give the larger
statistical mean value than those obtained from the data

of lightning luminosity recorder which generally has a

lower sensitivity than the former recorder, This is the
tendency roughly coinciding with that indicated by Curves
(1II) and (IV) in fig., 20. Further this may partly come from
the fact that the high sensitivity recording method actually
catches the minute preocesses involved in a lightning discharge
and inevitably gives statistically a long discharge duration,
however,it may also be evident thet we must take the following
point into account: Because of the high sensitivity of the
recorder, the lightning discharges occurring in a wider range
of distances from the station are to be registered with it,
which will increase the chance that two independent discharges
appesring in the above range of distances partly overlap witlh
each other with respect to the time, This may result in

the statistical increase of apparent durations of the

recorded lightning discharges, If we consider these

two factors, it will be probable to deduce that the discharge
durations estimated from the data of atmospheric waveforsm
statistically correspond to the group of upper threshold,
while those estimasted from the data of lightning Iluminosity
changes statistically to the group of lower threhold.
Follwoing these views, the true statistical duration of a
lightning discharge, in which attention is period to the
minute discharge processes ascsocisted with it, must be the
intermediate between the above two extreme cases, Hence

let us assume here that the corrected statistical discharge
duration Tg corresponding to all lightning discharges is

given by the mean of the two values Ty and Tpy jngicated
respectively in the third and the f urth rows of Table 11.

The corrected statistical duration of a ground discharge

and that of a cloud discharge will be given by multiplying
each of the two TG/TA values, respectively relating to the

two discharges, by the values indicated respectively in the
first and the secon rows of the corresponding colunny, in Table
11. The results of this estimation are shown in Table 12,

The statistical duration of a lightning discharge obtained

in this table be the duration which takes minute discharges
occurring in the initial portion as well as in the final portion

* If Q and T represent respectively the gquantity of the
electrical charge dissipated by a lightning discharge
and the duration of it, the mean discharging rate will: be

represented by G/T,
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Table 12

Yort of Method of |Statisticall Median Number of
lightning estimation | mean value | value data
discharges
Correctdd
value (T¢) | 0.51 sec 0.69 sec 855
A1l
discharges
Atmospheric
waveform 0,80 sec 0.94 sec 427
(TA) '
Ground Corrected 0.56 sec 0.95 Séc 187
discharge value i i
Cloud _ Corrected 0.41 sec 0.5/ sec 1195
discharge value -
portion
of it into account, To see this point further, we shall

investigate the statistical durtation of discharge deduced

from the magnetic tape records of the electrostatic field
changes due to lightning discharge, kelating to this, we have
measured the discharge duration Tpy and Tpy respectively on the
records of electrostatic field changes and on those of lightning
luminosity changes, both registered simultaneously on one
magnetic tape with a streo-tape-recorder (see Fig. 1 Section 1,
Chapter 1V) taking the minute discharges associated with the
main part of a lightning discharge into account Then we have

calculated the ratio Ty /TPM for each of the recorded discharges,

From the probability distribution of these ratios we can
obtain the median value (TFM/TPM Med = 1.67. Next, we shall
consider the statistical mean TFM of the discharge durations
which will be obtained wher we measure the records of
electrostatic field changes corresponding to all sorts of
lightning discharges, This may be obtained by adopting the
procedure of multiplying (TFu/TPM)St, the statistical mean
deduced from the above median (TFM/TPM)Med ¥ by the value
Tppy represented in the last row of the Table 11, The, first
row of Table 13 represents the result of these estimations.

* Generally, if the probability distribution has.a linear
relation, the ratio (Ststistical mean/med.an) will
approximately be 1.4. So that we may assume the relation

(Trn/Tpy )St = 1.4 x (TFN/TPM)Ned.
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The second and the third rows of Table 13 have been
obtained through the same procedure as the estimation of
the last two rows of Table 12, using the value Tpy given

in Table 13 instead of the value T¢ that has been adopted
to obtain the values indicated in the last two rows of
Table 12, Therefore the values represented in the last two
rows of Table 13 are respectively the statistical durations
of a ground discharge and a cloud discharge, both estimated
from the data of the electrostatic field-meter,

Table. 13
Method of Sort of Statistical | Median
measurement discharges mean value value
All
lightning 0.52 0.74 sec
discharges sec
Blectrostatic
; Ground
Elgla-maiens discharge 0,57 1.02 sec
sec
Cloud
discharge 0.42 0,56 see
L sec

* Record on magnetic tape.

Comparing Table 1w with Table 13, we can see that the
statistical mean values and the median values indicated in
the last two rows of the two tables coincide fairly well with
each other, Considered from these p01nts it will not be
unreasonable to deduce that the- tlme durations of lightning
discharges, in which atteéntion 'is paied to minute secondary
discharge processes, may roughly be given by the values
represented in Table 12, As the main part of ‘a lightning
discharge, however, shoud be considered to ‘produce a strong
luminosity, so the time duration of the main ‘part of a
lightning discharge may be given by the duration of light-
ning luminosity changes produced by a discharge occurring
at a distance close to the statien, When the luminosity
changes due to a lightning discharge is recorded with a
recorder adjusted to a sufficiently high gair, at a distance
20 - 30 km apart from the discharge, it is not unusual that
they are composed of the mixtures of the two characteristic
luminogity changes, i,e., the continuous luminosity change
and the pulsive lumincsity change, The time length of a
Continous luminosity change usually increases with the decrease
in the diatcone of the discharge from the station, Especially
when the distance of the discharge reduces to less than 10 km,
it becomes not seldom that more than 90% of the total
duration of a llghtnlng discharge is ypeally,
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occupied by these continuous luminosities, According to what
the above fact indicates it is evident that the intensity

of the continuous luminosity is generally so weak that we

can not catch it with our luminosity change recorder unless
the discharge does not break out close enough to the station.
Conversely, if the major part of the luminosity duration due
to a lightning discharge is occupied by long contonuous
luminesities, the distance of the discharge may statistically
be estimsted at less than 10 km, Curve (V) indicated in

Fig., 21 is the probability distribution of the discharge
durations obtained from the records of luminosity changes

due to lightning discharge, which includes long contimuous
luminosities., From this curve we can get the statistical mean
and the median values. The statistical time duration of
ground discharges and that of cloud discharges can be
calculated in the same way as the case of Table 13, using

the above statistical values in the place of T indicated

in Table 12, The result of this estimation is given in
Table 14, When we intend to investigate the general
mechanism of a lightning discharge, "it will be needed

to take only the main part of it into account., The values
represented in this table will be suited for such purposes,

Table 14
Method of Sort of |Statisti-| Median Number
measurement dis- cal mean | value of data
charges |value
All
lightning| 0,22 sec| 0.42 sec 328
discharge
Lightning Ground
luminosity discharge | 0,24 sec | 0.66 sec 187
change
Cloud s
discharge | 0,18 sec | 0.38 sec 1195

(¢) General shape of atmospheric waveforms produced by a

cloud discharge:

Vihen the electromagnetic waveforms of a ground discharge

are recorded at a distance less than 30 km from the

discharge, they generally have the shape illustrated in Fig,
2(¥) of Section 1, Chapter I1I, i.e,, they are composed of a
series of characteristic pulse groups marked with Ig LR,

L2Rp,L3R3,,,,,.which respectively correspond to each of the

ground strokes, Besides this, the electrostatic pulses marked
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with bSy ESp 653 | are scattered between two successive
LR type pulses. In contrast to this, the waveform of a
cloud discharge recorded at a distance comparable with the
former generally has no LK type pulse and is composed only of
a series of the electrostatic pulses marked with £Sj ESp,
ES3, ,...., as illustrated in Fig, 22, in which (a)
represents the waveform of a cloud discharge recorded at

a distance less than 20 km from it, The luminosity changes
gimultaneously recorded together with the electromagnetic
waveforms as, illustrated in Fig 22 (a), clearly indicate
the existence of a light pulse exactly corresponding to

each of the BS pulses, which tells the fact that each ES
pulse really corresponds to a minute discharge that
accompanies a light pulse emission, If the minute discharge
producing a ES pulse is recorded at a distance 20 - 40 km
apart from the discharge, the ES pulse will turn out to

take the complex structure composed of s superposition

of a group of differential type pulses on a simple
electrostatic pulse., Fig, 22 (b) gives the examples of
such complex kS pulees, As the simultaneous.record of
lightning luminosity changes illustrated in the Fig. 22(b),
on the other hand, indicates that the light pulses each
actually correspond to a complex £ES pulse, hence it is very
clear that a light pulse does not correspond to each of the
differential type radiation pulses, but correspond to the
whole of a complex ES pulse, If the distance of a lightning
discharge is increased roughly beyond 50 ~.60 km, the bS
pulses will become hardly to be recorded on the atmospheric
waveforms, and the atmospherie waveform corresponding to
each light pulse appearing on the record of luminosity
changes comes out to tazke the foru of ER pulse composed

of a group of several differential type pulses, This

point is 1llustrated by the exzample E&l’Eﬁg’_,_.‘of Fig,
22(c). In this case, the whole atmospheric waveforms due to
a lightning discharge are clearly composed of an aggregation
of these R pulses, i.e., aggregation of groups of the
differential type radiation pulses, A light pulse that
really corresponds to a group of differential type radia-
tion pulses is clearly discernible in this case too, The
investigation of exact correspondences between the two,
simultaneous records giving the Fig, 22 (¢), clearly
indicates the fact the the maximum of a light pulse
generally appears after the disappiarance of the correspond-
ing electromagnetic radiation pulse, So that the light
emission from a fast discharge process producing a

radiation pulse - probably = fast streamer process - must

be much weaker than the luminosity relating to the slower
discharge occurring in association the fast processes -
probably a discharge process producing a local glow of the
internal portion of a thundercloud, This latter slower
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process of discharge may be the main cause to produce an
£S5 pulse, This is just the. same conclusion as what has
been described breifly in Section 4 of this chapter,
concerning the light emission from ground a stroke, The
electrostatic field changes due to a cloud discharge
usually do not represent anything other than slow and
relatively simple variations which are illustrated in Fig,
1 of Section 1, Chapter 1V, As we have already deduced from
the investigation of Table 4 in Section 4D, Chapter 11I, the
greater portion of these slow electrostatiec field changes
due to lightning discharges in thunder-clouds can be
interpreted by the simple model of a vertical dipole
discharge. Following this result, the £& pulses as well

as the fR pulses, both appearing on the electromagnetic
waveforms of cloud discharges recorded at appropriate
distances, should be considered to have their origins in
the minute local ~ischarge processes appearing from time

to time in association with a large scaled discharge
procesgs in a thundercloud, which can be replaced by the
discharge of a huge vertical dipole, A locnl discharge

of this kir~, as a whole, will produce an individual LS
pulse on the electromagnetic waveform of a lightning
discharge, if the local discharge appears near to the
observation station, while a group of fast minute streaners
involved in a local discharge process will produce a group
of differential type radiation pulses which as a whole,
from up, an ERK pulse on the waveform, if the local discharge
is recerded at a distance larger than the former case,

(see Fig, 18, Section 4 Chapter IV) To know the nature

of minute discharges producing these ES pulses, we have
measured the time interval between two successive kb

pulses = the record of CW, and tried to obtain the
probability distribution of them, The result is indiecated
by Curve (I) and (II) of Fig, 23, which respectively °*
correspond to cloud discharges and ground discharges#,

As there is no appreciable difference existing between
the two curves, it will be evident that the mechanisms

of the discharges producing b pulses do not differ
appreciably from a cloud discharge to a ground discharge,
1t is very clear that Curves (I) and (I1), like those in
Fig, 20, are composed of the two parts of inclinations,
which indicates the existence of the majority greoup of
local discharges that has the short statistical mean
value of time intervale ranging 10 - 20 ms, and the
minority group that has the long statistical mean value
of time intervals ranging 120 - 150 me. Curve (III)
represente the probability distribution of time intervals

# Tine interval between an &5 pulse and an adjacent LK
type pulse has been omitted in this measurements,
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between two successive ground strokes involved in ground
discharges, and has been obtained from the analysis of data
of the Boys camera photograph of the discharges.
clear that Curve (11l) fairly well coincide with the part of
Curves (I) and (I1), which corresponds to the majority

group.

It is very

Hence the local discharges which produce 1S pulses

relating to short time intervals, must be considered to
possess the discharge mechanism roughly identical with that
of the strokes composing a ground discharge in many

Table 15 represents the statistical mean and the
median, both obtained from the curves illustrated in Fig, 23,

respects,

Table 15
%ort of time btatisti?al mean ledtan T
intervals value :
Chort Long value of data
value value
Ground stroke
interval 21 ms 6.7 ms 223
ES Ground
pulse dis- 13,0 ms 125 ps | 10,2 ms:| 1686
intervall_charge
bloud 10.0 ms | 146 ms | 8.6 ms | 3913
dis- : .
charge '

As illustrated in Fig., 22 (b) the ER pulse, a group of
appreciable radiation pulses, is generally recorded
superposed on & BS pulse, if the sensitivity of the short
range waveform recorder and distance of the local discharge
are suited for obtaining such a complex £ES pulse.Therefore
the probability distribution of the time intervals between
the two successive Fh pulses, which can usually be obtained
on the record of atwospheric waveforms originating from
lightning discharges 60~100 km apart from the station,
should statistically be identical with the probability
distribution of time intervals between the two successive
E: pulses, which usually appear on the record of
atmospheric waveforms originating from lightning discharges
less than roughly 50 km apart from the station. This point
is indicated in Fig. 24, in which Curves (I) and (I1I1) are
the probability distributions of ER pulses and respectively
correspond to ground discharges and to cloud discharges,
The general tendencies of these two distributions are
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seen roughly to coincide with that of the short time interval
portion of the £S5 pulse distribution represented by Curve (1V),
which is identieal with Curve (II) in Fig, 23, and represents
the case of ground discharges, Because of the complexity

of structure of atmospheric wavefcrms recorded within the
range of distances, 60~-100 km it is very difficult to verify
the existence of the minority group of local discharges, which
relate to the long statistical time intervals, on the ER

pulse interval distributions, which take all ER pulse intervals
appearing on a record of CW into account, However, if we
neglect the ER pulses which are not composed of a group of
appreciable radiation pulses on a CW record of atmospherics
due to discharges 50 - 150 km apart from the station, the
measurement of time intervals between the remaning ER pulses,
each composed of a group of appreciable rediation pulses,
gives the probability distribution represented by Curve (I1I)
indicating the case of cloud discharges, The comparison of the
two Curves (I1I) and (1V) clearly indicates that the
statistical mean time interval roughly identical with that

of the minority group measured on the probability distribution
of Eb pulse intervals, can also be obtained on the
distribution of ER pulse intervals, if the EH pulses

appearing on the atmospheric waveform record of a lightning
discharge are selected with respect to their amplitudes.

The above statistical facts seem to indicate the point that
the majority group of ES pulses representing short time
intervals are produced by small scaled local discharges and
the minority group of ES pulses representing long time in-
tervals are produced by large scaled local discharges
accompanying a group of a few appreciable fast streamers.
Table 16 represents the statistical mean and the median
obtained from the curves represented in Fig. 24.

