
Chapter Ill Positive Ground Discharge 

1. Introduction 

As we have already- inve·stigat,ed in Section l al!d 3, 
Chapter II , a negative ground

1
di scharge ~s generally initiat­

ed with an igniting discharge taking place between the 
lowermost portion of the ve r:tical negatively charged column 
n inside a thundercloud and the s mall positive charge 
concentr ation p (see Fig. 1 Section 1, Chapter ll} and then 
gr ows t o a huge discharge between nand the earth(l), as a 
result of which the negative electrical charge dis t ributed in 
a vertical columnar volume is lower ed ,$-_uccessively f r om its 
lower and toward the earth 1 s surface. ~ 4J In contrast to 
this, t here are few ground discharges by which a positive 
e lectrical charge is l owered f r om thundercloud t owar d the 
earth, that is the ground discahr ge with a reversed polarity. 
These positive ground dischar ges may usually be considered 
being a discharge taking place between the earth 's sur face 
and the small pos i tive electrical charge conoentr at i on p 
gr own up to an appr~ci~ble qegree in the vicinity of the 
cl oud base . Our statistical investigl'ltion of the polarity 
of a ground qischarge.has shown that the gr ound discharge 
with a positive polarity usua lly does not present itself 
except for a very special case . ~t·depends on this reason 
that the fine structure of a positive gr ounq discharge 
coul d not have been made clear . However , at pr esent we bave 
arrived at a stage , in ·which the number of measurable 
electr omagnet ic •~aveforms of ground disc barges have increased 
to as much as 440 through thunderstor m observations 
in several summers . We have investigated the polarity of' 
these 440 ground discharge wavef )r ms an0 found that there 
ar e few ground discharges which really have a positive 
pol arity. ~e shall descr ibe in this chapter the gener al 
aspect of a positive ground discharge by investigating 
these few r ecor ds of positive ground discharge waveforms . 

2. Occurrence pr obability of 
positive g'round discharges 

As we have already i nvestigated in Section 1 Chapter II , 
about 76% of lightning dischar ges ar e the cloud discharges 
t a king place independent of the earth's surface, so the ground 
discharges occupy only 24% of all the lightning discharges. 
Of these 24% ground discharges, how much percentages will 
be occupied by the positive ones? To s ee this point we have 
investigated CW r ecor ds of ground discharges as well as the 
electrostatic field changes r ecorded on magnetic tapes with 
our field-meter , both obtained thr ough two sumn.ers out of 
1956 - 1959. The result is r epr esented in Table 1 . 
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Table 1. 

' Polarity of ground 
I ·- r.Jjethod of Number of 

recording 
discharge data-. 

Negative Positive 
.. 

Electromagnetic 
Occurrence Waveform 99.2% o,8% 262 
Probability ------

Electrostatic 
field-rr.eter 96 . 6% 3.4% 176 

'-----

* Except for the data involved in this 0.8% there are two other 
electronllignetic waveforms obtained by us, likely corresponding 
to cloud discharges, even .though they have t~e similar nature 
as that of a ground discharge waveform. These waveforms, 
however, have been excluded from this table . 

The distances of lightning discharges giving the results of 
the table have been inferred to be roughly less than 100 km gnd 
15 km respectively for the case of electromagnetic waveforms and 
r ecords of electrostatic field-meter. Follwoing thG table, 
it is evident that the percentages of the positive ground 

I 

discharges do not amount to ~ value large than 3.4% even when we consider 
the electrostatic fie~d-meter r ecord which indl~~~es the 
higher percentage value . So the proportion of positive 
ground aischarges relative to all the r ecorded lightning 
discharges is only 24 x 0.034 :=- 0 . 82 %. Further the fact that 
the investigation of e lectromagnetic waveforms indicates the 
ex~stence of the positive ground discharges only of 0.8 %, 
while the investigation of recor~s of the electrostatic 
field-meter give the percentage of positive ground di scharges _ 
qs much as 3.4% seems to be interpre t ed as follows: 
former method records the field change in the frequency 
r ange 0 .5 - 100 kc/sec correctly. whereas the latter 
method records that in the fre1uency range 0 - 700 c/sec, 
therefore the latter can not r egister the f ne structure 
of fie ld change due to a lightning discharge as the former 
can do, and the decision of polar.i t y of a ground dischargE:) 
will become more severe for the electromagneti c method 
than for the electrostatic method . 

3. 1\i.ultiple ground disch':'lrge involving 
a positive ground stroke .. : 

As we have investigated in Section __ l , a positive .gro-ilnr1 
J 

stroke is conceivable to be a discharge taking place·between 
the earth's surface an~ the minor positive charge concentration 
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p grown up to a sufficient degree in the vicinity of a 
thundercloud base . The r esults described in Section 5 
Chapter II has shown that two opposite e lectrical charges 
composing the negative dipole pnl (see Section 4 A Chapter 
II) respectively amount to ' Qp = 2 . 9 coul., and Qnl: 8.0 coul. 
for the case of a negative ground discharge. If we assume 
that the relation is reversed for the case of a positive 
ground discharge, i.e., Qp~8 . 0 coul. and Qnl: 2 .9 coul., 
the positive electrical charge p of this magnitude u,ay b~ 
expected being dissipated only by one ground stroke process . 
This will be very conceivable when we consider the 
e lec trical charge dissipated by a ground stroke pr ocess 
involved in a negative mul tiple ground discharge . So that, 
if a positive ground disch~rge is r eally produced by the 
minor positive charge p, the positive ground stroke 
involved in it will not have a multiple structure, but will 
be limited only 1o the first stroke . To make this point 
clear, we have investigated on four r ecorns of electrost3tic 
field changes the polarity of each of the ground strokes 
composing a multiple ground discharge which includes at 
least one positive stroke . The result of this investiga-
tion is represented in the Table 2., which indicates in 
accordance with the above expectation that al l of the 
postitive gr ound strokes ~ecorded by us always present 

( : Table 2. 
. . .. 

Sytrtbol Ord<er of strokes 
indicating 
a c'J ischarge I II III IV v 

polarity of A _L - - * * 
component B --+ - - - -
strokes c + * * * * 

D +- * * * * · 

.. 

the mselves as the first stroke of a ground dischar ge, gnd 
when the ground_discharge is of multiple structure, the 
strokes f ollowing the f irs t are all of negative polarity. 
The nifference between the positive and negative ground 
dischar ges, ther efore , cons i st s , a t the utmost, in the 
polari ty of the f irst stroke being r eversed, and t here 
is no ot he r differ ences exi sting between the two , so 
long as the succeeding strokes are concerned. This 
indicates that the minor positive charge p i s complet e ly 
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neutralized by a ground stroke process, and the discharge after 
the first stroke is performed between the earth and the 
negatively charged column n remaining after the first stroke . 

4. Structure of a positive stroke 

One of the effective way to know the structure of a 
lightning stroke is to record the r apid field changes 
due to a lightning stroke with several short r ange waveform 
recorders simultaneously at several different distances from 
the str oke.. Fig . 1 illustrates the waveform of the 
electromagnetic field changes due to a ground discharge 
compose? of six strokes having appeard at a distance 
20 - 30 km apart from the station. It is very clear in 
the figure thst the first stroke Rl is the only one 
that has a positive polarity and the su~cessive strokes 
R2 ,_~ R6 are all of negative polar l ty, so that we shall 
investigate the structure of electromagnetic waveforms 
only of this first strokes. 