Table 16
Sort of Sort of Statistical mean lkedian | Number
pulses discharges value : value | of data
Minority | Majority
group group

4. ples Ciland 120 ms | 46 ms | 2207
group discharge | ————
= Ground ci
Sl pages discharge - e— Bl WE | S0
(group)

Cloud

. 117
discharge =3 ma 1. ma >
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(d) Polarities of electrostatic field changes and those
of ES pulses and ER pulses:

When the electrostatic field changes due to a lightning
discharge are recorded with an electrostatic field-meter,
we generally see that they usually do not represent
anyting but the gradual variations which indicate a slow rate
of discharge processes,with the exception of stepwise field
changes mainly corresponding to individual strokes composing
a ground discharge. #nd, it is somewhat difficult on the
record of electrostatic field-meter to detect the existence
of minute field changes which correspond each to LS pulse
or to a ER pulse appearing on the atmospheric waveforms
simultaneously recorded with the record of electrostatic
field changes, This point is indicated by the simultaneous
records of electrostatic field changes and atmospherie
waveforms illustrated in Fig, 25,

Pig, 25

( 1988, 8.7. 18" 32™)
Atmosgheric waveform ( 20 db )

I 0

)]
A )

7
Electrostatic ( A+ 20 db}
field Change T1ma—————+}

L
I

0O . ‘ 150”&

This situation may partly come from the difference in the
sensitivities of the two recording methods and parly from

the difference in the recording frequency ranges of the two,
However, if a £S5 pulse is really produced by a local
discharge composing a minute psrt of or a minute secondary
part of a large scaled cloud discharge representable with a
vertical dipole model, it will be very natural to consider
that the direction of a minute local discharge will generally
coincide with that of a large scaled dipole discharge
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representing the whole of a cloud discharge, Fig. 26 (a)
represents an idealized case, in which a stepwise field
change due to a local discharge is superposed on a gradual
field change corresponding to a large scaled dipole
discharge occurring in the same direction as the local

discharge, Fig. 26

Local discharge

Large scaled
- » (8)

dipole discharge N

(b)

b T

As the time constant of our short range waveform recorder
is not long enough to be able to record a stepwise field
change without any serious distrtion, so the field change
due to a local discharge can not take a stepwise form but
will be deformed so as probably to have the form of a ES
pulse like the one illustrated in Fig, 26 (b), an? the
polarity of a ES pulse will become generally to coincide
with the polarity of a field change due to the relating
large scaled dipole discharge statistically occurr:ng in the
same direction as a local discharge. Following the result
obtained in the above discussion, the form of a ES pulse
produced by a local discharge will be changed into the

form of a ER pulse, if the distance of the local discharge
is increased roughly beyond 50 km, and further, the .
discharge involves the process of fast streamers, Concerning
this point, the coincidence of the three occurrence
probability distributions (I),(II) and (1V) given in Fig,
24 clearly indicate that several remarkably fast

streauwers usually break out during the process of a local
discharge as one of th: elementary processes composing 1it,
Following these ideas, the direction of electricity
transfer produced by a fast atreamer will statistically
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be coincide with that of the electricity transfer prcduced

by the remaining portion of the local discherge process
giving a ES pulse, The Fig, 26(c) illustrates an idealized
ER pulse whose polarity coincide with that of the gradual
field change due to a large scaled discharge. The Table 17
(a) indicates the corelation between the polarities of
gradual electrostatic field changes due to a lightning
discharge and those of the Ek pulses appearing on the
atmospheric waveforms simultaneously recorded along with

the former changes, and the Table 17(b) the corelation
between the polarity of a ES pulse and that of a ER pulse,
both overlapping with each other on an atmospheric waveform,
The Table (a) indicates that the observed percentage of the
case, in which the polarities of the two corresponding records
are reversed with each other, is really equal to zero, and the
Table (b) also indicates the reversed polarities to occupy
only 11,7 % of all the examined polarity combinations of the
two corresponding pulses  These are the observational facts
which statistically coincide with the above expectation
deduced from the possible structure of a minute discharge

Table 17 (a)

Folarity
corelation | ©ame Mixed Reversed

simultaneous pelarity polarity polarity

records of
field changes

Polaritizs of | |
ER pulses on T | _ __
an atmospheric s b e Al 1} LR T Eu |
waveform |

Polarity of
gradual l [ *{
electrostatic |4 o |
field change I | |
I
|

Number of 0
cases 36 9

Precentage 80 % 20 % 0%

¥ The symbol O indicating the record, on which it was very
difficult to determine the polarity.
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Table 17 (b)

folarity
corelation Same polarity Keversed
Sort of polarity
corresponding
records

rolarity of £S pulse
on an atmospheric -+ L. == -+ =
waveform ; |

Polarity of ER pulse

on an atmospheric U I
waveform + \ +
, !
Number of cases 224 30%
Percentage 28.3 % 11.7 %

* Many-of the ER pulses included in this space’ have the
forms which make it difficult to determine the
polarities of the pulses,

producting a ES pulse or a £K pulse on the atmospheric waveforms
due to a lightning discharge, These minute discharges have

been termed the local discharges in the above invertigation,
Following the above results, it will be possible to infer

the probable structure of the gradual e¢lectrostatic field
changes due to a Jightning discharge, and to know the

movernent of electricity produced by the discharge, if ue

measure the polarity variations of &8 or bR pulses, with the
progress of a discharge on the atmospherie waveforms

produced by it.
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6 Gradual discharge process in a thundercloud

(A) Electrical charge transfer resulting from a cloud
discharge

The electrostatic field changes produced by a cloud
discharge are generally very gradual and usually do not
represent any appreclable stepwise structure, The Fig, 25
in the previous section illustrates an example of electrostatic
field changes due to a cloud discharge, which indicate this
point, As we have already investigated in Section 4D, Chapter
I1I, many of the cloud discharges generally produce each the
simple electrostatic field change resulting from a simple
movement of electricity in a thundercloud., Hence it becomes
possible to approximate a cloud discharge with the model
of a vertical dipole discharge. Moreover, if we consider the
general model of distribution of electricity inside a
thundercloud illustrated in Fig, 1, Section 1, Chapter II,
the structure of the greater portion of cloud discharges
may be interpreated with the discharge processe breaking
out between the upper poeitive charge distribution P and
the lower columnar negative charge distribution n repreoented
in the figure, except for the rmall portion /f cloud

1qchargus Whlch have a reversed polarity to the above case,

Following this idea, let us assume the discharge of a
positive electrical dipole pn located on a vertical axis
as illustrated in Fig. 27, and consider the electrostatic
field Eg due to the dipole measured at the observation
point P on the earth's sureface, distance D apart from
the point Q@ lying on the earth's sureface just beneath

Fig., 27.

@ @

Earth's Q " P
surtface

the vertical dipole pn, Then kg will be expressed as follows:

Eg = 223 H+ _  20Q-H- _ 20t 20 )
) (H2 +D* )3/2 (Hg-{—DQ)B/Q -T2 £ xq)=-—1(x-)

e



Where 3 , Q-, and H , H-, are respectively the magnitude of
electrical charges and the altitudes of the two charge centers
p and n, and f(x) is represented by

fix) = X
( ) (1+X )3;2 y X+ = Hy /D ’ -X_:H-/D
In the above expression of Eg, the term f(x¢+) or the term
f(x-) muzt be treated as a variable function in accordance
with the discharge being advanced by a positive streaner,
or by a negative streamer, The electrostatic field Eg
at the moment, when the dipole discharge has proceeded the
half way, will be represented as follows:
For the case of a positive streamer discharge,

. - 3
By ==SrG) - 29¢(.)

For the case of a negative streamer discharge,

i ———‘359 f{x'i' _%'2 B, ?)

where ~?=x=H/D the relative altitude of the streamer head
advancing the discharge gap pn from p to n (a positive
streamer), or from n to p ( a negative streamer). The
electrostatic field change produced by the above dipole
discharge will be :
For positive steamer discharge
3 G T = t ;

ABsy= Blg - Eg = ES { (i) - f(X+)% (1)

For negative streamer dlucharge !

- . 0= L ;
- Alis. T E's- - iy =—ﬁ§—__Lf(x") - f( (
where XuélE§§+

and ¢ decreases from x to x- in the formula (1)
‘;incresses from x- to x+ in the formula “(2)

(4]
~——

Therefore we cen see that the change of the electrostatic
field due to a wvertical dipole discharge is determined by
the term given by f(%)., It is evident that the polarity of
kg will become positive or negative sccording as the range
of the wvariable 5 ;- given by Ht/DE E < H-/D really occupies
what portion of the curve illustrated in the Fig., 28. If
the distance of =2 discharge from the observation station
1s adeqguate, the range of the variable ¥ will include
a1/l (rhe field reversal distance) which gives the
maximum of the curve illustrated in Fig, 28, In such
cases the formulae (1) =2nd (2) respectively tell that a
positive streamer mus. produces a maximum and a negative
streamer must procuce a minimum, Therefore if we consider
the records of electrostatic field changes due to lightning
discharges having been observed in the region of their field
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reversal distances and investigate the number of the field

Fig, 28
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change records each representing a meximum and that of the
field change records each representing a minimum, then

we can obtain the occurrence probabilities respectively

of the positive and the negative streamers which produce

the gradual field change, the characteristic of a non-
ground discharge, The result of this investigation is
represented in Table 18, which indicatés that the

gradual electrostatic field change due to a ground discharge
generally has the simpler structure than that corresponding
to a cloud discharge. If we take the stepwise field change
produced by a ground stroke outside of account, 92 % of the
recorded gradual electrostatic field changes, each resulting
from a "junction process " involved in a ground discharge,
have each a maximum on themselves, while the recorded

field changes, which have each a minimum on themselves.
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Table 18

Sort of
Cloud Ground

Type of dischargs discharge discharge
gradual electro=
static field-changes

Simple Maximum type 67.9 % 92.0 %

change Minimum type 6.6 % 2.2 %

Complex change# 25.5 % 5.8 %

Number of data _ 53 87

* The field change that has more than two extrems values

occupy only 2,2 % of,all the recorded gradual field changes,

each corresponding to a ground discharge, and representing a few
extreme values on it, Considering the possible error probably
occurring in the progesses of recording and measuring the
electrostatic field changes, it will be reasonable to conclude
that nearly all of the junction streamers - the streamer producing
a junction process - involved in ground discharges and

producing each a simple gradual field change must have a positive
polarity, In the case of ground discharges the records of
complex field change which can not be interpreted by the

process of a simple vertical movement of a single junction
streamer, clearly occupy only 5.8 % of all the recorded

gradual field changes due to ground discharges, while the case

of cloud discharges indicates that the records of such complex
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field changes occupy as much as 25.5 % of all the recorded
gradual field changes, This observational result seems
clearly to indicate that the greater portion of the junction
streamer processes each involved in a ground discharge are
generally simpler than those each involved in a cloud discharge.
Further, the case of a cloud discharge indicates that the
recorded discharges, which are advanced each by a positive
slow streamer giving a maximum on the record of electrostatie
field change, really occupy about 68% of all the recorded:
cloud discharges, and compose the majority group of them,
On the other hand, the recorded cloud discharges, which
are advanced each by a mixture of positive and negative slow
streamers giving few extremed on the record of the field
change, also occupy as much as 25,5 % of all the recorded
cloud discharges, so that the mixed process of positive and
negative streamers composing the minority group also can
not to be neglected thoroughly. Following these facts,
the cloud discharges may be divided, at least, into the
following two categories, i.e., the majority group of
simple discharges which are advanced each by the process of
a positive slow streamer, and the minority group of
complicatec discharges which are advanced each by a mixed
process of positive and negative slow streamers probably the
procuss of a mid-gap streamer that will be described later
in Section 7C, Chapter IV,

(B) Complex streamer inside a thundercloud

We have investigated in the previous paragraph (A) the
fact that the main part of a cloud discharge is generally
composed of the streamer process which produce a gradual
electrostatic field change, and further studied that
in many cases, the streamers of this kind has a positive
polarity, and accordingly they can be regarded as to posess
the character similar to that of the junction streaumers
appearing in the intervals between strokes of a ground
discharge. Here let us intend to estimate the progressive
velocity v, of the positve streamer in a thundercloud,
composing the main part of a cloud discharge. Let the
statistieal length of the separation of the two charge
centers composing a vertical dipole be 3.2 km following
Workman (14), and take the median value, 0,32 sec, of
the durations of cloud discharges given in Table 1/
Section 5, then it follows ve = 3,2 x 105/3,8 x 10-1zp N
x 106 em/sec, As to the progressive velocity of a junétion
streamer occurring in the stroke interval of a grounA?
discharge, the averaging of the wvalues of altitude differences
between two successive ground strokes (1,ii), (I1,1II),.....
(VIII,1X) represented in Table 19 of Section 4B, Chapter II
gives the value 0.2 km and the statistical mean of the time
intervals between the two successive strokes given by the
probability distribution curves illustrated in Fig, 20 of
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Section 4B Chapter II is 20 ms, So that the velocity wJ
of a junction streamer will be vj = 0.2 x 105/20 x 10=3

= 1 g 106 em/sec, So the conclusion Ve = vJ can be obtained,
It is now evident that the slow streamer composing the main
part of a cloud discharge generally has the natures similar
to those of the junction streamer appearing in the stroke
interval of a ground discharge with regard not only to its
polarity but also to its progressive velocity, The velocity
value 1 x 100 is a actually still lower than the lowest
observed velocity 5 x 106 cm/sec of the beta type stepped
leader described in Section 2B of this chapter., Honda (15)
pointed out in his paper that a positive streamer generally
has a velocity about twice as large as that of a negative
streamer, Our comparison of the progressive velocities of
positive streamers with those of negative streamers, both
obtained from the data of indoor experiment of spark discharges,
also clearly confirmed this point, according to which(16) a
positive streamer generally has a larger progressive velocity
than a negative streamer, if the experimental conditions
producing the two streamers are kept the rame with each other,
However, the case of an actual cloud dischsrge indicates,

on the contrary, th-t the positive slow streamer that
composes the main part of a cloud discharge statistically
has the velocity only equal to a franction of the lowest
cbserved velocity of a stepped leader which has a negative
polarity. These contradicting facts existing between
experimental spark discharges and lightning discharges seem
to be attributed to the fact that the slow streamer process
appearing in a thundercloud is not composed of single
streamer but actually has a complex structure constructed
from a group of a large number of small positive streamers,
each of which probably has the nature actually confirmed

in the experiment of a spark discharge, The streamer of a
complex structure that probably includes s large number of
minute streamers in it may have, as a whole, an average
velocity of a very low value, which can be deduced from the
nature of the gradual electrostatic field change due to

a cloud discharge, in spite of the high velocities of the
minute component streamers, so long as the component
streamers break out intermitently through-out the gradual
discharge process. Following this postulation we shall

term the slow streamer compsoing the main part of a cloud
discharge, as well as the junction streamer appearing in

the intervals between two successive stroke of a ground
discharge," the complex streamer" in a thundercloud,

In the sense-that a complex streamer is constructed from

a number of minute component streamers appearing intermitent-
ly throughout a non-ground discharge process, this streamer
containe some aspects of a corona discharge,

In fact, several kinds of statistical characteristics relating
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to a cloud discharge can really be interpreted by a model that
assumes a c%gud discharge thoroughly composed of a corona
processe,(l If the velocities of minute component streamers
are sufficiently high, a complex streamer of a corona like
character should produce a great many radiation pulses, each
corresponding to a compeonent streamer, randomly occurring
through the process of a gradual electrostatic field change,
Therefore if the distance of a complex streamer process Ifrom
the observation station is appropriate, and if the gain and
the frequency characteristics of the short range waveform
recorder are suited for recording the radiation pulses
produced by component streamers, then the radiation pulses
should be registered on the atmospheric waveform record of

a cloud discharge throughout the period of the gradual
electrostatic field change indicating the existence of a
complex streamer, However, we have not succeeded till to

the present to confirm the existence of the random

repetition of small radiation pulses appearing throughout

the period of a gradual field change, The reason of thie
will be either of the following two: our waveform recorder,
which is designed to record the electromagnetic field

changes composed from Fourier components distributing in

the frequency range 1--100 ke, is not capable of recording
the radiation pulses correcponding individual minute component
streamers, or the velocities of the minuie component
streamers are not suffieciently high so as to produce each a
sharp radiation pulse, Beczuse of the shortage of the
reliasble data suited for the investigation of the sbove point,
it is very difficult to determine which of the two factors
being the more important.

Followihg the idea of a complex streamer which continuously
develop a cloud discharge forward, the luminesity recorder
should ragister the continuous luminecsity exsisting
throughout the period of a gradual electrostatic field

change which indicstes the existence of a coumplex streamer,

As the contirucus luminosity, however, generally has a weak
indensity, so it is ususlly difficult to catch it with our
luminesity recorder unless the sensitivity of the recorder
being adjusted to a sufficiently high degree and the
discharge to be reocrded being located close to the
observation station, Table 19 represents the number of
records of cloud discharges which involve each a continuous
luminosity with a duration longer than 100 ms measured on

the simultaneous records of the luminosity and the elsctrostatic
field changes due a cloud discharge appearing close to the

station* )
The result indicated in Table 19 shows that our luminosity

recorder is incapable of recording the continuous luminosity
in spite of its high gain, so long as the cloud discharge

producing the continucus lumincsity does not break out within
a distance roughly less than 5 km from the recording station.
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Table 19

Distance from | Grade of record of cloud Number of
cloud electro- discharge containing| examined
discharge static » | continuous luminosi-| data
field-changg longer than ty
100 ms
rercen- | Number of
tage records
0~ 5 knm Large 100 % 11 11
5 - 10 km Medium 76 % 19 25
10 - 15 km Small 11,1 % 2 18

* The gain of the electrostatic field-meter: - 10 db
The gain of the luminosity recorder: 20, 30 db

Further see the point that how large portion of a lightning
discharge duration does the continuous luminosity duration,
occupy the total cduration T totaland the continuous luminosity
duration Teont have been measured on each luminosity record
corresponding to a lightning discharge appeared within the
distance less than 15 km from the station, The statistical
result of investigation of ratio values Tgont/ Ttotal,

* caluculated from the above data, has been represented in
Table 20, which indicate that the ratios are lying in a

wide range of values 0,01 - 1,0 and the part of ratio values,
which are larger than 0.8, occupies only 7.6 % of all the
examined records, However, if we take the point into account
that the distances of lightning discharges giving the data of
Table 20 distribute in a wide range as large as 15 km from
the station, it will be very probable that the larger portion
of a total luminosity duration corresponding to a lightning,

¥ The continuous luminogity recordable with our luminosity
recorder seems not always to come from the light emission
from the advancing head of a complex streamer in g thunier-
cloud, because the light from this portion will generally be
disturbed by the opac cloud body, Therefore, especially
when a thundercloud covers the overhead portion of the sky,
the greater part of the continuous luminocity records caught
with our apparatus, at least, may be considered to result
from the light emission of the overhead portion of the cloud
base,

-190..



Table 20

Ratio of |[Distance |Distribu- | lightning Number of
luminosity|lightnind| tion discharges examined
durations |discharge| range of | possessing the |data
: the. radio| ratio larger
values than 0,8

- Number

EBte of data

centage
Teont/ 0-15 [0.01-10| 7.6% | 12 157

Tiotal ki

o e

independent of being a ground discharge of a cloud

discharge, will really be occupied by a continuous luminosity
in most of the records of luminosity changes, provided that, the
first, the distance of a discharge from the station is short
enough, the seond, the sensitivity of the recorder is
suffeciently high, and the third, the conditions of the light
emission from a discharge in a thundercloud is fabourable for
recording the continuocus luminosity change, e have already
described in Section 2D of this chapter the nature of an
intercloud discharge, whose channel emits the weak light
continuously throughout a relatively long period occupying an
appreciable portion of a lightning duration, and which has
several point sources of strong light emissions on its
channel, This kind of slow continuous process of a intercloud
discharge will probably be the possible appearance of a
complex streamer described in this section,
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7 Fine structure of a cloud discharge
(A) Local discharge

As ws have already investigated in the previous section,
the main part of a cloud discharge and the part’of a ground
discharge exclusing the process of ground strokses are generally
composed of the slow process of a complex streamer, during
the life of which thelocal discharges deseribed in Section
5 break out intermittently. The statistieal character of the
time intervals between two successive local discharges,
indspendent of being accompanied by a cloud discharge or
by a ground discharge, fiarly well coincide with that of
the time intervals between two successive ground strokes
involved in a discharge to ground (see the fig. 23 Section
5), from which we can deduce the resemblances of the mechanism
of a local discharge in a thundercloud with th=t of a ground
stroke., The point, whether the small discharge in a thunder-
cloud will end as a local discharge in the cloud or will

grow to a dart leader to lead a return ground stroke, it
will depend on the density and the extent. of the volume
of the locally accumulated electricity., Following

the resulta obtained by Malan and Schonland(17) the process
of a junction streamer conecting two successive ground strokes

will be.as follows: When the process of a ground stroke
involved in a multiple ground discharge has completed, a
conductive discharge channel is stretching upward from the
earth's surface to the dissipated negative charge center
related to this ground stroke, so that the negative charge
accumulation, which 1is Jlocated just above the discharged
center and occupies the lowermost portion of the relating
negatively charged column existing in the cloud, will
instantly induce the positive electricity arcund the upper-
end surface of the dissipated charge center through the
intermediation of the remaining conductive channel connecting
the center with the earth's surface., As the mean saparation
of the two charge centers producing two successive strokes of
a ground discharge is only 0.2 km (see Fig, 21, Section 4B,
Chapter 1I), the negative charge accumul=tion at the lowermost
portion of the negatively charged column and the positive charge
accumulstion induced by the former at the uppermost portion
of channel of the previous ground stroke will build up a
strong negative .electrostntic field, by the action of which
a complex positive streamer- the junction streamer with

a positive polarity-will be started from the induced positive
charge accumulation and stretch upwards. When the advancing
ramified head of the complex streamer reach the lowermost one
of the negative charge centers scattered along the vertical
negatively charged column, several dart streamers will start
successively from the upper negative charge center taking
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the opposite direction to the complex streamer advancing
upwards, and travel downwards along the discharge channel

built up by the complex streamer, If the charge accumulation
at the lowermost portion of the negatively charged column

is sufficiently high enough so as to ‘advznce one of the

dart streamers further along the remaining discharge channel
having been built up by the previous return ground stroke, then
a minute dart streamer, which happens to statisfy the

condtion most favorrable for the further progress, will grow
to a huge scaled dart leader and lead the next return stroke,
On the contrary, in the case of a cloud discharge the both
electrodes of the discharge are located vertically within
a thundercloud, and statistically the upper electrode is
charged with positive electricity, while the lower one
with a negative electriecity, This is the dipole polarity
just reverse to that of a ground discharge. As the two
electrodes relating to a cloud discharge are composed each
of a volume charge distribution, the two electrodes must
be considered to be eguivalent with each other, This may
inevitably result in the production of a positive complex
streamer stretching downward from the positive electrode
located in the upper portion of a thundercloudx*, The
positive complex streamer thus produced will advance
downward along the negatively charged column extending
vertically beneath the positive electrode, and

nentralized the column from the upper-end to the lower-end
of it,

If the supposedly ramifield head of a positive complex
streamer growing downward reaches one of the negative
charge centers scattered along the column, the continuous
discharge advanced by the process of a comglex streamer
will be activated locally, which results in the production
of a small scaled local discharge in this moment., The
local discharge thus produced will give a LS pulse on the
waveforms of a cloud discharge recorded at distances less
than 50 ~60 km apart from the station, At this moment a
group of appreciable but small scaled fast streamersx ¥
may brezk out in accordance with the electrical conditions
producing a local discharge and will give a group of
radiation pulses forming a ER pulse on the atmospheric
waveforms of a cloud discharge recorded at a distance lying

* % Following the discussion given in Section 4. the probable
length of these fast streamers would be 0.5 ~1 km,

% In the case of an artificial spark discharge prouced
between two metal electrodes, a positive streamer
generally ha< the tendency to grow more easily than
a negative streamer can do it, if the discharge
conditions of the two are kept the same with each
other,
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in the range 50 - 150 km apart from the discharge., Following
the analogy of a junction streamer process involved in a ground
discharge, the fast streamers which break out in the process
of a local discharge occurring in a cloud discharge will

be nothing other than the negative dart streamerswhich
progress upward and are directed toward the inside portion

of the complex streamer head advancing downwards. This point
will be touched once more in the following discussion, If
the scale of a local discharge happens to be remarkable,

some of the fast streamers which are included in a local
discharge and give each a radiation pulse will have a chance
to grow to a huge scaled dart streamer, and construct a
component cloud stroke involved in a multiple cloud discharge.
Further, if a portion of a huge scaled dart streamer extends
through the outer-edge of a thundercloud, the streamer may be
photographed by the flash resolving camera as a component
flash of a multiple cloud lightning discharge, Following
this idea, the number of radiation pulses involved in a

ER pulse, or in a complex ES pulse, must represent the

nunber of remarkable fast streamers breaking out in
association with a local discharge. The statistical
investigation of the number of remarkable radiation pulses
involved in the waveform of a local discharge gives the
median value 2, which point is indicated by Table 21
suggesting the existence of, in average, 2 fast remarkable
streamers per local discharge,

Table 21

Median value Number of data

Number of R pulses per
ER pulse 2 L4225
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Table 22

Sort of
discharges Cloud discharge Ground dischargex

4
ES e

pulse 0-¢ km | 8-20 | 20-60 |0-8 km|g8-20 |20-60
polarity Kim km km ki
variation

e o 57.8.% | 45.7% | 24.5 % |17.6% |45.2% | 62.1%
Simple 4 — |31.4 % | 8.8% | 7.9%|17.6% |14.6% |13.9%
variation

4| 3.8%(26.22(16.9% | 8.3 [15.9% | 5.6%

2.2 % |13.1% 39,6 % |39.8% |14.6% 8.3%

Complex variation 4.8 % 116.2% |11.1% |16.7% |} 9.7% | 10.1%

Number of data 185 160 33 108 g2 108

b —

*15 pulses existing between two successive LR type pulses,
which correspond to ground strokes later than the first,
have been measured on the CW'records of ground discharges,

the twe typus « - and . rust correspend to the record of the
electrcstatic field cnaonge due tc e lightning discherge breakinv
out outside the field reversal regionx

surrouding the recording station, and the type , .and - ; must
correspond to the record of the field change due to a discharge
breaking out inside the field reversal region, provided the
discharge being representable with a wvertiecal dipole model,

The estimation of distances represented in the table has been
made from the consideration cof the recording gain of the short
range waveform recorder and from the average amplitude of the
recorded ES pulses, hence the distance values only have a
statistical meaning, One of the outstanding evidences the
table indicates is that, in the case of cloud discharges, the
variation type is seen predominating over the variation type
- - in the short distances, while the type - - conversely
predominating over the type 1in the long distances, and in
contrast to this, the case of ground discharges represents just
the reversed relation. On the otherhand, the polarity of

* Following the model illustrated in the Fig. 27, Section
6A, the field reversal region will be given by 2,H-2 Déf?%{
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(B) £S and ER pulses appearing on the atmospheric waveforms

Following the result obtained in Section 5, the polarities
of the ES pulses, of the ER pulses, and of the gradual electrosta-
tic field changes, all recorded simultaneously, are statistical-
ly coincide with each other. Therefore it becomes pessible
to infer statistically the probable apprearance of the
electrostatic field changes, which may be produced by a
complex streamer, from the investigation of the polarity
variation of these pulses on the atmospheric waveforms with
the development of theconcerned discharge, The polarities
of ES pulses or of £R pulses appearing on the atmospheric
waveforms due to a lightning discharge generally represent
a very complicated variation during thedevelopment of a
discharge, Hence it is always very difficult to find two
atmospheric waveforms on which the polarities of ES pulses
or of EK pultes vary in a completely identical manner with
the development of the relating discharges, However, if
small differences in the kS pulse polarities may be ignored
and merely the polarity variation characteristi s represented
by the majority of &S pulses are taken into account, it may
be possible to determine the type of the variation of 1S
pulse polarities with the developnent of the relating
lightning discharge. Table 22 represents the percentage
numbers of the records which belongs to each one of the
five categories of the polarity variation type of ES
pulses measured on atmospheric waveforms recorded at
several different distances from the retating lightning
discharges,
The category marked as " slmple varlatlon“ includes the
lightning discharges which can be interpreted,each by the i }
vertiecal movement of a positive or a negative complex
streqmér i.e., the cloud discharges representable with a 2]
vertlcal dlpole discharge, and the category marked as "complex
variation" includes the llghtnlng discharges which can not
be interpreted each by the simple vertical novement-of a
complex streamer, i.e, the complicated cloud discharges
not representable with a simple vertical dipecle discharge.
The twe types + +and - - represent egually the case in which
the ES pulses appearing on the CW record of a lightning
discharge have each an identical polarity throughout
the discharge except for winute polarity fluctuations
occasinally appearing on the CW record. The types+ - and
- +represent the case in which the polarities of ES pulses
on the respective record of a lightning discharge vary
respectively once from+to - or from - to+with the develop-
mant of the respective discharge, so long as the minute
fluctuations of the polarities may be lgnored.. Following
to the coincidence principle of the polarity of &5 pulses
and that of the gradual electrostatic field change,both
obtained simultaneously,concerning the same lightning discharge,
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#R pulses are in a relation roughly to coincide with the
polarity of &5 pulses, provided these two sorts of pulses
being recorded coincidently at two places lying at
respectively appropriate distances from a common lightning
discharge, So that polarity variation of ER pulses with the
development of a lightning discharge, measured on the
atmospheric waveforms due to a relatively far distant
discharge, must be expected statistically to coincide

with the polarity variation of ES pulses, measured on the
waveforms due to a discharge appeared at an appropriate
distance from the station, The statistical result of the
investigation of polarity variation of ER pulses corresponding
to lightning discharges 40 - 150 km distant from the station
is given in Table 23, which represents, though roughly, the
similar tendencies with those of the respectively
corresponding colums of Table 22, so long as the small
difference may be ignored, When the head of a positive
complex streamer that progresses inside a thundercloud with

a slow velocity, makes contact with a highly charged center

of negative electricity, the velocity of the streamer

head may be increassed sudenly at this moment for a very

short time length in a remarkable degree, For this

reason, we may replace the proce=s of & local discharge

with a small but sudden local displacement of the electricity
accumulated in a point like shape¥*

Let the earth's surf-cre be expressed by xy - plane, and the
verticnl direction by z-axis, and assume that the magnitude

of an w- pulse is given by the electrostatic field change
resulting from the movement of a point electric charge q from
the point Q(x,y,2z) to the adjacent. point @ +dQ. If we assune
the opposite point electric charge -9 being located at

the image point § (x,y,-2z), the vertical component of the
electrostatic field, which the point electric charge q
produces at the observation point P(% y Ty 0) lying on the
earth's surface, will be given by

Bs = 2qz/r3
where r? = (x _2)24% (v -k)2+.52.

Hence the vertical component of a electrostatic field change

Eg produced by the displacement d of the point electric
charge g will be

ABs = pq(z/rd)a v , (1)
where d7zr=(dx, dy, dz) = (& B v )dﬁ-.

¥ Generally a discharge can be approximated by a movement of
positive or negative electricity concentrated in a small
volume,



Tablef

23

%
Sort of discharges
o A Cloud discharge Ground dischargex
O Distance ~~—_
LR \‘\\ -
pulse polarit\‘x\\\ 40 - 50 km, 40 - 150 km,
variation e
+ + 5.3 % 57.3.%
Simple : '
variation i e 8.5 % 30.4 %
o oo 15.2 % 1.1 %
S, 83.7 % 0.0 %
Complex variation 19.% & 11,2 %
Number of data 375 89

* BR pulses existing between two successive LR type pulses, which
correspond to ground strokes later than the first, have been
measured on the CW recdords of ground discharges.

This value is equivalent to the twice of the eléctrostatic field
which is produced by an electric dipole* composed of a point
charge q place at point Q+dQ and an opposite point charge -q
placed-at point Q, and therefore possescing an, electric moment

p = q.dl lying in the direction given by (¢ 8 ¢ ). Thz
conefficient 2 comes from an image dipole introduced to let the
electrostatic field due to the dipole pair to take the vertical
direction to the earth's furface, when it is measured on this
surface, The generality of the formula (1) will not be disturved,
even if the position of the local diple is given by Q(0,0,h), and
the direction of it by (cosx, cos m, cosy’). (see Fig. 29).

Let us take the expression d7zy (ces™. cos m, cosy ). df and
calcuate the differential formula (1). The result obtained

under the assumption cos v'# 0 will be

ABg = 29d1 cosY |( §4~3/2 h COS)\;)gr( i +3/2 h —COS A
5 cos cos ¥
r
B 8= cos? ¥ (Qj
L cosR Y

* [n the followings this will be termed as "the local dipole",
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Theigenerality of the formuia‘(2)_w111 not be lost, even
though the direction of the local dipole is taken in the =zz-
plane so as to make cos u = 0, In this case the formula (2)
will be somewhat simplified as follows: g N g DY’1

2% g A 2 R Yoppgd
4 Bs =204 cos? | (§+3/2 htg )% n"= h LA
rh { o B COS"Y’j
Putting ;&g = O into the equation (3) we can get the field
reversal baundary as follows: ‘ ’

b ) wcoall)
(343/2 htgy)? +hR = h* =208tk

This is a circle whose center is glaced'at ( =3/2htey’, 0, O),
and whose radius is k= h |9 - cO8TY/2 cos}?, As the direction
of a loeal dipele appreoaches to a horizontal direction, the
angley will increase tom/2, hence the pogition of center of
the circle will be displaced horizontally away from the

local dipole, which results in the increase of the radius

k. Fig. 30 represents the horizontal projection of a

local dipole on the xy.plane and the field reversal boundary
eircle relsting to it.

In the figure p" represents the horizontal projection of a
local dipole, C the center of the field reversal circle,

‘he polarity of 4 kg, when the observation station is placed
inside the field reversal circle or when it is placed outside
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Fig. 30

the circle, will coincide with the polarity of ABg, when
(},1) = (0, 0) or (8,%) = (3w , 0 ) is put into the
equation (3) respectively (}. represents a large value).
That is, the polarity 4 Bs can be determined by the
following formulae:

Y
- 4ad f cos |

For field changes inside 4B =

the reversal circle - 1(5)
For field changes outside 4lig = 2qd.4 Cosriﬂffy
the reversal circle

As the relation gd { -» cosy’0 (where 4>0) will be concluded in
accordance with a local dipole respectively Airecting upwards
or directing downwards with reference to the horizontal plane,
so it becomes poscible to determine the relation of the upward
of downward direction of a loecal dipole to the polarity of kS
pulses (identical with the polarity of 4 kg) recorded inside
or outside of the reversal circle by using the formulae(5),
The result of this investigation 1s represented in Table 24,
The table also includes the relation between the sencze of a
local dipole and that of a complex streamer being concerned
with the former i,e,, the relation which would be relaized

if the directions of the two coincide with each other,
Following what the table indicates, it is very clear that the
sense of a vertical dipeole representing a cloud discharge
developed by a complex streamer (see Fig. 27, Section (A)

and the sense of a local dipole associated with the dis-
charge are always eeversed with each ther, If a local
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fable

24
Sewse of a |Correlation of the ES pulse polarity due to
local sense of a local a local dipole
dipole discharge with
the sense [the sense Inside the | Outside the
of the i ]
of the ol reversal reversa
relgtgd negative circle circle
positive complex
Upward Same Reversed
sense sense sense . +
Downward Sarme Reversed
sense BERSS e -+ O

dipole lies in a horizontal plane so that cosy = 0, we must
consider the following formula (6) instead of the formula (2).