(A) Structure of the preliminary discharge leading 
a positive ground stroke 

The positive ground discharge illustrated in Fig. 1 
is initiated with a preliminary discharge composed of three 
sections lg. I and L, which are followed by a positive ground 
stroke R1. In the Ig section a group of positive pulses 
builds up a pulse train with time intervals 200 - 900 micro­
sec., which r educe themselves towards to the end of the 
Ig section . In the I section the time intervals approach to 
a value roughly 200 micro- sec. and the pulses of both 
polarities are recorded mixing with each other . In the 
L section the pulse intervals become so small that· it is 
very difficult to separate individual l eader pulses. But 
it r epresents an appreciable slow fie ld change from the 
moment about 4 ms before the occurrence ofRl The fact 
that the leader occurring at a distance 20 ·~30 km apart 
from the station really _produces a negative fie ld change , 
must be attributed to the d,pwpward movemen~ of a posi~ive 
l eader from cloud to earth· ~3J If we cons1der the po1nt 
that L section of the first leader in Fig . 1 is composed 
of a high frequency pulse train of just the same character­
i s tics as those of the L section of the first leader 
involved in an ordinary negative ground discharge, it 
will be very clear that the L section in .r·ig . 1 is 
really produced by s positive st8pped lescter traveling 
downwards from cloud t o earth. In general, if we r ecor d 
the e lectromagnetic field change , produced by negative 
vertical stepped le3der mvoing downwards, with a waveform 
recorder located outside the fie ld r eversal distance from 
the discharge , the r ad1ation field produced by each of the 

- 95-



Fig . 1. 
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step streamers will take the form of a differ entia l type 
pulse with positive polarity (4). This principle applied 
to the case of a positive stepped leader will result in the 
negative differential type pulses being produced by 
individual step streamers outside the field reversal distance . 
Because of the time sweep 3 ms of the waveforms and the 
large ratio of co~traction photography l/8.8 t auped by the 
necessity to record the waveforms reproduced on a C, R.T. 
screen wit~ a continuous 16 rnrn c1ne camera, it is very 
difficult to know the polarity of individual ra r ia t ion 
pulses on the waveform in Fig. l. However, the radiation 
pulses which have a positive polarity in the lg section 
seems gradually to change its polarity from ~ositive to 
negative as they pass through the l section. Taking 
this point into account, it will be natural ·to presume that 
the polarity of the pulses appearing on the L section 
of the waveform in Fig . 1 will be negative. In the Ig 
section of the waveform illustrated in Fig. 1, on the other 
hand, the positive pulses of the differential type are 
repeated with mean time intervals about 270 micro-sec., so 
it is evident ·that the pulse train characteristics of this 
Ig section is just tqe same as those in the Ig section 
of an ordinary negative ground discharge so long ~s the 
polarity and the time intervals of the radiation pulses 
are concerned. Tbarefore we may conclude that the discharge 
producing the field change of the Ig section of a gr ound 
discharge must have the structure similar to a type stepped 
leader independent of the pol~rity of the Ig discharge. 

(B) Initia tion of.the first ground str oke 

Considered from a statistical stand point of view, the 
negative first ground stroke is usually ignited by the 7 .. , . . 
discharge of a vertical dipole composed of a negative char ge 
concentration nl located at the lower and of a negatively ·charge· , 
column and· a positive char~e .concentration p loca t-eu a"L " 
the cloud base. (see Fig. 16 Section 4 B Chapter II) 
In this case, the igniting discharge is performed mostly by 
a negative streamer, with the nature of a stepped · l eader , 
traveling downwards from nl towards p , as it has already 
been described in Section 3 of Chapter II . Following to 
what we have investigated in paragraph A, a positive ground 
discharge also initiated, like negative one, by a igniting 
discharge with the nature of a stepped leader. The po.nt 
whether the igniting discharge Ig is performed in this case, 
by a streamer starting f r om p or by a streamer developing from 
n1, the point must be determind from the electrostatic field 
change produced by an Ig discharge. However , at the present 
stage where the record of a positive ground discharge suited 
for this investigation has not yet been obta ,_ ned in any amount, 
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the only way l eft for us i s to make some deductions from our 
imperfect data . As we shall see l ater in Par agr aph D, if 
the I g discharge is to be initiated from p , the pr obability of 
occurrence of the streamer that travels from p to n1 may be 
inferr ed being identical with the probability ~f occurrence 
of the streamer that travels from p toward t o the earth. 
According to this presumption the act ual electroma~netic 
waveforms .due to a po~:i tive ground dischsrge should be 
initiated by the Ig section corresponding to a dischar ge 
developing from p toward n1, or by the L section corr esponoing 
to a discharge developing f rom p towar d the ear th , or by a 
section of Ig, L mixed type corresponding to the dischar ge 
developing fr ~m p toward the both sides , i.e., upward and 
downward simultaneously . These three cases may be expected 
to be r ealized each in cer tain pr oportions . 
The investigation of a few e l ectr omagnetic waveforms* of the 
positive ground discharges which have been recorded up to the 
present has indi cated the point that the recorded positive 
ground disch~rges were all initiated each with an Ig 
process , This fact seems at least not to support the above 
latter two i r.terpretations positively but to suggest the 
lg discharge deveJoping downwar ds f r om n1 to p . Gener al.ly 
a positive ground discharge may be expected likely to break 
out when the positive e l ectrical charge concentration p 
predominates the negative char ge concentration ·.;nl ap13reciably . 
Despite of this, to let a pos i tive ground·discharge to st a rt 
from nl , the electrical char ge density at nl in this case 
must be at least 1. 6 tl!Ties as large as the char ge density at 
nl in the case of a negative ground discharge , the point of 
which will be discussed io Paragraph .u . As it would be 
difficult statisti~ally to find some serious differences in 
the process of negative charge accumulation in a thundercloud , to 
exist between positive and negative dischar ges i t can not be expected 
that the charge density at nl St atistically attains to an appreciably 
high value especially for the .case of a positive ground discharge . 
Neverthe less if a positive ground discharge i s actually initiated with an 
igniting discharge developing f r om nl, i t. must be attributed 
to r ather an unusally high concentration of electricity at 
nl, which can not be interpreted with the general merhanisrn 
of charge· separ ation within a thundercloud, but thor oughly 
results from an accidental factor r eJating to the charge 
separation . In contrast to this , if the electrical charge 
density of p i s comparable with that of nl, the electrical 
break down will Etart from p accumulating lar ger amount of 
electricity. Theoretically, the latter interpretation will 