By = 6r9d1_( §h cosn +hhcosa )., (6)

The generality of the formula (6) will not be lost even though
the assumption cos u = 0 is adopted, i.e., the direction of
a local dipole becomes identical with that of the vector OF.
This simplifies the formula (6) as follows

A B =_é.%ﬂl___%'h
In this case, y axis given by § = 0 represents the field
reversal boundary (see Fig, 30). The relation of the
direction of a horizontal local dipole to the polarity of
the corresponding ES-pulse will be obtained by investigating
the polarity of formula (7), the result of which is indicated
in Table 25,

(7)

Table 25
ES pulse polarity due to a ]
horizontal local dipole

3 €0

Direction of =a
horizontal dipole

Parallel to ox o 4=
Reverse to ox
+ -
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As the probability of a local dipole taking nearly a horizontal
direction will be remarksbly smaller than that of the dipole

taking non-horizontal directions, we shall assume ccsy § 0 in
the following discussions, As we have already investigated,
center and radius of the field reversal circle are given by

R=h/9 - éosgv/Q cos Y

c(-4, 0, 0) =c¢C( -3/2 htgy, 0, 0 ) (8)
Generally, a leeal'discharge will break out, when a comples
Streamer composing the main part of a non-ground discharge
makes contact, in ite progress, with a local charge center
of electricity accumu]ateg to a remarkable degree. ©Go that
the directions of the produced local discharges will be very
varisble from a local discharge to another according
to the magnitude of accumulated charge, tc the shape, and
to the relative position of the local charge center, For
the sake of simplicity,let us assume here that the direction of
a locsl dipole takes a constant inclination given byyv = const,,
but as to the azimuthal angle, it can take any value equally,
Then the formulae (8) become to indicate that the radius R of
the field reversal circle and the distance 4 of the center of
the circle from the origin 0 of the Cartecian coordinates, which
coincides with the horizontal projection of the local dipole
(see Fig. 30), will be kept at constant values independent of
the azimuth of the lec=1 dipole. Therefore the observation point
P on the earth's surface, distance D apart from the local dipole,
will come out being placed inside or outside the reversal circle
in acceordance with the azimuth of the local dipole, Let the probability
that the point P is included inside the reversal circle be :
P, and the probability that F is excluded outside the circle be
p!, then a simple caleulation shows that p and p' = 1 -p
can be expressed by the follow.ng relation

p=EI p' =0 K> 1 D{(k - 4)
pE ] - & cos™ 1K ‘
7T
p' = leoswlk |kl (R-1D)<D & (R+a) (9)
7T
where K = (2h2 - Dz)/BDhtgv": (32 . a2 _ D2)/2dD (10)

Fig. 31 illustrated the function p and p'.

If pz p' = 0.5, so that the observation point comes to a
position where the probabilities that the position is
included of excluded respectively inside or. outside of the_

- cirele, are equal with each other, then the relation D = JZ.h
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Fig. 31

F‘=%— costk
pes [ =g
Y
10 K — |
PR D R‘f‘d R..,J ‘:> 0

[z h =[R2

will bhe concluded. This is the similar relation to that given
by = H/D = 1//2 (see Fig. 28, Section 6A) representing the
reldtive field reversal distance resulting from the vertical
glectricity transfer taking the form of a comples streamer

that produces a cloud discharge representable with a

vertical electric dipele, Let us assume that the £S pulse

due to a discharge of a local dipole with an altitude h is
observed at an arbitrary point on the earth's surface,

distance D apart from the dipole horizontally, then the
comparison of polarity of the recorded uS pulse when DXf2.,h

is satisfied with that of the ES pulse when D</2.h is satisfied
will show the relation that the probability, the ES pulse
polarities of the two cases being reversed with each other,

is larger than that, the ES pulse polarities of the two '
being idntical with each other, If we denote the altitudes

of the positive and the negative charge centers concerning a
cloud discharge by H+and H-respectively, the altitude h of an
individual loeal discharge must satisfy the relation H-(h(H..
So that the region of field reversi} distances in a statistieal
sense will be: glven by JEtH -(DARES . Foliowing Workman

and his colleagues(14), let us aceume the altitudes li- and H
of a cloud discharge center being 5.2 km and 5,8 km respective-
ly, from which the relation 7.4 km {D{&.2 km will be
concluded, Hence it will be evident that the polarities of kS
pulses corresponding to the distance D48 km and those of kS
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pulses corresponding to the distance D» & km should
statistically be just in a reversed relation with each other,
This is the relation which actually interpret the observational
result indicated in Table 22,

Generally in the actual cloud discharges, however, the
altitude h, the inelinationy’from the vertical axis, and the
horizontal distance D, of a local dipole will be changed as
the concerning complex streamer progresses continuously,
Thereforc the probability that n successive LS pulses
appearing on the atmospheric waveforms of a cloud discharge
all have an identical polarity must be given by

h A

where pj and pi are the functions respectively identical with
the functions p and p', but the values of variables of them
are dependent on i, So that they can be written as

P o= p(Ki), p} = p'(K3) = 1 - p(K4)
Following the result of a statistical investigation, the number
of ES pulses per waveform due to a lightning discharge
amount roughly to 21 in the median value, as Table 26
indicates,

Table 26
Sort of Cloud Ground A1l lightning
discharges discharge discharge discharges
Number ES
pulses in-
cluded in a
lightning ids- 21 b5 A
charge wave-
form{median
value)
Number of 194 76 270
data

Considering this observational faet, let u assume n = 21
in the relation (11), and further 21 pair values of (hj, Vi)
having been given, Then putt ng the above 21 pair'values
(hy , |/ i) into the equation (&) we can get 21 pair values
of (Ry, dj) from which 21 values of (Ri+d5), and those of
(R4 - d1) will be obtained.
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Next let us assume that these in total 42 pairs vatues arranged
accordance with their magnltude will be represented as
follows:

"
Ri+ di YE2 ¢ a2 },____R:'21+ a21> Rl - aly Rueaby, v R21 - b

For che D values which statisfy the relation

1 !
Foidp D02 By -dy
we can pet.the following relation by using the formula (10)
o 2 - CPR

‘|K1|= |k - df - D°|/2diD ( 1

where (i = 1,2,3, ....21)
Thersfors if the observatlon p01nt is placed in the range of
distance exprecssed by the above relation that limits the
D value, pj {1 must be satisfied for all i values, so that
J%L pi (1 and g}_ pi L will result. Hence we can ge%l
following conclusions from the formula (11)

FLO

where Ré1-+ as> o > Ri -af
In contrast to this, according as the observation point being

placed ir range of ‘distances representcd respectively by the

relation pyR) +d] or by the relation D<RYp - 931, the

relation pj = g, pj = 1, or the relatfon pj = 1, p! =0
s

will be concluded respectively, 5S¢ that the following.

conclusion will be obtained: ; ' . :

|

where DY 4 47 or D{ Ry “grt

Therefore the curve which the probability function P
represents will take the from illustrated by the generalized
figure in Fig, 32, which. glearly indicates the point that
the region of D practically corresponding to. O (P {1, thst
is, the region of D, in which an apprec¢able nunber of
lightring d cchﬂrges pro ucing atmospheric waveforms fall-
ing into the - +variation type or into the - - variation type
of ES pulses are to be recorded mixed with an qpprcc1able

* For exauple even though pj = 0.9 for a1l i values,
1
piz (6,9)2 £ 0.1, so that 5 pi = (0.1)2%0 will be
concluded., /
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number of discharges producing waveforms falling into thet =
variation type, or into - 4 varilation type of the ES pulse,
must be limited to a very narrow range, So that it is to

be expected that nearly all of the waveforms recorded in the
range of near‘distances, or those recorded in the range of
long distances, statistically become to fall respectively
into the+ 4 variation type or into the -"- variation type
and almost of all the waveforms recorded in the range of
medium distances come out to fall into+ - mixed variation
types. In contrast this, the investigation of ES pulse
polarity variations measured on the actual atmospheric
waveforms of lightning “ischarges indicates that the

columns representing the distances 8 - 20 km in the Table

22 are occupied chiefly by the lightning discharges which
give the waveforms falling into 4 4variation type, or into

- - variation type, despite the fact that distance range

8 - 20 km probably corresponds to the field reversal

region in a statistical sensex, and therefore many of the
discharge waveforms contributing to these columns should re-
present + - mixed variation type of ES pulse polarities,
This is incompatible with the above theoretical expection
that P 2 O should result, when the discharges break out

in the range of field reversal distances, On the contrary to
this, the columns of the distance range 0 - & km in the

same table, the case of short distances, and the columns

of the distance range 20 - 60 km, the case of long distances,
are occupied chiefly by the lightning discharges which

give the waveforms representing no variation of &S pulse
polarities throughout the duration each discharge, This
point really coincides with the above theoretical
expectation that P z 1 must be concluded when the discharges
break out in the range of short distances, or of long
distances, The principal cause of the fact that the
theoretical expectation does not coincide with the
statistical result of the actual measurement of waveforms,
so long as the range of medium distances being concerned,
seems to be attributed to the point that the assumption that
a local dipole can take any azimuth with egual probability,
is not applicable to the actual case,

Considered from this point, the local discharges bresking
out during the process of a lightning discharge should not
be inferred to change their directions randomly from a local
discharge to another, but must be presumed to tzke roughly

a fixed direction throughout the process of a lightning
discharge, We have already invecstigated in Section 5

that the polarity of electrostatic field changes due

to a complex streamer process of a cloud discharge
statistically coincide with those of ES pulses appearing on
the atmospheric waveforms produced by the same discharge

* See foot note in the following paragraph C, (a).
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Fig. 32

«—D R,~+d

(Refer to Table 17 (a), Section 5), Hence, it will be

very natural to infer that the local discharges generally

have their directions roughly agreeing with that of the complex
streamer composing the main part of a lightning discharge
throughout the process of it %

If we take small fluctuations of £S5 pulse polarities into
account, there are snme observational evidences indicating
that some of the larpge number of local discharges

included in a lightning discharge actually have the
directions remarkably deviated from the mean value in many
cases. To see this point more exactly, we have invectigated
the existence of small fluctuations of LS pulse polarities
appearing on the atmospheric waveforms, which originate

from lightning discharges occurring in the range of short
distances.or the range of long distances, and further,

which do not represent any variation of ES pulse polarit-
ies in a rough sense, The result of this investigation is
represented in Table 27, which indicates that nearly

half or the recorded lightning discharges represent each
some fluctuations in the ES pulse polarities which

probably result from the remarkable change in the directions
of local discharges. As indicated in Table 27, the
investigation of the number of small fluctuations of £S
pulse polarities per lightning discharge suggest that the

¥ The relation between the sense of a complex streamer
and that of a loeal dipole has been represented in
Table 24.
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Table 27

Fluctua- |4 yvariation |- -variation | All

tion of |type of KS |type of LS lightning
ES pulses pulses discharge
pulse

polarity

Cloud |Ground | Cloud { Ground
dis- |dis- dis- |dis-
charge charge |charge| charge

Number of exist 151 | 66 94 13 322

data
non 181 | 35 107 | 36 359

directions of local discharges involved in a ground discharge
statistically fluctuate more frejuently than those of a cloud
discharge, and that generally the waveforms due to lightning
discharges occurring in short distances represent more frequent
fluctuations in ES pulse polarities than those due to discharges
occurring in long distances, The latter seems to come from the
fact that small ES pulses will become not to be recorded on the
atmospheric waveforms in accordance with theé increase in
discharge distances, because the ES pulse will be attenuated

in proportion to 1/r3 with respect to the distance. Further
the comparison of the polarity fluctuations between the four
types of ES polarity variations, given in Table 28, clearly
shows that the variation type 4 yand - - produce statistically
the smaller number of fluctuations than the variation type

+ - and -+ actually do it, Generally speking , the principal
causes of these polarity fluctuations of Ef pulses may result
from the temporary but complicated changes in the ~irection

of a discharge channel in a thundercloud - probably the

change in the direction of a complex streamer -, or from the
ramifying, into various directions, of the advancing head

of a complex streamer, which may result in temporary

direction changes of the discharge channel given by a
complex streamer. To produce the polarity change of a

ES pulse, it is neccessary to introduce the polarity change

of the term qdl cosy in the equation (3), OF to introduce

the azimath change of a local dipole, so as to let

observation point p to be displaced from the incide toward

the outside of = field reveresal circle, or displaced from

the outside toward the inside of it,
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Table 28

Variation Number of dssimilar polarity ES pulses per
type of lightning discharge (kedian value)
ES pulses
Cloud discharge Ground discharge
Number
0 -8 |20-60 ) Number | g _ g ypl 20-60 km
km* km | of data | 9F daza
3
A= o 0 0] 262 1.8 o 121
T o 4.9 2.3 | 111 7.0 2 47
SR 1.3 .7 89 5.5 5.5 25
e 0.3 0 178 2.6 2.8 65

* The estimation of the discharge distances has bsen made
from the adopted gain of the recorder and from the
magnitude of electrostatic component appearing con the
waveforms, so that the distance values indicated in the
table have not any meaning other than a statistical one,

Following this idea, the observation point P generally must be
located at distances sufficiently apart from the field reversal
circles each corresponding to an individual local discharge,

so longas as-tpe polarity variation types . .and. .are ccucerned
Therefore, . these cases, a local discharge seems not to be
capable of preducing a polarity change of an BS pulse, unless
the direction cof it makes a remarkable fluctuation from the

mean direction of the individual local discharggs, On the
contrary, in the cases of the variation type4 - and - 4the
observation point P must be located statistically at relatively
near distances from the reversal circles,so. that small fluctuation
in the direction of a local discharge will be sutficient to
produce the polarity change of an ES pulse on the atmospheric
waveforms of a lightning discharge., Therefore the observationsl
fact that the lightning discharges falling into the variation
types + 1and - - pepresent each only a small number of
fluctuations in ES pulse polarities on their atmospheric
waveforms, seems to lesd us to the conclusion that the
directions of individual local discharges, which break out
during the gradual process of a non-ground discharge process,
generally are kept the same throughout the process of =
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lightning discharge and hence, do not represent statistically
any remarkable fluctuation through the process,
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(C) MNechanism of a cloud discharge

(a) Discharge process of a complex streamer:

It has been made clear from the discussion in the previous
section that the local discharges appearing in the process of a
lighting discharge usually do not represent any considerable
changes of their directions throughout the process of a
discharge, and that their directions must be considered
approximately to coincide with that of a complex streamer
composing the main part of a lightning discharge.

Considering this point, let us assume a lightning discharge
which is composed from a complex streamer accompanying

aoubt twenty local discharges, all directed to the common
vertical axist,* When we attempt to approximate a discharge
in a thundercloud, regardless of being a cloud discharge or
junction process that contributes to a ground discharge,

with a discharge model of a vertical dipole, the altitude

and the electric moment of 1t must be considered to take the
value being different from a discharge to another, Therefore,
for the sake of a statistical investigation let us assume
that an aggregation of various vertical dipoles, which
correspond to individual lightning discharges, are arranged
on a vertical axis. Then the point charges resulting from
individual dipoles will be distributed on a section of the
vertical .axis, which actually corresponds to the distribution
rnage of the possible dipole altitudes.,

Fig, 33

H2 CI "5:’,}
H, 0 -6q
=Piel

TR T,

* For the case of a positive complex streamer, the loecal
dipoles should be assumed to take the identical "sense"
with 'that of the streamer, snd for the case of a negative
complex;streamer the local dipoles should be astumed
to  take the reversed "semse" to that of the streamer,
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If the number of individual vertical dipoles are numerous, the
arranged point charges will from a liner distribution of
electricity, Further if we consider the mechenism of the
vertical electricity separation which is accompliched by

a violent ascending air stream existing in a thundercloud,

the linear densities of positive and negative electricities
may have the Jistributions to decrease from the two opposing
charge centers towards the directions facing with each

other, Following this idea let us asSume a pair of statistical
linear distributions of the two opposite point charges as
illustrated in Fig, 33, in which point charge pairs (0, -6q),
(qy -52), «..., (Bg, 0) are located at altitudes Hi, H2

«esssy H7, respectively, We shall further assume that An
individuzsl discharge taking place between two opposing point
charge centers involved in the above linear distribution

always has a positive polarity, i,e,, for example, the

negative point charge -6q at the altitude Hy discharges with
each of the positive charge centers each containing electricity
+q, located respectively at the altitudes Hjp, Ha, vuey Hy |

In this case total nuuber of discharges will be 7 i = 21,
If we record the electrostatic field changes due to these 21
discharges at the 8 observation points Py, Poy wewwe Pg

which are distributed along the earth's surface, and satisfy
the conditions given by

< {2.H1 < Dx{[2.1,

then the polarity variation types of the gradual electrostatic
field changes recorded at these 8 points, and accordingly the
variation types of ES pulse polarities at these € points must
have the occurrence probabilities represented in Table 29 with
respect to these 21 lightning discharges. The row(a) of the
table represents the case of discharges each developed by

a positive complex streamer, which breaks out from the positive
electrode of a positive vertical dipole representing a
discharge in a thundercloud and progresses downwards along the
axis of the dipole, and the row (b), on the other hand,

repr sents the case of discharges each developed by a

negative complex streamer which breaks out from the negative
electrode of a positive vertical dipole and progresses upwards
along the axis of the dipole, Table 30 ha: been introduced, for
the sake of a comparison, to show the case of discharges
representable with negative vertical dipoles, This can

be obtained by reversing the polarities of the point electric
charges q indicated in Fig, 33, Hence, the row(a) of Table

30, likewise to th=t of Table 29, represents the case of the
discharges each developed by a positive complex streamer
starting from the positive electrode of a negative vertical
dipole representing a discharge in a thundercloud, and the
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Table 39 (Positive vertical dipole)

Polariuy Distance
Of V;?j.-\\
streamer ation types Di| Do |DaiD, |D D
of ES pulse L 2 3 4 5 6 | D7 D8
polarity
E + 21 115 |10 | 613°]1 0|0
(a) + = 0 6|10|12 12 10 | 6 | O
(13
Positive - N 0 0 ol o lo 0 o lo
= e o| 6| 1}-% |6 [0 |15 |21
1 = 21 |15 (10 3 0
(b) + = 0 0 0 0 0
N egative — —+ 0 6 |10 12 X2 19 6 0
= = 0]l 0] 1| 3|6 {10{15 |21
Table 30 (Negative vertical dipole)
Folarity Distance
Sgreamer VER L
e atigg type |\ | D1 | D2 | D3| Dy D5 |D¢ |D7 | Dg
of ES pulse
polarity
4 4 C1'o| 1] 36 |10[15] 21
(a) - - 0 0 112 12 (16| B 0
Positibe - & ololo]ole ol o0 0
= = 21 |15 (10| 6 | 3 1Ll 0 0
+. o|lo|1]|3 |6 [10][15 21
-+ - 0 o]0 [0 0 0
(b)
) — % 0 10 (12 12 |10 0
Negative
e 21 15 1o & | 3 11 0 0
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row (b) represents the case of the discharge developed each
by a negative complex streamer starting from the negative
electrode of a negative vertical dipole, The comparison of
these two tables clearly indicates the following two points,
In the first place, the statistical tendencies which the polari-
ty variation type 4+ 4and - - would represent with respect to
the variation in the distances D, are determined by the
polarity of verticsl dipoles representing individual discharges
and are independent of the polarity of complex stre-mers
developing them, and in the second place, the statisticl
tendencies which the polarity variation types + - and - +
represent with respect to the variation in the distances

D, are determined by the polarity of complex streamers
developing individual discharges, and are independent of

the polarity of vertical dipoles representing them,
Following the above point of view, we have compared the
statistical tendencies of the polarity variation types

4+ 4and - - indicated in Table 22 with those represented in
Table 29 and 30, and arrived at the conclusion that
generally a cloud discharge can be approximated with a
discharge of a positive vertical dipole existing in a
thundercloud and a ground discharge, on the contrary,

can be approximated with a discharge of negative vertical
dipole existing in a thundercloud so long as the influences
of the individual ground strokes involved in it are ignored,
smith(1®) described in his paper the result of his
statistical investigation of the polarities of wvertical dipoles
representing cloud discharges and those of the complex
streaners contributing to the discharges, According to this
72,3 % of all the recorded cloud discharges were composed
each of a positive vertical dipole, and the remaining 27.7 %
were composed each of a negative vertical dipole. On the
other hand, the model of a verticsl dipole aggregation

given by us has indicated the point that the statistieal
tnedencies which the polarity variation types+ +and - - of
ES pulses would represnt with respect to the variation in
the observation distances D, are thoroughly determined by the
polarities of individual dipoles, and they actually represent
a completely reversed character when the polarity of the
concerned dipoles is reversed, Therefore, if we consiger

a case in which the variation of kL ulse polarities with
the development of 2 discharge is investigated on each of
the atmospheric waveforms due to a discharge group, which

is composed from a mixture of certain number of positive

and negative dipoles, then it will be expected that the
statistical tendency which each of the polarity variation
types of ES pulses -for example, the four types indicated,
in Table 29-would, represents, will be given by a group of
numerieal values which can be obtained by multiplying the
respective values indicated in the corresponding spaces of
Tables 29 and 30 by the respective factors representing the
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mixing percentage of positive and negative dipole discharges,
and then by adding the pair valuss obtained through the above
multiplication, 1f we imagine that a practically useful
table representing the case of a mixed group of positive and
negative dipoles has really been constructed from Tables

29 and 30 through the above procedure, then the table should
have the spaces which correspond respectively to the space
representing the case (distance D, type ,4) and to the space
fepresenting the case (distance Dg, type - - ), given in Table
29, and represent the percentage value in which the positive
dipoles have been mixed, Further it should- include also

the spaces which correspond respectively to the space
representing the case (distence Dy, type - - ) and to the
space representing the case (distance Dg, type+ +) given

in Table 30, an? reprecent the percentage value in which

the negative dipoles have been mixed. Because Table 22

may generally be inferred to repre:ent the casge of a

mixture of positive and negative dipoles, the above

procedure of estimation of the mixing percentages will be
applicable to the case of Table 22 that represents the statistical
result of actual observations. Following this idea Jet us
assume th~i the mean of the numerical volues given in the
spaces which correspond to the cases (distance D, type + +)
and (distance Dg, type - - ) given in Table 22 actually
represents the value proportional to the number of positive
dipoles and the mean of the numerical vsalues given in the
spaces, which correspond to the casss (distance Dy, type - - )
and (distance Dg, type. y) given in the same table represents
the value proportional to the number of negative dipoles,
Then we can get the percentage number of the positive and

the negative dipoles relating to all cloud discharges,

This pdint is indicated in the Table 31, According to

this 73,7 % of the examined cloud discharges are representable
with positive dipoles while 26,3 % are representable with
negative dipoles, which is the results coinciding fairly well
with the statistical percentage values obtained by Suith,

Table 31
.oort of discharge Cloud dischearge
ﬁﬁé;a;zﬁéqﬁg%ﬁga ES pulse 7 | Electrostatic
PolaraE . ) polarity field change(Smith)
Fositive dipole e g 72.3 %
Negative dipole 26.3 % 2T %
Number of data 323 54
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However, so long as we limit our considerations, at least, to
the interpretation of statistical characters of the two
polarity variation types+ +and - -, it will not always necessary
to assuue a dipole aggregation composed of a mixture of
positive and negative dipoles, For example, if we consider the
uncertainty in the estimation of distances, and the fluctuation
in the directions, from a vertical axis, of the individual
discharges, and estimate these quantities
adequately, the assumptionof a group of dipoles which
each have an identical polarity will be sufficient for
explaining the statistical result given in Table 22, as the
following discussion will indicate., However, the result
obtained by Smith, as a clear observational evidence, also
should not thoroughly be ignore , so that it will be very
reasonable to infer that the actual aggregation of cloud
discharges is the mixture of these two factors in certain
proportions,
Following the above investigation, the polarity, of
a complex streamer contributing to a cloud discharge may be
estimated from the statistical tendencies of the polarity
variation types + - and - 4 of ES pulses, in additionm,
Table 29 and 30 clearly indicate that the greater part
of atmospheric waveforms falling into the polarity wvar .ation
types -and-+are recorded generally in the region of medium
distances Dy and Dg. Hence, if we investigate the occurrence
percentage of the polarity variation types L _ and_ ,of ES
pulses on the atmospheric waveforms due to'Tightning
discharges breaking out in the range of medium distances, the
resvlt will be the statistical determination of the polarity of
a complex streamer, Let us consider a region of distances
distributing roughly 7 - 20 km¥, whch may statistically
include in it a great portion of the number of field reversal
regions each corresponding to an acutual cloud Jischarge, and
investigate the recorded percentage of cloud discharges which
occurred in this region of distances and accordingly produced
the atmospherics waveforms falling into the polarity variation
types + -and — +of &S pulses. Table 32 represents the result
of this investigation.* *
¥¥As the number ol data giving the result of this table 1s
much larger than that giving the result of Table 22, so the
former table will give the less reliable result than the latter,

* Torkman and his colicauges describea in their report (14J
that the positive, and the negative electric charge centers

composing a dipole of a cloud discharge have the altitudes

respectively 5.2 km and 5.8 km in weighted means, hence the
statistical field reversal region corresponding to cloud

discharges will be 7.4 - 8,2 km provided the horizontal
component of the dipole heing ignored, However, if the
effeect of the horizontal component of it is to be taken
into account, the region will be extended and include much
wider range of distances,
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Following this table the complex streamers each contributing
to a discharge within a thundercloud, regardless of being a
cloud discharge, or a junction process involved in a ground
discharge, must be postulated largely to have the positive
polarity.

Table 32

ES pulse Polarity of
polarity complex Cloud Ground
variation streamer discharge discharge
type

ST + 60.3 % 60.5 %

S S 39.7 % 39.5 %
Number of 318 g1

data

This is the tendency roughly coinciding with what has alreay
been indicated in Table 18 of Section 6A, representing the
result of polarity measurement on the records of electrostatic
field changes obtained with our field-meter, However, if
we attach some importance to the details of the two tables,
it is evident that for the case of ground discharges, the
discrepancy between 60,5 % given by the .ES pulse method and
92.0 % given by the electrostatic field-meter method is by
no means negligible, while for the case of cloud discharges,
the values 60,3 %, given by the bS pulse method and 67.9 %
given by the electrostatic field-meter method can actually
be regarded as being identical with each other, This may
partly come from the fact that a ground discharge generally
has a more complicated structure than that of a cloud discharge
so far as the w5 pulse polarities being concerned (ef. Table
28), and partly from the fact that ES pulse method infers
indirectly the polarity of electrostatic field changes due to
a complex streamer by investigating the polarities of loecal
discharges associated with the streamer, If the latter
factor were more important the coincidence of the two methods
in the case of cloud discharges might be rather superficial one,
As we investigated alreagy, it was not impossible for us to
make the statistical characteristics given in Tables 29 and
30, i.e., the results deduced from the assumption of simple
aggregation of vertical dipoles illustrated in Fig. 33, to
coincide with the actual stat stical result given in Table
22 in a rough sense, Follwing this,it is evident that nay
deduce the conclusion that statistically a cloud discharge
is the discharge of a positive dipole in a thuncdercloud and
a ground discharge, if the portion of ground strokes may be
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ignored, is the discharge of a negative dipole in the

cloud, However, if we attempt to compare Table 22 with

Table 29 and 30 more strictly, some small discrepancies

existing between these two may not be ignored,

For example, the columns represent ng the distances D] and

Dg of Tables 29 and 30 include the spaces which give the zero

statistical values, however, the observational result given

by Table 22 has no columns which include the spaces indicating

zero values, _
Considering the uncertainties existing in the actual

estimation of discharge distances given in Table 22 ,

let us make the distances represented by D3, Do ,...., Dg

in Tables 29 and 30 more rough so as to bring the
theoretical expection nearer to the observed result, and
denote them as follows:

(Dq, D2, D3,)= Dyt (Dy, D) = Dyt (Dé,Dv,Dg)EDD
The rearrangement of Tables 29 and 30 following these
divisions of discharge distances will result in Table 33,
The remarkable feature which Table 33 indicates is that the
columns corresponding to medium distance Dy each give a
maximum for the case of the polarity variation type, - indicated
in the row of positive complex streamers and for the case of
the polarity variatien type- +indicated in the row of negative
complex streaners,

This is a remarkable characteristic which the aggregation of
vertical dipoles would represent, The comparison of Table

33 with Table 22 shows that the polarity variation type, which
corresponds to a row of the type4 —-or a row of the type - 4+
and represents a maximum in the medium distance, ean not be
found in any row given in Table 22 except for that representing
the type— +in the column of ground discharge, If we attach '
large importance to this point, the result will be as follows,
The vertical dipole discharges which may be inferred actually
to take place should be limited to the case of negative

dipole discharges which are developed each by a negative
comples streamer and correspond to a partical group cf

all recorded ground discharges, so that it would be very
difficult to interpret the other cases of dipole discharges
with the model of a vertically located dipole*,

Table 33 indicates further that for the case of positive
dipole, the spaces representing the case, type

+ 4, distance Dp, and the case, type - - , distance Dy, and
for the case of negative dipele, the spaces representing the
case, type i +, distence Dy and the case, type - -, distance

Dp, all hve a statistical value amounting only to 1,6 %. If
we compare these values with those represented in the
corrcsponding spaces in Table 22, we can easily see that in

- 218 -



Table 33

[ Fositive Negative
dipole dipole
Polarity istance
of complex | ES
streaner pulses Dy Dy Dp Dy | D Dp
polarity \
varistion type | .
% % J D % = (o}
+  + 73.0] 2105] 1.6%31.6°|21.7 | 73,
(a) T : b
Positive - - 25.0 | 57.0125.4 % 25%4 57_% 25, 47
olarit
. d — + 0%| 0%l 0%| 0% 0%|0%

% 7
- - 1,6% 21.% 73.0% 73%0 91,5 | 18

o

L 3.8 ks | 1,67 ||1.67 o175 | 73,6
+_

(b) e 0% 0% | 0% || 0%|0% |0%
Negative 7 ” 7 =
pRIATLEY — sl 25@ 254 | 5740 R5.4"

% o . 7 = Og
176 11%s |75%0 178 0] 21%5 | 1.

* In Table 22, there are four cases which fall into the
categories of the polarity variation types4 -, or— 4,
however, the three out of these four caaes have the
statistical distributions representing no maximum in the’
medium distances & - 20 km, These distributions with no
maximums are generally very different from that which can be
expected statistically from the model of a vertical dipole.
1f we attempt to interpret these distributions with the
medel of an aggregation of vertical dipoles, it will be*t
necessary, for example, to assume 2 number of additional
positive vertical dipoles at two pairs of altitudes (Hl,Hz) :
and (H6,H7 ,in addition to the vertical aggregation of dipoles
illustrated in Fig. 33. The vertical distribution of point
charges thus obtained, however, may result in the extraofdinary
high electric charge densities located at the both ends of the
vertical distribution of the point electric charges illustrat-
ed in Fig. 33, This would make the statistical distribution
of electricity along the vertical diréction a thundercloud
a2 very improbable one,
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many cases the observed values are remarkably smaller than
the corresponding, theoretically expected values, Concerning
this point, cur trisl effort to let the above theoretical
values approach a little nearer to the actually observed
values, has also indicated that the difficulty of this
attempt would rot be removed nnless the model of a vertically
located dipole were not abandoned, One of the most principal
reasons why it is difficult, under the assumption of vertical
dipoles, to make the statistical tendencies which the theory
expects to approach nearer to the observational results in
regard to some details, seems to come from the following
facts, The condition necessary for a local dipole to take

a vertical direction, being put into the formulae (&) will
give the result R =2,h, d =z 0, so that center of the
field reversal circle will be located at the position

just beneath the vertical dipole, This will tend to limit the
possible polarity variation types of ES pulses to the
categories denoted by++ and - -, so long as we consider the
two observation ranges recpectively given by D¢/2. Hy

and D)2 Hy (refer to Fig. 33).. Thése being combined will
construct a range of dlstances, which can include the greater part
of the actually observed discharge distances,

Therefore, to improve these points, it is necessary to
deviate the direction of a local dipole from the vertical-
exis and to let the center of the field reversal circle be
displaced by the distance d from the position just beneath
the dipole, and to make the radius of the circle to take so a
large value as it becomes comparable with the distances being
considered in Table 22, Concerning this point, let us adopt
the model of an inclined dipole representing a discharge
within a thundercloud given by Workman and his colleagues(IA)
on the basis of their thunderstorm observations, and assume
the dipole altitudes given by H- = 6 km, Hez 7 km and the
horizontal separation of the dipole electricity given by 3
km, In contrast to a rather complicated distribution of
point electric charges illustrated in Fig. 33 representing
the case of vertical dipoles, we shall ascsume, in this case,
that all the cloud discharges coricerned can be represented
with the model of an inclined dipole whose vertical and
horizontal separations of electricity are statistically 1 km
and 3 km respéctively. The direction of lecal discharges are,
of course, similarly to the case of a vertical dipole, to

be assumed to coincide with that of a complex streauer
developing a non-ground stroke lightning discharge. Fig.

34 represents the relative pusiti-n of the two field reversal
circles and the horizontal projection of the concerning’' !
inclined local dipole on the earth's surface,

The aspect of an inclined dipole in the vertical plane
including it, is illustrated to the left lower-cide of Fig,
34. If we denote the positions of the two electrodes of a
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dipole respectively with 1 and 2, the two illustrated

circles (1) and (2) which represent the two field reversal
boundaries given by the local dipole discharges breaking

out respectively at the two points 1 and 2, will give the two
extreme positions of the possible field reversal circles
corresponding to all possible local discharges which take
place in the process of a cloud discharge represented by

the dipole whose electrodes are located at the points 1 and
2. ©o that the field reversal circles which relate to all
possible local discharges which break out in the proces: of

a cloud discharge, must be placed between these two circles(l)
and (2), Ccnsidering the zbove nature of the two circles, we
shall term the circles (1) and (2) the outer and the inner
field reversal circles respectively, and the region lying
between these two circles the field reversal region, p]

and pp indicated in the figure represent the horizontal
projections of the two downward local dipoles located
respectively at the two points 1 and 2. The figure represents
the case of a cloud discharge, in which a positive inclined
dipole is discharged by a downward development of a positive
comples streamer, The regions which limit the observation
distances are given by the four concentric circles with the
center located at the mid’le point between p] and pp. When
the complex streamer advances from the point 1 to ghe point

2 holding its direction constant, the field reversal circles
each corresponding to a local discharge appearing in the
process of the inclined dipole discharge will be displaced
from the position of the circle (1) to the position of the
circle (2)*, Therefore if the observation point is placed
inside the inner reversal circle or placed outside the

outer reversal cirele, the LS pulse polarity veriation will
fall respectively into the type + +or into the type - -, and
if the observation point is included in the field reversal
region located between the two circles, the nS pulse polarity
variation will fall into the type - + or into the type+ -.
When the ineclination of a dipole from the vertical axis
becomes considerable, the center of the field reversal circle
will be displaced for more than 30 km from the position of
the horizontal projection of the dipole as the example
illustrated in Fig. 34 indicates. Consequently the position
of the horizontal projection of the dipole will be located at
an inner point close to the periphery of the field reversal
¢ircle, This makes it possible that an observation point
located at a distance lecs than 8 km or a distance lying in

* 1f the advancing direction of a complex streamer is reversed

and the discharge of a dipole is advanced from the point
2 to the point 1, then the field reversal circles will be
displaces from the position of the circle (2) to the
position of the circle (1).
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Fig. 34
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a range roughly covering 20 - 60 km, really ccmes into the
field reversal region, Hence, let us assume th=2t the
lightning dipoles which each have a constant inclination and
a constant horizontal separation of dipole charges, both
identical with those of the lightning dipole illustrated

to the left lowerside of Fig, 34, take any azimuth with

equal probability, and further that the occurrence
probability of lightning discharges per unit area is
everywhere constant, then the probability that the atmospheric
waveforms recorded in a certain region of the observation
distances actually fall into a certain type of ES pulse
polarity variations, will be proportional to the area which
is cut from the region* relating to a certain polarity
variation type and included in a certain range of the
observation distances, Therefore the statisticl

tendencies, which the four types of LS pulse polarity
variations would represent in connection with the change

in the observation distances, may be determined from the
measurement of area of the individual regions which
correspond each to a certain polarity variation type and

to a certain range of the observation distances at the same
time, The result of this measurement is given in Table

34.