* One reliable waveform of the positive ground discharge 
and two somewhat l ess reliable waveforms of the positive 
ground discha r ge . 
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be more plausible than the former , If it is so, an appreciable 
portion of the recorded positive ground discharges must each 
have the preliminary discharge without an Ig section, However , 
it is the problem of the furture observation to investigate 
which of these three interpretations are the most probable. 
As to the problem, which will be observed more f requent, the 
positive streamer or the negative streamer, being concerned 
with the lg discharge that takes place between p and nl, it 
should be inferred. as a general view, as follows. 
Following Honda 1 s ( 5) paper the progressive velocities of a 
negative and a pos~tive stepped leaders may be given by 
4 x 10? em/sec and 8 x 107 em/sec respectively, while the results 
of our investigation shows thqt the time duration Trg of an 1g 
discharge amount to 6.0 ms, as represented in Table 14 given in 
Section 4 A, Chapter II.* 
So that the distances traveled by the negative, and the positive 
stepped leader will be 4 x 10? x 6 x 10 -·3: 2.4 x 105 em 
and 8 X 107 X 6 X 10-3 : 4.8 X 105 em respectively, As we 
have already investigated, it is probable that the discharge 
taking place between p and n1 is usually inclined fr ·:1m the 
vertical axis considerably, so let us assume (H/L) lg: 0 . 5*~ 
where H ;Ls the vertical di:stance between p and n1, L is the 
length of the Ig discharge :channel. Then the altitude 
difference between p and n1 will be given by 2 .4·x 0.5 = 1,2 
km and 4.8 x 0.5 : 2.4 km respectively, Comparing these 
values with those illustrated in the Table 16 given in Section 
4 A, Chapter II, we can see that the negative streamer has 
the advantage of interpreting the observational result. For 
this reason, the pos.itive ground stroke should statistically 
be considered as being initiated by-a negative streamer. 
From time to time the waveforms of cloud discharges recorded 
by us each included one section or seldom more than one section 
of the same charaqteristics as those of the lg section of 
waveform of the first ground stroke . To know the polarities 
of the streamers producing Ig like dischar ges, we have 
investigated statistically the polarities of the radiation 
pulses ~ppearing io the Ig like, section of the ~bove type 
cloud discharge waveforms . The results are given in Table 3 

* Exactly speaking , the Table 14 represents the sta~istics 
of the dRta of negative ground discharges. However, it 
is not unplausible thAt the positive discharges will 
give the same result as well, because of the similarity 
of the preliminary discharge durations existing between 
the positive ground discharge waveforms (see Fig . 1 
bection 4) and the negative ground d:Ls rhA.rge waveforms 
(see Fig , 2 (b) and (c), Section 1, Chapter II) 

** See Section 4 A, Chapter II. 
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indicating the point that a great por tion of the Ig like 
discharges appearing in some of the cloud dischar ges are 
.developed each with a negative streamer. 

' Table 3 

' Polarity of stepped leaders producing the 
Ig like section of a cloud discharge wBveform 

.f'ositive Negative Complex . Number 
streamer streamer streamer data 

,. 17.4% 57.9% 24.7% 19 

--

vf 

This observational fa ct as well aeems · to support the 
interpretation thqt the igniting process of a positive ground 
discharge is developed, as a cloud discharge, usually with 
a negative streamer. Therefore the results we have hitherto 
obtained in this chapter seem to -indicate the fact that a 
ground discharge generally is initiated by a negative stepped 
leader traveling downwards from n1 to p independent of the 
pqlarity of a ground discharge. After the discharge gap p n1 
has been bridged once with a streamer of the nature of a 
stepped l eader, a preliminary dischar ge changes its nature 
and~nters into the stage which represents the tendency of 
a continuous discharge wl th the slower .rate of deve·lopment . 
At t his sta_ge, the preliminary discharge becomes does not · 
to emit any remarkable radiation pulse, but to prod·.1ce t ne ·· 
l sec.tion with the intermediate char acteristics between the 
Ig and tne L. sections on the waveform of the discharge. 
Therefore -~t will not be uoreaso~sble to conclune that the 
discharge producing the I section of th6 ~aveform is a 

c discharge .of thei: continuous character wtth a slow dischar ging 
rate , hence it lacks a clear ftepwise strurture . Tie quantity 
of electricity discharge_d by an I process must, of course , 
be inferred to be very small compared with the total 
electricity discharged by the whole preliminary process . 
The l discharge will be coptinued till to tbe moment when 
either of the electricity involved in the charge concentrations 
nl and p beLng dissipated thoroughly. 

In the case of a negative discharge the quantity of 
positive electricity p must usually be inferred to be 
smaller than that of the negative electricity nl, therefore 
the former must be dissipated earlier than the latter. At 
the end of an 1 process, there exist negative residual 
electricity remaining at n1 and a disch~rge channel 
streaching downwards from n1 to p . As the negative electricity 
distributing in a columnar form from nl upward prevent the 
streamer channe;l , vjhich has bridged the distance between nl 

' 

and p, to develop further upwards, once after the positive 
electricity at p has been dissipated by the Ig and I djs~hArges, 
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so · the lower end of the Ig ~tre~mer will str etch rlownwar d 
under the influence of t he self f ield as well as the 
elect r ostatic field* built up instant~ne.ousiy between ihe 
columnar di stribution n of the negative charge and the ·.earth' s 
surface . Then the streamer will grow to a stepped leader by · 
the influence of t he negative charge l eft at nl behind the ' ,. 
Ig and I rlischar ges and ~ill lead the discharge to the firs t 
return stroke . Honda (5) assumed tha t the mean electrostatic 
field Em = 5 x 103 v/cm must be needed to exist in the space 
of a long lightning spark gap to enable tpe lower end df th~ · 
streamer t o develop downwards with a high velocity further ,. 
This value is roughly only l/10 pf. t he fie.ld intensity 
EB = 6 x 104 v/cm (6) necessar y for . a e l ectrical breakdown 
to t ake place in the a thundercloud. Th i s point aiso suggests 
that a.Jad I portions having been after tne l"g · · 

completed, the start oi' a preliminary discharge is 
performed by the further downward develo};u,ent of the lower 
end of the co~pleted lg chan~~l 'under the influence of. an 
app;reciably l ow mean electric:H field abol.J,t 5 x 103 v /em 
existing r ound the dissipated _ p~sitive e l ectricity p. 

ln the case of a positive ground discharge , the 
positive electricity p pr edominates the negative electricity 
nl , so n1 will be dissipated fa ster than p . · 
Ther efore at the stage of a pr e liminary discharge correspond­
ing t o t he end of I section of the wavefo:r;rn, we may expec t 
the existences of a yos i t ive e'~ectricity rema i n_ing at p 
and a discharge channel stretchi~g· f rom p toward n1. ' In 
this case· the r emaining discharge ~hannel is subj ected to 

* Let the mean electrostatic field streangth built up 
between the ear th ' s E;urface and the cloud base be. 
5 x 103 v/m, and further the a ltitude of p be 2 . 3 km, 
then the electrical voltage at p relrtivQ to the e~rth 
will or 5 X 103 X 2 , 3 X 1Q5.::i"l2 X 108 volt . · Assuming 
a neg~ tive discharge, let the e1ec.trical charge p be 3 
caul ., then.the e l ectrostatic cap~c ity between p and the 
earth ' s surface will be C : 3/12 x 10~ .. 2 . 5 x lo-9 
farad ~ lf we est'imate the .eff ective electrical resista·nce 
between the area of the earth ' s surface just beneath p 