A remarkable characteristic of this table is that the
polarity variation types+ -and - 4+of ES pulses do not
represent any maxmum in the range of medium distances in
contrast to what the same types in Table 33 indicate.
Another remarkable point is that the spaces in Table 34, which
correspond to the respective spaces in the Table 33, which
are included in the rows representing the polarity variation
types ++and - - and indicate the value 1,6 %, really give the
values appreciably larger than this., Hence, it is evident
that Table 34 really gives a result somewhat nearer to the
observational result represented in Table 22 than what

Table 33 indicates. Comparing the theoretical expectation
indicated in Table 34 with the observational results given

in Table 22 regarding the above point, it becomes possible to
conclude that so long as Table 22 being concerned, the cloud
discharges which pro“uce the atmospheric waveforms falling
into the polarity variation type 4 - of the ©S pulses may be
interpreted with the Aischarge mechanism of a positive dipole
developed by a positive complex streamer, and the ground
discharges which produce the waveforms falling into the
polsairty variation type + - of the oS pulses may be

* (Une region out of the three, i,e.,, the inward region inside
the inner field reversal circle, the outward region outside
the outer field reversal circle, and the field reversal
region placed between the outer and the inner field
reversal circles,
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Table 34

' Positive dipole | Negative dipole
Polarity istance ) . ! _ j_
of £S pulse™ L
ik solority || O-8km|8-20kn 20-}6:0 0-8km |8-20km| 20-60
streamer variation ol . km
type !
% % % % % o
+ A 45.8 (42,6 | 14.4 | 31.851.2 | 80.0
2l % % 5| % %
(a) + == 122.4 | 6.2 | 5.6 | 224 6.2 | 5.6
Positive | .
B 0% | 0% | o5 | oz | 0% | o%
x| % % _%| B &
=~ = 1318 | 51.2] 80.0]45.8 |42.6 |14.4
% 7 % % Bl ®
4 <+ |45.8 | 42, 14.4 | 31,8 [ 51,2 | €0.0
(b) B . -
N 0% | 05 | 0% | 0% | 0% | O%
Negative '
% % % % % %
= *F g2k (6,2 5.6 |22.41 6.2 | 5.6
% % | % % % %
— .~ [31.8 |51.2 |€0.0 -45.8 |42.6 | 14.4

interpreted with the discharge mechanism of a negative dipole
developed by a positive complex streamer.

The statistical tendency which the polarlty variation type - +
given in Table 22 represents concerning the cloud discharges,
however,; represent a somewhat complicated character in contrast
to other types. Hence, the difficulty of interpreting this
tendency may.not to the removed unlers a dipole discharge to
assume a more complicated structure. Concerning the polarity
variation type- + which the cloud discharges represent, Table
22 give the percentage valued which are jincreased with the
increace in the observation distances,” Therefore to make the
theoretical. percentage values to approach to the observed
statistical tendency, it become necessary to give the’ inner
and the outer field reversal' circles such relative positions
that the partial area,which is cut from the field reversal
region and included in a certain range of the observation
distances, may be increased as the observation' distances
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corresponding to the above range increase. This would mean that
the difference between the redii of the two field reversal
circles should be considerable, The first relation of the
formulae(8) clearly indicates the two possible ways to give
large R value, i,e., the one is to obtain a large K by making
h large, and the other is to obtain a large'R by increasing
the inclination § of a local dipole. Following the former
idea, let us attempt to increase R by increasing h under the
assumption that the inclination Y/ is kept at a constant value
equal to that illustrated in Fig, 34. ln this case, however,
we are obliged to assume an unreasonably large h value which
can not be applied to an actual thunderstrom, Therefore the
reasonable way to obtain the two remarkably different R
values will be to give the inclination of the two local
dipoles, which correspond respectively to the outer and the
inner reversal circles, the considerably different values with
each other, Hence let us assume a complex streamer that
developes a cloud discharge, to change its direction once on
half way of it, and to become more parallel to the horizontal
direction in the. second half period of ‘the discharge
Further we shall assume that the altitude of this doubly
inclined dipole may be given by H- = 6 km, Hy = 6,9 km, and the
horizontal separation of the dipole electrodes by 2 km, and the
inclinations inthe first half and the second half periods of the
discharge by tg V1 = 3.75 and‘thb = 1,5, respectively _
then the outer and the inner field reversal circles relating
to this dipole Adischarge will take the relative positions
illustrated in the Fig, 35. In this case, it is shown clearly
that the field reversal region held between the two circles
is remarkably wider than that illustrated in Fig. 34. The
measurement of the areas on Fig., 35 has been made in the same
way as before, and the statistical result of it is represented
in Table 35 that corresponds to.Table 3/4. Compar:ng the rows
which represent the variation type — +in this table with the
row which represents the same variation type - -<4and is included
in the column of cloud discharge in Table 22, we may arrive at
the conclusion that this type of ES pulse polgrity variations,
which the cloud discharges produce, :should statistically be
attributed to the discharge process that can be represented by
a dipole discharge developed by a negative complex streamer,
Following an attmpt to interpret the statistical results
given in Table 22, of the observations, without assuming an
aggregation of lightning discharges represented by a mixture
of positive and negative dipoles, we have postulated, in the
above discussions, the possible discharge mechanisms appearing
in thunderclouds, The knowledges about the possible structures
of lightning discharges in thundercloud, thus obtained, are
sammarized in Table 36,
Following what the table indicates, it is evident that the

cloud discharges statistically have the character which can
be interpreted with the assumption of a negative dipole in
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Table 35

i
T7Pc>sitive dipole hegative dipole ?
Polarity Distance |
of ES pulse !
complex | yo1arity \ | 0-8km|8-20 [20-60 |0-8km | 8-20 | 20-60 |
Streaner | yariution km km km km
type
o 51 %] B . B | #
v o+ |52.3" 3.8 2.0 [34.0° |i0.6" | 2.2
A 7 7 ;
(8l w1190 13.8 | 25.5 |17 | 13.1% | 25.7 7
Feositive ‘ _
- 0% 0% 0% 0% 0% 0%
|
q % % % % %
— = 1230 | 8.6 (782 | 2.3 57,3 2.1
4 4 |83 9231 2.4 | 3.0 9.6 2.2
(b) '
4+ - g ; 09
Negative : O _07 A 0% O O_'
%, % % 7 % %
- 1LY | 13,1 (257 1137 1131 12%.7
= T a0 | 49.6 |72.2 543 3.3 | 2.1

thundercloud, while the ground discharges have the character

which can be interpreted with the assumption of a positive dipole
existing in the cloud, and further, that both these dipoles

may be inferred, in some cases, as being developed each by

a positive complex streamer, while in the other cases, they must be
posutulated as being developed each by a negative complex streamer,
Concerning this point, Table 32 already has given the occurring
percentage of positive dipoles each developed by a positive
complex streamer, the percentage of the same polarity dipoles

each developed by a negative complex stresner, the percentage

of negative dipoles each developed by a positive complex

streamer, and the percentage of the same polarity dipoles

each developed by a negative compex streamer and from this,

we have arrived at the conclusion that the greater psrt of

cloud discharges and junction processes of ground discharges

must be inferred as being developed by positive complex streamers,
However, it would be difficult to obtain the exact values of
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Table 36

Sort of Polarity of Polarity of Character of
lightning dipole complex lighning
discharge streamer dipole
P Singly
Positive
Cloud . inclined
discharge . Positive e
: oubly
Negasayes inclined
Ground Positive §1ng?y
: : inclined
discharge Negative
N £ Vertically
i directed

these occurrence percentages, unless we would use a suificient
number of relaible data obtained from the direct measurement of
a certain nature .of a complex streamer, e,g., the electrostatic
‘field change measurement, instead of the data obtained from

the indirect method of ¥S pulse polarity measurement, This is
the point that has already been pointed out in the discussion

of Table 32. _

Concerning the inclination of a dishcarge channel, the only
one case which.can be interpreted.with a vertical dipole model
is the ground discharge developed by a negative complex streamer,
and accordingly the other three cases must be onsidered statistical-
ly more or less being inclined from the vertical axis, and in
some cases, the inelin-tions will become considerable in
accordance with the degree of horizontal shift of the two
opposite charge centers in a thundercloud relative to each
other, Further the table shows the point that the cloud
discharges generally are more inclined from the vertical axis
toward the norizontal direction than the ground discharges do
o L *

As to points whether some of the cloud discharges statistically
can be represented by a negative dipole model, and whether
some of the ground discharges statistically can be represented
by positive dipoles model, it will be difficult to expect some
definite”conclusion from the indirect method of LEb pulse
measurenents on the records atmospheric waveforms whose
propagation distances could not be estimated anyhow in a

exact way. Ln this connection, a number of reliable data

of electrostatic field changes due to lightning discharges
will be the key point to solve the question, provided thst

the estimation of discharge distances will be made exactly,

“228” T



(b) Fine structure of a local discharge:
Following the results obtained in the previous paragraph,
a complex streamer developing a lightning discharge in thunder-
cloud always takes the direction roughly identical with those
of local discharges occurring in association with the complex
streamer, If we use a more theroetical expression, a diﬁole
representing a lightning discharge in thundercloud and the local dipolex
associated with the former always have a common direction,
but the senses which they have always are reversed with each =%
other, Therefore the advancing direction of a positive
complex streamer always coincide with the sense, as well as
the direction of the local dipoles, while the advancing.
direction of a negative complex streamer always is in a reversed
relation with respect to the sense, as well as the direction
of the loecal dipoles.
We shall deseribe in this paragraph few problems, which have
not been described in the previous paragraphs concerning the
character of a local discharge, for example, the polarity
of the streamer* developing a local discharge. We have already
obtained several observational results concerning the nature
of a local discharge through the statistical measurements
of ER pulses, as well as of ES pulses on the atmospheric
waveforms due to lightning discharges, from which we have
derived the conslusion that a local discharge must be a
discharge which has a considerably large discharging rate,
however, whose scale is relatively small, so that appreciably
limited in a small locality. A local discharge, through
appreciably small in its scale, would be a type more or less
agssoclated with a complicated group of minor streamers, as
the discharge breaks out in the atmosphere within a thundercloud
under a barometric pressure not largely different from one
atmosphere, Therefore if we succeeded to record the
electrostatic field change due to a local discharge at a
postion located on the earth's surface near to the field
reversal circle relating to the local dipole discharge, the
record of it should have a maximum or a minimum in accordnace
with the local discharge being developed respectively by
a positive streamer or by a negative streamer, where the corception
of the above streamer has been introduced to explain the
resultant effect of the probable processes developing an
actual local discharge, so that it may be the one which
really includes so called streamer processes as well as
non-streamer processes, We shall call this sort of a
streamer representing the resultant effect of a local
discharge " the local streamer " in the following discussions,
As the short range waveform recorder of atmospherics we have
adopted in our thunderstorm observations includes the main
amplifier system with a relatively short time constant (for

* An assumed streamer representing the resultant effect of a
local discharge.

-229 -



example, 300 micro sec,), so it will be difficult to record
with our waveform recorder, the electrostatic field change
due to a local discharge without any distortion because of
the relatively slow speed of the stepwise field change,
Consequently the stepwise electrostatic field change due to
a local dipole discharge will be deformed appreciably so
as to take the form of an ES pulse as illustrated in Fig.
22 (a) in fection 5 of this'chapter. Moreover, if the ture
field change due to a local discharge exhibits an extreme
value on the record of it, and, if the magnitude of the net
field change recorded in the first half period before the
occurrence of the extreme value 1s smaller than the
magnitude of the net field change recorded in second half
period after the occurrence of the extreme value, then the
kS pulse sppearing on the atmospheric waveforms will take
the shape illustrated in Fig, 36 (cf. the explanation of
Fig. & given in.Section 3A, Chapter 11), Hence, the S
pulse will fall into the =+ type or into the = type accerding
Fig, 36

a’f\\\ lf“‘\\\

N N

( & type pulse ) (Ftype pulse)
Pogsitive local Negative local
streamer streamer

as the corresponding electrostatic field changn really exhlblto
a maximum or a minimum respectively. As we havé already
investigated, the local discharges inclufed in a lightning
discharge in thundercloud have statistically the directions
which are held roughly parallel to that of the complex
streaner throughout the process of the disch~rge., However,
if we investigate the details of variation of the ES pulse
polarities on the atmospheric waveforms of a lightning
discharge, nearly half of the recorded lightning discharges
really represent more or less some fluctuations in the &S
pulse polarities (refer to Table 27). This indicates-the fact
that the direct:ons of the individual local discharges
included in a lightning discharge exhibit each a-eertain
deviation from the mean direction. if the fluctuation in

the dirgction of an individual local dipole diséharge is
adequate, the field reversal circle correcgponding to the
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local dipole w:11 pass a point on the earth's furface very
close to the observation point, 1In this case the probability
that the electrostatic field change due to the local discharge
may exhibits & maximum or a minimum will be

increased considerably, and hence, the number of ES pulses
which take the shape illustrated in Fig, 36 will be increased
on the records of atmospheric waveforms, We have classified
the fluctuation characteristics of ES pulse polarities into
the following three types: the type which has no polarity
fluctuation, the type in which the fluctuations performed
between + and - types of ES pulses and involve neither 4 type
nor == type of ES pulses, and the type in which the polarity
fluctuations really include either + type — type, or both
these types of KES pulses, i

Table 37 represents the percentage number of the recorded
discharges which fall into the above three categories, The
remarkable point of this table is that more than half of the
lightning discharges which give the atmospheric waveforms
each exhibiting some polarity fluctuations of ES pulses,
actually involve either 4 type or = type of ES pulses;
hence the lightning discharges which give the atmospheric
waveforms whose polarity fluctuations are executed
thoroughly between + and - ES5 pulses, really construct only
a minority group of the recorded lightning discharges, The
fact that a large part of the ES pulse fluctuations usually
contain either + type or — - type ES pulse in themselves seems
to indicate the point that in the case of a lightning
discharge which accompanies remarkable fluctuations in the
directions of local discharges, the fluctuations of their
directions are performed usually in rather a continuous way,
Therefore the probability will become appreciable in many
cases that the field reversal circle corresponding to a
certain local discharge comes to pass the neighborhood of
the observation point during the period of the lightning
discharge concerned, This sort of remarkable fluctuations
in the directions of individual local discharges executed

in a nearly continuous way may be attributed, for example,
to gradual but rather complicated changes in the advancing
direction of a complex streamer developing a lightning '
discharge or to the branchings, with small angles, of local
discharges from the advancing head of the mother complex-
streamer channel. On the contrary to this, the minority
group of ES pulse polarity fluctuations which involve
neither + type nore | type ES pulse in themselves must

be attributed to abrupt and large fluctuations of the

local discharge directions, if it is desired to interpret
the polarity fluctuations of ES pulses by the fluctuations
in local discharge directions, So that it will be more
reasonable to consider, in this case, such mechanism as the
branching, with a large angle, of a local discharge from

the advancing head of the mother complex-streamer channel,
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Table 37

. . : ‘ =
Sort of | ES pulse; Polarity fluctuation of pulses No, of
discharge| polarity, R record
4 varia- - . | Fluctua~ ;Fluctuation
tion ?fi ? tion not involving
type UEtla- | snvolvin 5 ”
tion + -4 81 5 e
T
+ | 442 % 22,1 % 34.7 % 326
Cloud “+ - 245 % 75.5 % 192
discharge :
= af” bd o5 % 55.5 % 126
i ) -
~ — | 290.7% ‘ 23.86 % 36.5 % RLT
+ + | 56.8 % 17.3 % 25.9 % 116
brgmpd. | o . 245 % 75.5 % 49
discharge
R P 53.1 % 469 % | 32
i 19.7 % 18,2 % 62,1 % 66

than to consider the gradual changes in the advancing direction
of the streamer, If we compare the occurrence percentages of
the K5 pulse polarity fluctuations invelving either 4+ type or
F type ES pulse in themselves between the ES pulse polarity
variation type+ <,0r- - and the polarity variation type-- or-
- +, given in Table 37, it will be evident that the case of the
polarity variation type+ -, or - +, generally gives larger
occurrence percentages concerning the polarity fluctuations
involving either 4+ type or - type &5 pulse, than in
the case of the polarity variation type 4+, or - -, except for
the case of the polarity variation type - - arising in the
ground discharges, Because the lightning discharges which
produce atmospheric waveforms falling into the polarity
variation type+ -, or - + , will statistically make the
peripheries of field reversal circles each corresponding te a
local discharge tc pass through the points placed nearer to
the observation point, compared with the lightning discharges
producing atmospheric waveforms falling into the polarity
variation type 4+, or - -, therefore the evidence above describ-
ed must be inferred to indicate the point that .a small