·and tl:at surronnding the , former being of the order of 
1(15 ohm . lhe relaxation time of the Cit cir cuit buil:t up 
the ea,rth 1 s surfac·e will be 2 . 5 x l o- 9x 105 : 2 . 5 
~ lo- 4 = 0.25 ms, wh ich is very short compared with the 
time duration -of the lg or I section of the electrom~gn~t.i r:! 
wavefor m. Therefore the variation in the induced .. 
elec~ri6~1 char ge along the ear th ' s surface, which.~' 
r esults f r om the cloud discharge betw~?en p and n1, can , 
as a first approximatiol} , follow the discharge 
deve lopm~nt wi thout any serious time delay . 
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an electrostatic field built up between the residual positive 
electricity at p and the negative electricity Qn 1 = Qn2+ Qn3+ 
.•••. .. .• (see Fig. 18 Section 48, Chapter II) contributing to 
the strokes later than the first . If the electricity Qn ' 
is predominant and if the mean electros tatic field Epn ' 
acting between p and n' larger than that Epe acting 
between p and the earth, so that Epe (Em 1 Epn 1 , the 
discharge channel completed by the Ig and'l process will 
develop the upper end, and the discharge will take place 
between the two electrodes p and n2, the lowe rmost part of 
n'. Then the discharge will not construct a ground 
discharge but end itself as a cloud discharge . However, if the 
electr icity Qn ' does not exist in the thundercloud, or the 
amount of it is not appreciable , so that the relation 
~pn / _ Im ( ~pe is satisfied, the electrical f i tuat Lon 
surrounding the lowermost portion of the discharge channel 
that bridges the two charge centers p and n1 wcmld be as 
follows . At the end the I process, the lower head of the 
discharge channel should be inferred to be of a very complex 
structure, if we attach importances t o the r esult of 
discussions in Section 4 A, Chapter II, Few of the numerous 
photo- electron s emitted from the assumed many minor 
element streamers, which compose a complex streamer head, 
may h3ve a chance to_enter into the region of the 
electrostatic field £pe active between p and the earth 
under a very favorabl e condit i on. If at least one of 
these few photo- electrons has ·the ability to grow to an 
e lectron avalanche, a positive stepped leader will result 
in. Therefore in this case , a positive stepped leader 
travels C..owm~ards from p to the earth 1 s su:JTface , and then 
leads a negat ive return stroke developing upwards fr om 
the earth . This will be the structure of a positive gr,ound 
stroke. 

(C) Discharge following to a positive ground 
str0ke 

.-
As illustrated in Fig. l in Section 4, the electromagnetic 

waveform of a positive multiple ground discharge clearly 
indicates that each ground stroke following to the first 
always has a negAtive polarity, To investigate the 
nature of the discharge performed by the so called junction 
process(2) appearing in the t ime interval between t~o 
successive strokes of a positive multiple ground · C '· 
discharge , let us investigate two example s of the record 
of electrostatic field- meter i llustrated in the Fig. 2, 
(a) , (b), which represent the two cases of electrostatic 
field changes due to ground discharges each with a 
positive first stroke and were recorded outside and at the 
field reversal distances respectively. In the Fig . 2, L, 
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R and J represent the field changes due to the first l eader , 
the returL str oke and the juncti on process r espectively . 

Fig . 2 

,J 
,I 

-R~ 

( a ) D < .: _, 8 Km 

(a) represe~ts a single groun0 disch~rge ann (b) a triple 
ground ~ischarge. In the case of (a) the electrostatic 
field change due to the leader L is recor0ed with 3n 
appreciable amplitude, ::o thAt it is very easy to see that 
the leader really has a positive polar ity. V<e shall next 
investigate the electrostatic J - field change following to 
Rl b the ·Fig 2. Concer ning this point, the exarr.ple (a) 
show.· that the electrostatic J - field change recor ded at a 
dist1nce , which is appreciably nearer·than the 
case of (b) , but longer thBn the . r &l alted-, field-reversal distance 
because of the low 3ltitude of the stroke , has a posltive 
polarity, so the field change, in this case, must be 
produced by a vertical upvJard movement of a positive 
electricity or by a downward movement of a negative 
electricity. ln the case of (b), on the other hand , it is 
clear that the J - field change r ecorded has a maximum, so 
the field change must be attributed to a vertical movement 
of positive electiic ity.* 
Combining these observational facts, we may conclude thqt 
the J - field change appearing in the stroke intervals of a 
positive ground discharge is developed by an upward movement 
of positive electricity. 
This is just the same electrical process as the juncti~n 
process(2f . of an ordinary negative ground dischar ge. lf 
we summarize the results of the above investigations, the 
following conclusions will be obtained . The differ ence 
between a positive and a negative ground discharges 

* In al: , there ar e six recor ds ~f positive gr ound 
discharges caught by our electr ostatic field-meter, 
th~ee of which 1rc cls~si!iable as the type th~ t has a 
miximum on the Eection of a J - field change as illustrate~ 
in Fig . 2 (b) anc the remaining three are classifiable 
3S the type tha t has no maximum on the J-field change 
as illustrated in Fig . 2(a) . 
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generally consists in no other point than the stepped learler 
and the f ollowing retur n stroke , composing the fir st stroke, 
therefore the electrica l processes,which follow the first 
r eturn stroke, i . e ., the successive ground s t rokes anct the 
junction process in the stroke inter vals , are thor oughly 
the same between these two gr ound discharges wi t h opposite 
polarities . 

(D) ~lectrical br eakdown of the dipole 
composing a igniting discharge 

As we have a l ready investigated in Section 4 B, the 
first stroke of a gr ound dischar ge is always ini tiated 
with a discharge of a negative dipole ex i sting in the 
vicinity of a thunder-cloud base independent of the 
polarity of a ground discharge. If we assume the cistribu­
tion of electricit y in a thunder cloud to have the str ucture 
illustrated in the Fig . 1 of Section 1 , Chapter 11 , which 
por tion of a thunder cloud will produce an electr ical 
br eakdown to initiate. a ground discharge? 'l'o investigate 
this point , let us replace the electrical charge 
distribution relating to individual strokes of a gr ound 
rlischarge with several sphericsl rlistr ibution of electricity 
ar ranged along a vertical axis in such a way as illud.rat ed 
in Fig . 3. This simplification , of cour se, results. in 
the neglection of the diversity of individual l ight ning 

F,g 3 

i 
··Qn' GpHn' 
- Qn, ~\ l-ln1 

+Gln PH~· ·· 
A 

J Earth 1 s surface 

'1171/l,'ll/;71 11/TmJlm /71;//;1/ 1; 

discharges . However, the slow electrost~tic field ch::mge 
due to a lightning discharg~ recorded with an electrostatic 
field- meter with a vertical antenna attached to its head 
at a distance within the range distributing 
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10 - 30 km* from the discharge is usually of a very simple 
character independent of being a ground dischar ge or a 
cloud discharge. Table 4 is the ~tatistical result 
representing this point. I t is well known that t he greater 
part of lightning discharges occurring within thunrerclouds 
have each a structure which make it pos~ible to simplify 
the i r mechani ms by r eplac ng themselves with a vertical 
dipole discharge performed with a pr ocess similar to a 
junction process . 