_232 -



fluctuation in the direction of a local dipole will be sufficient
to cause s displacement of a field reversal circle in such

a way that its circular periphery really comes to pass through
the nighborhood of the observation point, According to the
above idea, the ES pulse polarity flucutations which involves
t tyvpe or I type ES pulse must be expected to become recordable
when the field reversal circle correcponding to a certain &S
pulse really passes through the neighborhood of an observation
point., Let us consider a lightning discharge that gives the
atmospheric waveforms falling into the ES pulse polarity
variation type+ - or - 4+ , and assume that the magnitudes of
directional fluctuations of the individual local discharges
from the mean direction are all equivalent with each other,
then the occurrence probability of an ES pulse polarity
fluctuation must very with the development of the concerning
complex streamer and will reach a maximum when the developuent
of the streamer will enter into the transitional period, in
which the corresponding atmospheric waveforms will produce

the £5 pulse polarity variation from positive to negative,

or from negative to positive, To see this point, we have
investigated on the records of atmospheric waveforms

resulting from a lightning disch-rge, and falling into the

BS pulse polarity variation type+ - or - +, the point how
frequently the t+ type orj type L& pulse may be detected in

the transitional per iod of ES pulse polarity variatione

from +to -~ or from - to+on the waveforms, The result of

these investigatione is represented in Table 38, This

is the result which really coincides with our expectation

., Table 38
Bowk. off !ES pulse Position 'of occurrence of %or ;Number
A {polarity |Ftype LS pulse on atmospheric |of
charge variation | waveforms data
s type
: Inside the Outside the
transition ~transition
) period peried
%ém L 90.5 % 9.5 % 116
ning ]
dis- - 4 9l.2 % 8.8 % . 46
i_charge

described previously, and supports our interpretation of the
meanings of the * or 3 type ES pulse, Following this
interpretation the * type or the + type of ES pulse must
correspond respectively to a maximum type or a minimum type

of electrostatic field change, in other words, it has its
origin respectively in a pesitive or a negative local streamer
developing a local discharge.
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Therefore if we know the occurrence percentages of the waveform
sections indicating the polarity fluctuations each containing
+ type or 3 type BS pulse on the records of atmospheric
waveforms due to lightning discharges, we can make the
statistical aspects of the polarities of the local streamers
clear, The table 39 represents the result of this
investigation, According to this the occurrence percentages of

Table 39
S pulse Type of ES pulse polarity Number of
polarity fluctuations data
Sort fluctuation

of;

of disch;;éé*~\\\
\\ i _‘F Tn:{xed

Cloud discharge 27.0 % 61,9 % | 11.1 % 656
Ground discharge 38,1 % 1. % | 10.5 % 247
Polarity of a Positive|Negative |Complex

local streamer

the cases in which the local discharges are developed by
negative local atreamers are 61,9 % for the case of cloud
discharges, and 51.4 % for the case of ground discharges,
while the occurrence percentages of the cases in which the local
discharges are developed by positive local streamers are only
27.0 % for the case of cloud discharges and 38.1 % for the case
of ground discharges, Hence, it is clear that the case in
which the local discharges are developed by negative local
streanmers occupies the majority group for the both sort of
lightning discharges, Concering this point, the statistiecal
nature of the complex streamer polarities has already been
whown in Table 32,, Following this roughly 60 % of the cloud
discharges as well as the ground discharges are developed

by positive complex streamers, while the lightning discharges
developed by negative complex streamers occupy roughly 40 % of
all the recorded lightning discharges. Therefore it is
evident that in this case the positive polarity occupies the
majority group. So that if we consider the possible
combinations of the polarities of local streamer with those

of complex streamers, it will be needless to mention that

the combination of the majority group of local streamers with
the majority group of complex streamers, i,e,, the combination
of negative local streamers with a positive complex streamer,
must have considerably a larger occurrence probability than
other streamer polarity combinations do it., To see more
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exactly the statistical relations between individual combinations
of complex streamer polarities and loecal streamer polarities,
it becomes necessary to investigate the occurrence percentages
of + org type &S pulses on the atmospheric waveform which give
the ES pulse polarity variations of the type+ - or - +, which
probably corresponds to a positive or a negative complex
streamer respectively, For this purpose, attentions were paid
to the lightning discharges which produced the atmospheric
waveforms each falling into the ES pulse polarity variation
type+ - or into the type - 4, and each representing the
polarity fluctuations involving =+ type, or ztype ES pulses,

and then the percentage number of lightning discharges

giving the waveforms involving the &+ type ES pulses, and that
of the discharges giving the waveforms involving theg type

S pulses were investigated on the waveform records of the
above noticed type of lightning discharges, the result of

which is represented in Table 40.

Table A0
Sort of ES pulse Character of ES pulse Number
discharge | polarity polarity fluctuation of data
variation - -
type Involving Involving
type type
ES pulsex ES pulsex
iz + - 32.7 % 67.3 % 136
discharge
e =k 43.6 % 56.4 % _ 70
o . 33.8 % 66,2 % 3%
Ground :
i Y 46.7 % 53.3 % 15

* & lightning discharge which gave the waveforms involving
both the + and 3 types of ES pulses, were evaluated

as + in each of these two categories,

<

It the percentage number of waveforms which involve = type £S
pulses is compared with that of waveforms which involve ¥F type
£S5 pulse on Table 40, it will be clear that the waveforms
involving  type ES pulses really predominate over the waveforms
involving 1 type 1S pulses, independent of the waveforms being
produced by cloud discharges, or ground discharges, This is
Just the same tendency as that given in Table 39. But if we
compare the percentage number of the discharges producing
waveforms which involve + type, or T type BS pulses between the
discharges giving waveforms falling into the ES pulse polarity
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variation type , _and those giving waveforms falling into the
LS pulse polarity variation type .. 4 , given in Table 40, it
will be evident that the occurrence percentage of lightning
discharges giving waveforms which involve + type LS pulses
and fall into the _ 4 type polarity variation, statistically
predominates over the occurrence percentage of lightning
discharges giving waveforms which involve the same type ES
pulses and fall into the+4 - type polarity variation,
disregarding whether they are, cloud discharges or ground
discharges, while the occurrence percentage of lightning
discharges giving waveforms which involve I type ES pulses
and fall into the+ - type polarity variation, statistically
predominates over the occurrence percentage of lightning
discharges giving waveforms which involve the same type ES
pulses and fall into the — + type polarity variation,

independent of they being cloud discharges or ground discharges,

On the other hand, the occurrence percentage of the lightning
discharges producing the waveforms falling into the, _ type
variation and that of the discharges producing the waveforms
falling into the . ytype variation has already been given

in Table 32 referring to the case of cloud discharges and to
the case of ground discharges, Therefore, if the numerical
values given in the spaces' of Table 40 are multiplied
respectively by the numerical values given in the corresponding
spaces of Table 32, then we can get the occurrence probability
of combination of a complex streamer polarity with a polarity
of . the local discharges oconcerned referring to the two sort of
lightning -discharges, Table 41 indicates the result of this

calculation,
' Table 41

e i S

Probability of polarity combination-between a complex streamer
and the local streamers concerned

Sort of Polarity of Polarity of local streamer
discharges i cggglex . B
© . Positive - Negative
Positive 19.7 % 40.6 %
Cloud
discharge
ST Negative 17.3 % 22,4 %
Positive 20.4 % 0.1 %
Ground :
discharge

Negative 18.4 % 21.1 %
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We have already investigated that the method of directly
measuring the electromagnetic effect of a complex streamer,
e.g., the electrostatic field-meter method, really has advantages
over the method of indirectly measuring the same effect

of the complex streamer, e.g., the ES pulse polarity variation
method, when it is desired to obtain the exact knowleges about
the occurrence percentages of the positive and the negative
complex streamers, So that if we use the statistical results
(Table 18, Section 6A, Chapter IV) obtained with the
electrostatic field-meter method instead of Table 32 obtained
with the ES pulse method, and carry the same calculation which
we have adopted to obtain Table 41, then the probability of the
polarity combinations between a complex streamer and the local
streamers concerned will be obtained on the basis of the
records obtained with the electrostatic field-meter., The
result is indicated in Table 42

The comparison of these two Tables 41 and 42 clearly indicates

Table 42
Probab.lity of polarity combinations between a complex
streamer and the local streamers concerned
Sort of Polarity of Polarity of local streamer
discharges complex
streamer Positive Negative
Positive A Z
Cloud ositiv 26,7 % 55.1 %
discharge
Negative 7.9 % 10.3 %
£ . Positive - 33.0 % 64.6 %
Ground
uischarge
Negative 1.1 % 1.3 %
L.i i

that the probability tendency that the cloud discharges indicate
and what the ground discharges indicate do not differ from
each other in both of these two tables. This seems to
indicate the fact that any appreciable difference can not be
found to exist between the discharge mechanisms of a ecloud
discharge and those of a ground discharge, so long as we take
into account only the discharge processes which break out
within a thundercloud, There are some differences existing
between the percentage value given by a certain polarity
combination in Table 41 and that given by the same

polarity combination that given 1in Table 42, when the same
sort. of discharges is compared between the two tables,
Concerning this point we shall give a preference to Table 42
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over Table 41, because the former is based on the more direct
method of measurement than the latter, Fig 37 represents the
generalized figures of these four combinations of streamer
polarities in the order of the occurrence probability values
represented in Table 42,

Flg., 37

@

j&:gbo&dsxnﬁmer

Com plex

ZF slremer

759  (Clowd discharge )

Ucaurrence
bebi lit # .
B V' edes 330 % 1.3% 1.1 %  (Grou dischae)
(5} (b} (D) (d)

FG—s———Direction of Complex streamer

¢«—————Direction of Local streamer

The table shows that 81,8 % of cloud discharges and 97,6 % of
ground discharges are developed each by a positive complex
streamer, and if we limit the lightning discharges to those
which are developed each by a positive complex streamer, 67,3 %
of the cloud discharges, and 66,2 % of the ground discharges
include negative local streamers, Out of these four cases,
the combination ol a positive complex streamer and the
negative loczl streamers concerned (see Fig, 37 (a) ),
occupies the largest group, and represents the most

usually observable type of a discharge mechanism in a thunder-
cloud.

This is the mechanism which coincides with the loeal discharge
mechanism having been deduced from the junction streamer
process of a ground discharge. Following this idea, when

a positive complex streamer having broken out from the inward
periphery of a charged electrode composing a predominant
positive- center of electricity, will progresse through the
cloud-body at a velocity of the order of 106 cm/sec toward
the opposite negative charge center to develop a lightning
discharge in a thundercloud, the advancing head of the

complex streszmer will sometimes reach the immediate neighborhood
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of a remarkable but small local accumulation of negative
electricity scattered along a vertical columnar distribution

of negative electricity in a thundercloud (refer to Fig, 1
Section 1 Chapter II1). At this moment a number of minute
negative streamers will break out from the negative local

charge center, directing toward the head of the positive complex
streamer that has advnaced in the reverse direction, and will
progress toward the inner portion of the complex streamer

head, The small discharge process which involves a number

of minute negative streamers in it, may compose a local
discharge as a whole, and will produce a small stepwise
electrostatic field change that results in an ES pulse on the
atmospheric waveform due to a lightning discharge. Accoridng

to circumstances some of the numerous minute streamers will

have the chance to grow to a large scaled negative streamer,
i.e., a dart leader streamer, and may progress along the discharge
channel previously prepared by the positive complex streamer

as long as several hundred meters toward the direction of

the opposite charge center. At this moment the progressing
velocities of dart leaders may reach the values larger than

109 cm/sec and emit a strong atmospheric radiation pulses.
This must be the origin of a ER pulse appearing on the
atmospheric waveforms having propagated at a long distance,
Follwoing our estimation, the number of these relatively
small sized dart leaders per local discharge is two in the
median value, It will be very probable that the vertical
columnar distribution of negative electricity resulting from
the charge separating action of a strong upwards air stream
developing a thundercloud, really has an appreciable number
of fluctuations in the electric charge density along the
axial direction of the negative column in accordance with

the possible micro-structure of the upwards air strean, e.g(i
presumably the sub-cell structures, suggested by J. Kuttner 9)

which probably be arranged in the vert cal direction along a
negative column, If the contribution of the micro-structure
of the upwards air stream to the separation of electricity

is appreciable, the fluctuation in the electricity
distribution along the vertical column will become appreciable
and may result in vertically arranged local charge centers.
Further it will probable that the strong action of charge
separation due to remarkably violent micro-structures
existing at several points along the upward air stream being
combined with the stong charge separating action of the
general upward air stream will make it possible some of the
local charge centers to accumulate remarkably larger
magnitude of negative electricity than other local charge
centers, Therefore, when the advancing of a positive complex
streamer reaches to one of these local charge centers involv-
ing a remarkable megnitude of negative electricity, the local
discharge thus produced will become very strong, And thus,
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some of the large number of minute streamers will have the
chance to grow to the huge scale negative dart leaders, in
this case, and travel along the discharge channel previously
tapped by the positive complex streamer so as to reach a
sufficiently distant point away from the head of the complex
streamer,
One of the large number of minute streamers grown up °
to a large scaled dart leader will not be enclosed inside
a thundercloud and the probability the leader developing
through the outer boundary of the cloud, or spreading out
from the cloud-body will be increased considerably according
to the electrical conditions in and around a thundercloud
body., The dart leaders which develop from the respective
local charge centers involving remarkable charge accumulations,
may compose a multiple intercloud discharge, When a positve
complex streamer constructs the junction process of a ground
discharge, a dart leader produced by the above process
will reach the ground and lead the succeeding return stroke,
Therefore it becomes evident that no essential differences
seem to exist between the discharge mechanism which
produces a local discharge and that which produces
a dart leader lesding a succeeding return ground stroke,
except for the difference existing in their scales, This
is just the same conclusion already obtained through the
interpretation of Fig, 23 in Section 5 of this chapter.
Concerning the other three polarity combinations of the
two streamers, however, we have, at present, only a little
knowledges about the lightning discharge mechanisms which can
be applied for the interpretation of these three, so that it
will be difficult to make clear the physical meanings of
these three combinations and to determin the electrical
conditions under which these three will become possible,
According to what we have hitherto investigated in this
paragraph, the head of a positive complex streamer probably .
advances through a columnar negative charge distribution which
contains an appreciable number of negative local charge centers#*,

thereflore a vertical dipole discharge model which replaces the
tow cpposite volume charge accumulations relating to an
actual discharge in thundercloud with the two opposite point
charge electrodes, can not be a high degree of approximation
in any way. So that it becomes necessary to assume a
volume electrode which has a certain spatial spread and a
non-uniform distribution of electricity, if we take the
existence of local discharges into account, i

H, Hatekeyama pointed out in hig paper(zo)-that a discharge

* According to Table 26 in Section 7B, Chapter IV, number
of local charge centers per lightning discharge will
be roughly 21.5 in the median value,
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in a thundercloud at Maebashi may be interpreted by assuming
a vertical dipole whose electrodes are composed of the two
horizontal rings located respectively at two different altitudes
along a common vertical axis, as well as by assuming a vertical
dipole whose electrodes are composed of the two vertical
cylinders located respectively at two different altitudes on
a common vertical axis, Concerning this point, it will be
evident that we should assume the electrodes which have each
a vertical spread, if we consider the mechanism of charge
separation taking place along a violent upward air stream in
a thundercloud, and the junction process involved in a ground
discharge. Following H. Hatakeyama let us assume a negatively
charged cylinder extending vertically from the altitude 4 km
to the altitvde 8 km, and a positively charged cylinder
extending vertically from the altitude 8 km to the altitude
12 km on a common vertical axis, Then a discharge will be
produced at first between the two opposing edges of the two
cylindercal electricity distributions, and thus a complex
streamer will be built up in the gap space held between the
two electrodes, The analogy of the experimental spark
dischsrges leads us to the following deduction that a complex
streaner breaking out in the inter-electrode space will gorw
up to a midgap streamer, the lower erd of which will be
streached downwards into the negative cylinderical electrode
and form a positive complex streamer, and upper end of which
will be streached upwards into the positive cylinderiecal
electrode and form a negative complex streamer(2l
The midgap complex streamer thus produced in a thundercloud
will have the structure which will be interpreted with the
appropriate combinations of the complex streamer given in
Fig, 37. Fig. 38 represents the four possible structures of
midgap complex streamers constructed from the streamers
illustrated in Fig, 37.
According to what the figure indicates, it is clear that the
most probable structure of a midgap complex streamer in a
thundercloud will have the details represented by the
streamer model (c) in the figure, In this case, the local
discharges appearing on both heads of the midgap streamer,
will be developed each with a negative local streamer
directing upwards, Next let us assume a case in which the
electrostatic field change due to the development of one of
the four midgap streamer models illustrated in Fig. 38 is
recorded at an observation point located in the area on
the earth's surface, which excludes the field reversal region*
* Let the horizontal distance of the midgap streamer from the
observation point be expressed with D, the altitude of the
rositive and the negative dipole electrodes of the concerned
cloud discharge respectively with H and H-, then the
field reversal region given by the midgap streamer will
be represented as [2H_ $-I}Q2H "
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given by the related midgap streamer, Then the field change a
nidgap complex streamer would produce, must be expected to have
similar characteristics as those of the field change which
would be produced by a positive or a negative single sided
complex streamer occupying a position respectively correspond-
ing to the lower head or the upper head of the concerned

midgap streamer and advancing respectively downwards or upwards,
However, if the field change due to a midgap complex streamer
is recorded at an observastion point included in the area of

the field reversal region, the field change will become to have
different characteristics from those of the field change due

to a single sided complex streamer, [f the lower positive

head of a midgap streamer develops earlier than the upper
negative head of it, the field change due to the midgap
streamer would represent a minimum on itself, or take the

form of a + types complex field change, i,e,, a maximum followed by
a minimum type field change., In the former minismum type, we can not
discriminate a midgap complex streamer from a negative

single rided complex streamer on a record of electrostatic
field changes, and this may increase the precentage value

of the minimum type field changes due to cloud discharges
indicated in Table 18, Section €A, of this chapter, If

the lower positive hesd of a midgap streamer develops later
than the upper negative head of it, the field change due
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to the midgep streamer would represent a maximum on itself,

or take the form of a 3 type complex field change, i.e.,

a minimum followed by a maximum type field change,

In the former maximum type, we have no means to discriminate

a midzap streamer from a positive single sided complex streamer
on the record of electrostatic field changes, and this may
result in the increase in the percentage value of the maximum
type field changes due to cloud discharges indicated in