Number of 
data 

Types of slow 
electrostatic 
field- changes"* 

Table 4 

l __ Lightning discharges 

Ground ! Cloud 
--~---d_is_c_h_a_r_g_e ____ f----d!schar ge 

Simple change 12 1 22 

Complex change 2 

I 
3 

'--------- ---'-------------
* Measurement of r ecords of electr ostatic field changes 

obtained a t distances lying within the range of distances 
10 - 30 km f r om the dischar ges. 

d 

Considering this point , we can conclude that the simplifica­
tion of the charge distribution inside a thundercloud 
illustrated in Fig . 3 gives a morlel sui ted for the 
investigation to know the gener al character of a lightning 
discharge . I n the figure, p and nl represent r espectively 
the positive and the negative electrical charge centers 
composing a negative dipole relating to the f i r st ground 
stroke. Following the result obta.ned in Section 4 A 
and Section 5 A of Chapter II , the me an altitudes and the 
mean electr ical charges of the igniting dipole of a 
negative ground discharge may be estimaded as Hp = 2 .3 km, 

* If we record the olect rostatic field- changes of a 
lightning discharge at distances like those described 
here, the field changes due to smali secondary dis­
charge processes involved in the main part of it will 
tend to at tenuate themselves complete ly, which makes it 
possible to sirllplify the structure of a l ightning 
discharge, and makes it easy to know the general 
character of a lightning discharge . 
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Hnl = 3 . 5 km and Qp = 2 .9 coul, Qhl = 8 . 0 coul respectively. 
In the case of a positive ground discharge, we have no 
quantitati ve data concerning the dipole at present, ther efor e, 
let us assurt.e the mean altitude of the dipole being given 
by Hp = 1. 5 km, Hnl = 3 . 5 km for the r easons which will be 
described in section LyH: (b), and the mean electrical charge 
of it be ing given by Qp = 8 . 0 coul , Qni = 2 .9 coul , i .e., 
the relation which is the reverse of a negative ground discharge . 
Qn ' represents the tota l charge concerned with the strokes 
following to the first*. According tb the r esult obtained 
f r om the discuss ion in ~ection 4B Chapter II , it is ·clear 
that the vertical develo }- ment of a thundercloud in the 
Uaebasi district is by no rueans so active , as it is in the 
distr i ct surrounding Johanesburg in South .Africa, so that 
the alti~1des of successive strokes of a ground discharge 
at Mu~basi are statistically lying in the range 4 - 6 km, 
A.nd gGn01"1 lly ]ower than those at Johqnesburg, and they 
do not incr eas8 appr eciably with the increase in the order 
of gr0und stl·okes . As we are go. ng to consi0er the 
e l ectrosta tic field ch~nge pro~uced by a vert i cal movenent 
of el~ctricity concer ned with the f irst ground stroke , the 
simpJif i ed mode l will not have any important defect , even 
though t he electrical char ges (Q~2' Qn3' ..... ) contributing 
to groun~ strokes f ollowing to the first are r eplacer by the 
t otal e lectr i.cal charge Qn ' located at an effective 
altitude lin ' The mean altitude of succesdve ground 
strokes gj ven i n t he TRble 19 in Section 4 B Chapt er I I 
ls Hn ' = 4 . 5 km, the mean electr ical charge of each of the (?) 
str J·es given by the estin.ation of v1or kman and his colleagues 

Table 5 

Pol ar i ty of ground 
discharge Hp Hnl H I n. 'l p Qnl ~n ' 

1- ositive discharge 1.5 3 . 5 4 . 5 km 8 . 0 2 . 9 13 . 0 
coul 

Negative discharge 2 . 3 3. 5 4 . 5 2 .9 8 . 0 19 . 5 

I 

* .J.~ v,e f olJow the rnodel illus trated in Fig . 18 , E:ec\ i on 
~ E, Chaptt:r 1, ~n ' will be represented as 

~n 1 = Qn2 + Qh3 -+ ~~ n4 +- ••• • ••••• 
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is Qnl: 6.5 caul*, and the mean multiplicity of a ground 
discharge given in Table 17 of fect i on 4 B, Chapter II is 
3 for the case of a positive multiple ground discharge and 
4 for the case of a negative one. Therefore the total 
electrical charge Qn~ will be Qnt = 6. 5 x 2 = 13 caul for 
a positive discharge and Qn 1 = 6.5 x 3: 19.5 caul for a 
negative discharge. Table 5 represents the results of 
estima t ioL 0f alt i tudes and the electrical charges of the 
charge centers p, ni and n'. Let us as Eume in Fig. 3 that' 
the radii of the spherical distributions of electricity at 
p, n1, n' are rp, rnl, rnl respectively and further the 
distributions of electricity in ea ch sphere are of unifor m 
densities respecti vely given by Np, Nnl, N n"t, t hen the 
electrostAtic field i ntenstities at the three points A, B, 
Con the surface of the charged spheres p and n1 (see Fig . 3) , 
where the field i ntensities attain the extreme value s, 
will be obtained as f ollows: 

1 1 I 
EA= 90 Qp {-2 + ( 2H- r )2}..:. 90 Q0 1 { ( Hn - H +r ) 2 

~ p p . 1 p p 

-- 1 1 1 1 
E B = 90 Q p { -

2 
+ } -9 OQ,0 { + · 

'Y p (2H p+'Y p ) 2 
1 (H

111
- HP + 'Yp )2 0:-1n1 +HP-1-'Yp i 

- 90Q,n 1 { 1 2 + 1 . } 
(H111-Hp-'Yp ) (H11H -Hp+'Yp i 

E =90Q { . - .-1 + 1 -2}-90Q,n1{ ~ + . 1 2 
C . ,p (Hn1 - Hp _-~10 1 ) 2 (Hn

1
+ Hp- 'Yn

1
) 'Y n

1 
(2Hn1- 'Yn1) 

1 1 .. 
- 90 Q,n1 { ----- 2 + 2 } 

CHn1 -Hn1+ 'Yn1) ( Hnt + Hn1- 'Yn1 ) 

Where Q, H, r, and E 11r e expr essed i n coul , km , v/cm 
r espective ly. I f t he ext en t of ea ch s pheri(al char ge . 
distribut ion is suffi ciently s rr,a l ler than the a l t itude of 
t he r e s pective sphere , so thst H >I r, then the following 
appr oximqtions will be allowed 

* This r esults i n the adoption of B l a r ger value than what 
has been est 1mated through the d i scus s i on i n Secti on 5 
B Chapter ll . However , t hese alt e r nat ive values wil l 
give the sarr,e theor et i cal conc l usion . 
The condition of the t r ans ition from lg to L wi l l become 
lliore sever e , if we give ni a l a r ger va l ue . 
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1 1 1 1 
E --=- 90Q {- + -- }-90Q { + } · 
A-. P 'Y 2 ( 2H )2 "n1 ( H - H )2 ( H +H )2 p p n1 p n1 ·P 

( 2 ) 

- 1 1 1 1 
E ..!- 90n { + } - 90Q, {-+ - } 

c-.- 'C{,P (Hn-Hpi ( Hn1+Hp)2 n, 'Yn,2 ( 2Hn1i 
1 

1 1 

-90Q.n1 { CHn1 - Hn,Y + C-H-n,-+-H-n,-)-2 } 

To e stim!J te the order of magnitude of the radius of a 
spherical charge distribution, at whirh the negative qipole 
begins to break- down under the given rl. and :;) values, let. ns 
put the H, Q values represented in Table 5 into for the 
case of the negative ground discharge, into the thirrl relation 
of the formulae (1), then w8 can get Tab~e 6 shows the result 

- 1 1 1 1 

Ec=2Glf 2 + 2 }-7 20{-+ (7.o-'Y )2} 
(1.2 -'Y n1) (5,8- 'Yn1) 'Yn,2 · n1 

of calculation of the above rel1tion under several given 
rnl values . 
Honda (6) pointed out that the electrical field intensity 
necessary ~or pr oducing the br~ ak- down in the air under an 
atmospheric pressure in and around the lower portion of a 
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Table 6 

rnl Ec(kv/cm) 

0 ,1 -73. 3 

I 0 .2 - 23 .0 

l' 0.3 - 9 .2 

0 . 5 - 3.8 

thundercloud must be 60 kv /cu. , therefore .it will be ev i dent 
fr om the Table 6 that radius r nl of the charged sphere n1 
rr.ust attain the v3.lue 0 .1 - 0 .2 km to produce an electrical 
break- down at the po i nt C i n F'ig . 3 under the g iven v3.lues 
of Qp ' Q.nJ., ~.n ' , a nd Hp, H.xit, hn '. This re l ation is r oughly 
unch<mged also for the cases of EA and EB , so th8t the . 
condition r (<. H is r eally satisfied for all E 1 s . This 
enabl es us to ·a dopt the approximate formulae (2) . .Putting 
the H, Q vRlues values i n Table 5 into the approximate 
formulae ( 2) , we eRn obtain the following r e lations : 
For a positive di schBrge 

E.A= - 847,4 + 7 2 D/r p2 

E B= ,.. 126,1 - 7 2 ·a 4 p 2 

Ec= - 969,9 - 26 1/rn~ 

For a negative discharge 

EA =- 847,4 + 261/rp2 

E 8 = -847,4- 26 1/rp2 ( 4) 

Ec=- 1431,6 -720/rnY 
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As the concl.ition I EB !>lEA I is satisfied fo r both of these 
cases , so theoretically the electrical breakdown must be 
pr oduced at B or C. Let us calculate the respect i ve 
r adii of the spherical charge distributions , when the 
electrical breakdown is pr oduced at B or C. lf we put 
BB = BC = - 60 kv/cm into the f ormulae (3) and (4) , the 
values r p r nl r epresented in the Table 7 will be obtained, 
in wh i ch t he i on- densiti es of t he spherical di str ibut ions 
when the r adii of the spher es attai n the table values a r e 
tabulated along with the r ad i us values •. 

Tabl e 7 

~ 
Positive Negative 
discharge discharge Jr 

I 

Radius of di pole ! 
r p 0 . 11 km 0 . 066 km 

e l ectrode 
rnl 0 . 067 km 0 . 111 km 

t---

Ion density of Np 9 .00 X io6i on/cc 

I 
14 .7 X 106 ion/cc 

dipo l e electrode 
Nnl' 

14 . 4 x 106ion/cc i 8 . 75 x 106ion/cc 
- -

Let us investigate here the br eak-down of t he dipole Pn i for 
the two cases , i . e . , a negative discharge and a positive 
discharge . 

(a) Negative discharge: The TabJe 7 tells th~t t o 
produce an electrical breakdown from the electrode p the 
ion density of this electrode must attain the value no less 
than 14.7 x 106 ion/cc, whereas to produce it from the 
electrode n, the ion densit y needed is no more than 8 . 7 x 106 
ion/cc. As we have already investigated the greater part of 
ground dischar ges appearing in Maebasi district have always 
a negative polar ity. Vvhether a negative dischar ge of this 
statistical character is generally initiated from p or from 
n , it must depend on the fact that which of these two 
electrical accumulations statisticall y attains fir st the 
value necessary for the initiation of an electrical break­
down . ~nsidered from the statistical stand point of view, 

-· 

the mechanism of charge separ ation, necessary for the accumula­
tion of positive electricity Qp that must attain the ion­
density of the order of 106 ion/cc in order to result in an 
electrical break- down , can not be interpreted satisfactor ily,* 
so long as the theories other than the Simpson's watE:r dr op-
br eaking pr ocess (8) are not taken into account . Ther efore 
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it is necessary at least , to consider a more violent pr ocess 
of positive ion pr oduc t i on caus ed , f or exa~ple 1 by poi nt 
discharges along the earth ' s surface subjected to a str ong 
electrostatic fie ld buil t up in the space between a 
thundercloud and the earth' s surface beneath it, and to 
consider the capture and the accumulation of produced 
positive ions by cloud par ticles at the base of the cloud . ** 
Because the pO E' i tive point discharges occurr ,ng along the 
ear th ' s surface are gener ally produced by the inf l uence of 
a strong electr o- static fie l d of the or der of 300 v/cm . 
bu1l t up in the space between the earth ' s surface and the 
negative electricit y N (see Fig. 1 Section 1, Chapter 11) 
accumulated in the l ower part of a thundercloud, it will 
be r easbnable to infer that the accumulation of electricity 
at the negative electrode nl will statistically be 
completed earlier than that at the positive electrode p . · 
1f we consider point , i t is evident that nl must first attain 
the situat:'..on capable of an e1ectr . cal br eakdown , snr' the 
igniting must start from the point C indicated i n Fig, 3. 
This point r eally seems to be supported by the observRtional 
facts described in Se(tion 3 Chapter II . lf we assume 
the chqrge accumulation at p and nl being performed in such a 

* Simpson showed that the electricity created in a ~ater 
droplet by one r'lrop- breaki.ng !Jrocess is 2 . 3 x 10·- esu/cc 
and further, accor r' ing to our investigat Lons , the water 
content of a thunderc l oud in the neighbourhood of 
~aebasi est mqt ed from the rainfall ar ea detected with 
hI radar indications .'l.nd from the -,uanti ty a.; r ain 
fall accompani ed by a thunde r cloud is 5 x 10 - ·gjC'c . 
I f we assume t hat the density of water. i s 1, the mean 
electrical clvuge density of a thundercloud composed of 
water droplets which have been subject ed t o one cr op­
breaking process will be 1.15 x 10 - H. esu/cc, wh e:h giv8s 
the ion dem>ity 1.15 x 10- ?j 8 x 10- 10 = 2 . 4 x 103 ion/cc. 
ln a thundercloud it is expected that vJater dr oplets will 
repeat the fol l owing processes: drop-breaking , upwa r d 
movement of the br oken pieces, gathering of the broken 
pieces and fal l ing of the gathered droplet in a str ong 
ascending air stream with a rr1ean veloc ity more than 30 
km/sec. l. t may be: reasonable t o think th.st , <1t least, 
a time length of the order of 1 min will be needed to 
repeat these 1 r ocesses, so that if we assume that the 
life time of a thundercloud cell is no more than 50 min, 
the possible maximum number of the repetitions mu5t be 
50 . Therefore the ion densit y of a thundercloud compoced 
of ~ater droplets subjected t o 50 times of breaking 
processes will be 1.2 x 105 ion/cc which gives the 
pass i ble maxlmum ion .'lensi ty produced by the water drop­
breaking process . However , this is mucp sm<1ller than the 
ion density 107 ion/cc necessary for the electrical breakdown . 
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way that ~he char ge densities at the both electrodes being 
kept identical .with each other, the fol lowing r esults will 
be obtained . 

r p : 0 . 0791 km EA = 40.9 kv/cm EB = 42 . 5 kv/cm 

fnl = 0 . 111 km Ec = - 60.0 kv/cm 
Np : Nnl: 8 . 75 X 106 ion/cc I 

From these r esults, we can get the relation IEd~IEB!>IEA I 
which means that the electr ical breakdown must start frbm 
the point C and therefore can interpret the observational 
facts . As the above nummer ica l values e;ive ( ir.:BJ -IEAl ) / 
EB = 0.04 , so that we must notice the difference between 
lEA! and\EB\ being only 4% . 