Table 18,

As it is well known that a positive streamer generally develops
more easily than a negative streamer, so it is expected that
the lower pcsitive head of a midgap streamer generally
develops earlier than the upper negative head of it, and
therefore, that statistically the L type complex

electrostatic field changes due to cloud discharges must
predominate over theztype,

The existence of.a cloud discharge which produces the

couplex electrostatic field changes, and 1likely corresponds

to a cloud discharge developed by a midgap streamer, may

be recognized by the fact that the data corresponding to the
grouping of "complex change" given in Table 18 in Section 6A
of this chapter occupies as much as 25,5 % of all the investigat-
ed cloud discharges,

If the rapid electrostatic fielc changes due to individual
local discharges accompanied by one of the four midgap complex
streamer models in Fig. 38, are recorded with a short range
waveform recorder of atmospheriecs located in a area on the
earth's surface excluding the field reversal region given

by the concerned midgap streamer discharge, the ES pulses

thus recorded will have the characteristics similar to those

of the S pulses which would be produced by the local discharges
associated with a positive or a negative single sided complex
gtreamer occupying a position respectively corresponding to
the lower head or the upper head of the midgap streamer, and
advancing respectively downwards or upwards, However, if

the ES pulses due to local discharges are recorded at an
observation point included in the area of the field reversal
region given by the related complex streamer discharge, then they
will become to indicate different characteristics from those

of the BS pulses due to local discharges associated with a
single sided complex streamer, If the lower positive head of

a midgap streamer develops earlier than the upper negative
head of it, the ES pulse polarity variations which would be
produced in association with the development of any one of the
four midgap streamer models in Fig, 38, will fall into
alternative one of the three LS polarity variation types
represented respectively with (- 4), (- +<), and (+ - 4).

If the lower positive head of a midgap streamer develops

later than the upper negative head of 1t, the £S5 pulse
polarity variations which would be produced in association
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with the development of any one of the four midgap streamer
models in Fig, 38, will fall into alternative one of the
three ES polarity variation types represented respectively
with (+ =), (- + =) and (+ - +4). As the ES pulse polarity
variation type (- +4) and (4+ =-) are also interpreted respectively
with negative and positive single sided complex streamers,
moving along vertical axes, it will be impossible, in this
case, to discriminate a midgap streamer from a single sided
streamer, '

As to the ES pulse polarity variation types (-+-) and (+ = +),
it will be reasonable to consider that the cloud discharges
which contributed to the group of complex variation type
given in Table 22, Section 7B of this chapter, must partly
involve in themselves the discharges developed by the

midgap streamer proces:z, If a midgap streamer channel

is appreciably curved horizontally and inclined from the
vertical axis, a cloud discharge waveform recorded at an
observation point included in the area of the f'leld reversal
region corresponding to itself, will have an appreciable
possibility to represented T type or  type ES pulses on
itself, Concerning this point, the midgap streamer models(a)
and (b) in Fig., 38 each egually involve a positive and a
negative local streamers, while the model (c) and (d) of

the same figure involve two negative and two positive local
streamers respectively, OSo that it is wvery probable that the
electromagnetic waveforms due to a cloud discharge developed
with a midgap streamer of the type given by the node (a) or
(b) in Fig. 38, will indicate both* type and 5. type of ES pulses
or alternative one of these two. types on themselves, while
the waveforms due to a cloud discharge developed with a
midgap streamer of the type given by the model (c) or (d)

in the same figure, will represent respectively either I
Lype or X type LS pulses on themselves. Hence, the model
(c) and (d) are not suited for the interpretation of a

cloud discharge waveform which involves both & type and &
type £S5 pulses on itself.

Concerning this point, the percentages of the observed
lightning discharges which produced the atmospheric waveforms
carrying both r type and F type ES pulses on themselves, have
also been represented in Table 43,

Following this, it is evident that we can not neglet the
existence of the atmospheric waveforms involving both == type
and 3 type £S5 pulses, Corresponding to this point, the
investigation of the moving flash photographs of cloud
discharges clearly has shown that in some cases, the
investigated multiple intercloud discharges actually

were composed each of a group of several dart leaders, the
both ends of which were streached outwards more and more

with increase in the order of the dart leaders. .These are
probably the intercloud discharges which can be interpreted
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Table A3
Sort of |£S pulse (Character Ef polarity fluctua- | Number
dischar- |polarity |tion of ES pulses of data
ges variation
type : . 5
Including |Including|Including
t type 3 ‘type| ¥ type
ES pulse hg pulse | and 3 type
ES pulses
Cloud - = 15.4 % 50.0 % 34.6 % 136
discharges
— R5.7% | #38.6%| 357% 70
Cloud -+ - 16,2 % L8.6 % 35.2 % 37
discharges
— 26.6 % 33.4 %) 40.0 % 15

with the mechanism of the midgap complex streamer above deseribed.
We shall next consider the distribution of electric:.ty inside a
vertical colmnar electrode along its axis, According to Table

26, the number: of ES pulses appearing in the atmospheric

maveforms dus to a lightning discharge may be given 21,5 in the median
value, Concerning this point, the statistical number of ER pulses per
lightning discharge is indicated in Table 44, which includes
merely the rssults obtained from the data due to all lightning
discharges occurring within thunderclouds, because the results
will not differe in any emount between cloud discharges and
ground discharges. Following this, the number of ER pulses

per lightning discharge may be given by 19 in the median

value, if we take small amplitude ER pulses as well as

medium and large amplitude bR pulses into account, This is the
value roughly comparable with the above described value 21.5,

the number of ES pulses per lightning discharge.

However, if we neglect small amplitude ER pulses, the median
value will reduce to 16, and further if we merely consider

large amplitude ER pulses, the median value will bkecome only

to 10, Considering these points, we may assume that the

number of local discharges appearing in a lightning discharge
statistically are given by 16, so long as we neglect the existence
of the local discharges of small scales, Following the rloud
discharge model of a dipole with pair of cylindrical electrodes,
the avaerage separation of the two electrodes may be asrumed

to take the value 4.0 km, If we arsume that a complex streamer
produce 16 local discharges while the streauer advances the
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Table 44

‘\Amplitude of Including Exeluding Excluding
\ER pulse - small small small
- | amplitude ER |[amplitude ER |amplitude, as
ER
pulses pulses well as large
palse: groug X amplitude ER
pulses

Number of. kR
pulses per
lightning 19 16 10
discharge
(Median Value)

Wumoer pL 727 321 gg
data

distance 4 km, the mean electrode separation, then the mean
distance betwsen two successive local discharge centers
distributed through the mean electrode separation, will be given
by 4/17 = 0.24 km i.e., inaverage, 16 local charge centers are
arranged along a portion of the electrode axis given by the mean dlectrode
separation, at an average interval 0,24 km, To estimate the
magnitude of the electrical charge involved in a local

charge center, let us make an assumption that the electric
charge quantity. involved in a local charge center is roughly
proportional to the maan length-of dart leaders produced in
association with a Jocal discharge. Following the measurement
of length of a dart leader made on the ‘moving flash photographs
of intercloud discharges, the medn of the 11 measurenents give
the value 2.6 km, and they spr ead from 1,4 to 4.0 km. Taking
this point into account, let us as ume that the average length
of a dart leader contributing to a intercloud discharge would
be 3.0 km, because the both end ~f a dart leader would more

or less be hidfen in cloud bodies in many casec, Further, if
we follow Table 6 in Section 4 of this chapter, and adopt the:
average value 0,5 km, given in the table, of length of a

dart leader involved in a local discharge, then the ratio of
lengths of the two dart leaders will be 0.5/3.0. In the mean
while, the mean of the electric charge quantities each
discharged by one of the ground strokes, following to the
first, have already been given in Table 26 (a) in -ection 5B,
Chapter 1I, according which it is given by Qni = 2.8 .o»
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coul,.* So that the mean electric charge per local charge center
will be given by 2.8 x 0,5/3.0°0.47 couly accordingly the total
electric charge accumulated in all local charge centers

inside the columnar electrodes will be 0,47 x 16=7.5 coul,
According to what Table 23 in Section 5B of Chapter II
indicates, statistically 32 coul of electricity are dissipated
by a cloud discharge, hence, the electricity discharged by

a complex streamer process contributing to a cloud diccharge

be shven % pet
may given by Qcomplex = 32 - 7.5 = 24.5 coul,

If the electricity is distributed uniformly throughout
the mean separation 4 km of the two opposite electrodes, the
electric charge which is distributed between two succescive
- local charge centers, and contributes to the process of a
complex streamer will be given by 24.5/17 & 1.4 coul, Fig.
39 illustrates a model showing the above electricity dis-
tribution inside the two opposite columnar electrodes
composing a vertical dipole, For the purpose to know
the scale of a local discharge, it is necessary to estinmate
the value of a local dipole moment by measuring the

Fig. 39
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¥ The distribution of electriecity inside the two opposite
columnar elesctrodes will not differ appreciably between a cloud
discharge and a ground discharge, Therefore, it will be
reasonable to consider that the degree of electricity
accumulation inside a local discharge center would be
comparable with the accumulation of electricity inside a
charge center leading a ground stroke, if a local discharge
included in a intercloud discharge could produce a huge
dart leader,
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electrostatic field change due to a loral discharge on the
electromagrnetic wavetorms of a lightning discharge.
Concerning the point, our waveform recorder can not register
the correct electrostatic field change due to a local discharge
because of the too short time constant of its amplifier
system, therefore the amplitude measurement of a &S pulse on
the waveforms of a lightning discharge will not give a '
correct estimation of the electrostatic field change due to
the local discharge concerned,

Nevertheless, to estimate the magnitude of a local dipole
moment in the first apgroximation, we have measured the
amplitudeszJEﬁet of a radiation pulse corresponding te a

return ground stroke and the amplitude Ep,. of each ES pulse
on the same record of atmospheric waveforms due to a ground
discharge. Then we have_calculated, for each dEjgy. value,
the ratio of AE[ge totﬁmﬁet, the mean of thelfpq+ values,

where AE1oc and AEget are the values measured on the same
record of waveforms due to a ground discharge. 1In this

way we have obtained the ratio ValueszﬁELoc/EERet Pap daoh

AE1 o appearing on the waveforms due to scores of ground discharges
caught at apprepriate distances from the observation station, and
investigated the statistical character of them, the result of
which is indicated in Table 45.

( : ; Observation
Median value Number of data Fletasion
48 oc/4ERet, 0.069 369 20~40 km

Let us consider the first approxmation and assume that the
possible errors in the 4 Ep,. measurements, may be neglected

in this order of approximation, If we assume that the mean
altitude g of ground strokes end the altitude Hpoe of an
individual ~local discharge are sufficiently small in comparison
with the mean distance D of the discharges from the observation
station, so as to satisfy the relation ﬁj»ﬁﬁ, Hloe, then a_
simple approximate caluation will show that the ratioc AEyoc/MERet

must be given by

Abpoc/ 4BRet = 1.d1/QR.Hg (12)
where ER and g.dl respectively represent the nean electric charge
transferred by a return ground stroke from a thundercloud to the
earth, and the local dipole moment, Here, ER will be given by
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the mean of the individual Hj values represented in Table
21 in Section 5A, Chapter II, and QR by the mean of the
individual Qri values represented in Table 21 in Section
54, Chapter 1I, and in Table 26(b) in Section 5B, Chapter
II, according to whose results the estimated mean values
are HR = 3.8 km and QR = 1.5 coul respectively. Putting
these values into the relation (12), we can get

q.dl = 0,69 x 1.5 x 8,3 F 0.39 coul, km
If we adopt the g value obtained in the above discussion, i,
€.y Qq = 0,47 coul, 4,1 = 0,84 km will be concluded., This
is the result which suggests that the length of the columnar
domain, in which a local discharge takes place, is roughly
comparable with the mean length of small dart leaders
breaking out in connection with a local discharge, and further,
appreciably larger than the estimated mean distance between
two successive local charge centers.,

Following the observational evidences, the electrostatic
fielch charges due to a cloud discharge, recorded with our
fieldmeter, always do not represent any structure which may
be interpreted by the process of a local discharge, but are
completely composed of gradual variations corresponding to
the spatial slow movement of a complex streamer. This means
that the inffluence of a local discharge on the electrostatic
field changes due to a cloud discharge is always remarkably
smaller than the ilffuence of a complex stream on the field
changes, Therefore, if the above distribution model of
electricity inside the vertical columnar electrodes,
illustrated in Fig. 39, has some importance as an approximation
of an actual cloud discharge, the rapid electrostatiec field
change AELoc produced by the discharge of a local dipole with
the moment q.dl = 0.39 coul. km, must be sufficiently
smaller than the slow electrostatic field change AEgopmp produced
by the movement of a complex streamer through the mesn distance
0.24 km between two successively.arrange local chsrge centers,
To see this point, we shall con-ider a dipole discharge
representing a cloud discharge, as illustrated in Fig. 40,
in which the positive and negative point electrodes of an
assumed vertical dipole are located respectively at the mean
altitudes Hy and H- of the columnar electrodes of the dipole
above discussed, and the assumed dipole has been
half discharged by a positive complex streamer extenasd from
the upper positive electrode as for as } downwards., Lf we
assume that a local discharge breaks out at this instance,
the altitude of this loeal discharge must be given by
H' = H+-3%. Let the mean linear electric charge density of
the complex streamer be g, then the electrostatic field change
produced by the progress of the complex streamer fromi, to El
and recorded at the observation point P on the earth's surface,
by the distance D apart from the discharge will be given by
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4 Ecomp = Egomp (%) - Ecomp (§)) . (13)

Fig 40
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where EComp(g ) =218 [ ! " |

E ‘l+(H+";)‘/D % {1+(H+/D)2}g—
L(D)QE(D} e
Lt /D2';3/2]

Ht
and §| g re the altitudes  f two succesesive local charge
eenters., Ln the meanwhile, a rapid electrostatir field change
produced by the discharge of a downwar”ly directing local
dipole located at the altitude H', and recorded at the
observation point ¢, will be obtained by using the formula
(3) given in Section 7B of this chapter as follows,

; _—=29,81 1 - 2(H'/D)2 f 5
AfLoc =713 T- (H’/D)2.‘55/2 {14_)

Further we shall consider the case, in wnich the observatipen
distance is so large that the relations H+/ D1, H'/DL1L,
are satisfied, and make the approximate estimation of the
formula (13) and (14) taking the second order terus (H+/D
H' /D)2 into account, The results of this approximation are
respectively given by

Aoeomp 2534V | W ey 0 b0 2 g |3 02

a3 | (131)

3

= 280 =



Bloe 2 =230L— | onmmz1t ()

where Q = q(f, %I) is the total electrical charge distributed
along the space between two successively arranged local charge

centers. Then AEroc/ ABcomp can be obtained by dividing
(14') by (13'), which results in '

Aploc - _20d1  9/2(H'/D)R . 1

41 Ecomp QH (H /D)2 - (%.- £)/H _(15)
Let us consider the instant when the complex streamer has

extended half the mean separation of the columnar electrodes,
In this moment the following value must be expected.

}|+ 5,5 4 km, H+ = 10 km, H' = & km,

Q = 1.5 coul q.dl = 0.39 coul,

Taking the result of Table 45 into account, the relation(15)
has been numerically calculated for the two values of the
observation distances, D = 20 km, D = =, whose results
are represented in Table 46,

Table 46
i
Distance, D 20 km G *
/ELoc/ AbGomp 0.10 0.13 !

We can clearly see that the numerical evaluation of the ratio
.4 ELOC/‘jECOmp obtained here, roughly statisfies our expecta-
tion A¥ree/Abcomp « 1, which also seems to support the point
that the model which has been discribed in this paragraph
concerning the non-uniform distribution of electricity

inside the volume electrodes, actually interpret the probable
structure of the volume charge accumulations which are developed

in a thundercloud, and produce a lightning discharge,.
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