(b) Positive dischar ge: As descr ibed in Section 2, 
this is the discharge which we can find only 0 . 82 times out 
of 100 recor ds of the electromagnetic wavefor ms of l ightning 
dischsrges , an mu~t be inferred to break out under a very 
special electrical condition. Ther efor e it wi]l not be 
appropriate , as a method of explanation , to attempt to 
inter pret the s t art of a positive dischar ge from the 
general statistical characters of the separation, and 
the acc~~ulation of electrical charges at p and n1 . 

If the electrical charge accumulAtions at p and n1 
ar e perfor med in such a way that the ion densities at p 
and n1 are always kept identical with each other, the 
electrical breakdown should start f r om the electr ode p which, 
in the case of a positive di~charge , accumulatee much more 
electricity than n1 . This condition of equa1 ioh rlensity 
gives the following results. 

r p/ 0 . 11 km EA : 59 .9 kv/cm EB - - 60 kv/cm 
rnl = 0 . 074 km Ec : - 48 . 3 kv/cm 

** If we assume the point discharge current from the earth's 
E·Urface being 3 . 2-·x 10-8 amp/m2, the value given by 
~chonlanc , and the duration of the cumulus stage of a 
thundercloud being 15 min , the electrical charge 
accumulation per m2 in this period will be 3 . 2 x lo- 8 
x 9 x 10 = 2 .88 x lo- 5 coul/m2 . So that the area of 
point discharge along the earht 1 s sur face needed for the 
electricity accumulation at p of the magnitude 2 .9 
coul (for .a negative discharge) or 8 coul (for a 
positive ctischarge) will be 1 x 105m2 or 2 . 78 x 105m2 
respectively. If the areas ar e represented with circles , 
the radii of these circlues are 358 rn and 594 m 
respectively. As these values are onl y about 2 .2 times 
larger than the respective r aii of the spherical charge 
distributions 156m and 320m., the reduction of the 
ar ea of this magnitude will be interpreted by the 
conver gence of the upward stream of the air from the 
earth' s surface toward the lower part of a thundercloud . 
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N p : Nnl : 9. (· x 106 ion/ cc 
This results in !EBI>\EAI>>\Ecl therefore it will be reasonable 
to think that the positive discharge theoretically starts 
from the point C represented in Fig. 3. But ( IEB\ - EAI ) 
/ \EBI 0.013, that is, the difference between !EBI and 
~~ is only 1. 3 %. This small theoretical difference 1.3% 
'seems not to have practically an important statisti cal 
meanings concerning the relative magnitudes of EB and EA, 
because certain special electro-meteorological conditons 
must be satisfied to produce a positve discharge. 
So, if the charge accumulations at p and nl are peformed under 
the conditon of equal ion density, it would depend on the fine 
structure of electrical charge distribution ~t p, whe ther the 
positive discharge starts from A or from B. The probabil~ties 

of occurrence of these two cases would then roughly be 
identical with each other. 

As we have already investigated in Section 4 B Chapter 
Ill, there are several observati-onal facts which seem to 
indicate that some of the Ig discharges leading positive 
discharges are really initiated from the electrode nl, like 
the case of a negative grounrl discharge . In this case, the 
e lectrical breakdovm must be initiated from n1 with minor 
electricity, so the ion density of n1 must inevitably higher 
than t~at cf p . We can estimate in this case, the upper 
limit of the ion oensity of p, from the con~ iton that the 
beakdown does not start from p. The calculation gives: 

rp > 0.11 km I.~!.A\ < jEBi (Z 60 kv /em 
rnl = 0.067 km .l!.c = -6o kv/cm 
Np ( 9.0 x 106 ion/cc Nnl : 14.4 x 106 ion/cc 

If we take rp = 0 . 16 km, because of the r eason th8t will 
be described in Section 4 E (b), we can get 

rp = 0.16 km EA = 2.80 kv/cm EB c - 28 .2 kv/cm 
rnl = 0.067 km ~C = -6o kv/cm 
Np : 2.92 x 106 ion/cc Nnl = 14.4 x 106 ionjcc 

The conditon\Eci»IEBI> !BAlis, of course, satisfied in this 
case too . Because certain special electro meterological 
conditions must be satisfied to produce a positive ground 
discharge, it is very difficult, at present, to interprete 
the reason why the ion density at the electrode n1 in the 
case of a positive discharge reaches a value, at least, 1.6 
times larger than that of the case of a negative discharge . 
Bowever, in the theory of the next paragraph, we shall 
assume thAt the electrical breakdown of a posit ive ground 
discharge will be initiated at the point C, because some of 
the observational facts seem to support· this point. 

(~) Transition from igniting discharge to leader pcoress 
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As we have alrea ny investigated in Section 4 B t he 
electrical charge distributions around p and n1 at the 
moment just before the initiation of a leader process af t er 
the end of an igniting discharge, will represented by a 
discharge channel bridging the distance from p to n1 or 
from n1 to p according to the polarity of the ground 
discharge. ln order that the lower end of a bridging 
discharge _ channel will be able to progress further towards 
the earth's surface as a stepped leader in the next stage, 
it is needed tha t the upper end of the bridging channel is 
subjected to a smaller electrostatic field than the cri t i cal 
mean field Em necessary fo~ the maintenance of a streamer 
advance, and at the same time , the lower end of the channel 
is subjected to a largE:r electrostatic field than Em. I n 
the followings we shall investigate whether the above 
condition~ about the critical mean f i eld can really be 
satisfied for the case of the spherical distribution model 
of lightning discharge electricity described in Paragraph 
D. Let us assume the e lectrical charge distribution at the 
moment just before the start of a 1 discharge being just 
like a s illustrated in Fig. 4, in which (a) and (b) represent 
the cases of a negative ground discharge and a positive 
ground discharge respectively. In both of these, l e t us 
assu~e that the bridging di scharge channel pnl has a uniform 
d istribution of electricity with a mean linear ion densi~y :' :·! 

Fig. 4 

rl' 8 Hn' -On' r~ -- ' 

equa l t o th?t· of a s t epped l e.acler, and the polar ity of the 
distr ibuted el ectri c i t y being ne gative for t he case (a) , and 
positive f or the case (b) . Th~ i nter-electrode mean 
elect r ostAtic fie l d intensity En t nl and E nle acting 
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respectively between n ' nl and between n can be obtained 
for the case of a negative ground discharge as follows. 
If we assume the electrical charge distribution illustr ated 
in Fig. 4 (a) representing the case of a negative discharge 

E.n 1 nl and Enle will be given by 

_ c•or. 1-· E . -· ~'-' _nnl- -H, H 
n- n, 

j (..:L + _1 ') + ( 1 
l rn' 2Hn' ' H r( ..i H n

1 

1 \ } 
!=i7:t H·~~ ) 

90o't. 11 . IHn,-HfL. Hn,-H~ Hrf-Htl. Hn'-rHn,! 
(Hn'-Hn 1 !(Hn,--H~J "~\ [, 2Hn, HrH1p Hn'+ Hp i (1) 

- ')QQn' (. - 1 + 1 . ') + ~Qw'n 1 ( - 1 -t 1 \ 
En,e = H n Hn'- Hn, Hn' +Hn1 Hr,, ,~ 2Hn1 J 

; 

~n'p artd Epe for a positive ground discharge can also be obtained 
J.n a similar way 

E- n·p = _90Qn· (.::l. ~ _L.) +( _ _ __ ) 
{ 

'1 1 " }. 
Hr!'-H~ "-.f'r, 2Hn \Hn'-Hp- ~h+Hi ' 

+ 90C/p f! .:1_ ..J_ _!__ \ + (' . 1 - __ 1 --) l 
1-in'-Hp l \,r'p . 2Hp1 Hn' -Hp Hri-t-Hr.;' J 

-E- =+JIKn'( -1 + 
~e Hp \ Hn· -Hp 

1 • 90Ur: ( + 1 1 
Hn'+Hr·) + ~ . fP - 2H!;) 

Hn,-Hpl 
Hn,+l1p 
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Where(£, Q_\and (H, r, ( ) are represented in v/cm, caul 
and km respectively, and 

' 
Q' L : \. (Hnl- Hp) /Hnl } QL (see Formulae 

Section 5 A, 
Chapter II) 

(2) (~) I 

Q'nl = Qnl - (Qp-r Q'L), Q' p = Qp - ( Qn l -t Q 1 L) 

j ( J) 
i 
' '·. 
) 

(' 
~ represents the r adius of 

and rn', r'~l . , r'p the radii 
electricity distributions at 
process. 

the bridging discharge channel, 
of the respective spher ical 
t he moment of start of a L 

( a) Nagative discharge: 
Put the H values r epresented in Table 5 in Sect i on 4 D, 

Chapter 111, and the QL value r epr esented in Table 21 in 
~ection 5 A, Chapter I l into the first r elation of the 
formulae (J), then Q' L will be obt ained . This Q'L value 
together,. ~ith Q values represented in Table 5 being put 
into th§t' second r elation of the formulae (3) will give Q' nl 
value/ The result is summarized in the following table . 
i . l / Hp Hnl Nn • 

,/ I 2 • 3 km 3 . 5 km 4. 5 km 0 . 9 coul 4.2 coul 19 . 5 caul 

As to the ( value let us consider the Honda ' s theory (5) 
of a stepped lead~r mechanism and assun1e the inter electr ode 
length t o be l km, wh ich results in ~ = 0 , 005 km. 
I t is difficult to estimat e the value of r'nl representing 
the radius of the electrode n1 at the moment, when the 
electrical charge as much a s (Qp-r Q'L) haveing been dissipat­
ed , The time l e ngth necessary fo r the dissipation of (Qp 
Q' L) may be given by T1g = TigL _ T1 ~ 27 - 14 = 13 ms in 
the median value (see Table 14 , Section 4 A Ch~pter 11). 
If we assume the mobi lities of ions composing the bot h 
spherical charge dis(tffPutions p , n1 being of the orde~ of 
1.0 (cm/sec)/(v/cm),. ) the ions of the both polarities 
existing in an electr ostatic fie l d of the order of 104 
v/cm can move only 130 em in 13 ms . Therefore the dissipat ion 
of the charge (Qp+ Q'i) inside the e lectrode nl must be 
performed almost by the move ment of the electrons cr eated 

~For the case of a negative discharge 
Qnl = Qp .,. QL + Qh 

For the case of a positive discharge 
Qp :: Qnl + QL + QR 
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in it . Comsider ing the high mobility of electrons , we may 
assume the uniform ~istribution of electr icity throughtout the 
electrode nJ_ before and after the dissipation of (Qp+Q 11,). 
If this is the cace, the r adius rn l of the electrode n1 will 
not be changed appreciably before and after the dissipation 
of ( Qp+ Q 1 L). So that l et us assume r 1 riP1: rnl = 0 . 111 km 
adopting the result given in Section 4 D (a). As to the value 
rn', this will be given by the following relation 

rn I = ( Qn 1 / 4/3 n ) 1/3 
where · and Qn 1 are the electrical charge density and the · 
total charge inside the electrode n 1 respectively. The 
electrical charge density inside a thunde r cloud cell measur ed 
by noss Gunn using an aircr aft gives the value 

= (l/3) x lo-4 coul/cc (12). This value, 
together with Qn ' = 19.5 caul r epr esented in Table 5, belng 
put into t he above relation will give rri = 0 . 519 km . If 
we put these values thus obtained into the formulae (1), we can 
obtain the i nter- electrode mean electrostatic field 
intensities, which are represented in the following table . 

Inter- electrode mean electrostatic field intensitY* 

1213 v/cm 
- · 

- 1377 v/cm 

As the table indicates , the upper- end n1 of the br idging 
discharge channel is under the influence of a downward 
directing self- field. So that the discharge channel, of 
course, v;ill grow further upwards, if the self field is 
suffic iently strong . The upward progress of the dischar ge 
channel , however, must be stoped , after it has developed some 
dis t ances because of the influence of the negative electrode 
n 1 existing above n1 ln contrast to this, as the lower end 
of the bridging discharge channel is subjected to an upward 
e l ectrostat ic field, so it is possible that the dischar ge 
channel really develops further downwar ds under the influence 
of the upward field, provided the field being sufficiently 
s trong. nonda( 6) considered t hat the critical electric 
field intensity Em needed to maintain the progress of a 
strebmer in the air under an atmospheric pressure would be 
Em = 5 x 103 v/cm . Th~s value i s about 3.6 time larger 

* The vertical upward direction has been selected as the 
direction of a negative field. 
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thaniEnlel = 1.4 x l03v/cm, which has been estimated by us 
concerning a negative ground discharge , In the actual c~se, 
however, the L process must be considered really to develop 
despite of this small \Enllvalue, so that the reason of this 
discrepancy muft be attributed to the inapplicability of the 
model of spherical charge distributions to the real electricity 
distributions relating to a ground discharge. But, so long 
as we consider the model of spherical charge distributions, 
the critical mean e lectric field Em must be considered not 
to take a large value like 5 x 103 v /em, but to take a value 
given by\E;n 'nl\(Em<,!Enle\, i. e ., 

1213 v/cm (1m <_ 1377 v/cm (4) 
Hence tie Em value thus determined must be considered to 
represe~t an equivalent critical mean electric field 
concerning the streamer advance in the above model . 
Then if we asswne a Em value satisfying the relation( 4), we 
shalJ reach the conclusion thqt the bridging discharge channel 
leading a negative discharge will not deve lop its upper end 
further, but advance its lower end downwards, and the 
discharge will enter the L discharge . 

(b) Positive discharge: 
The distribution of e lectricity just before the start of a L 
process in the case of a positive discharge has alrearly 
been illustrated in t he F g . 4 (b). A linear distribution 
of positive electrical charge n1 is seen to exist between 
the lower negative charge distriEution forming the image of 
nlp with respect to the earth's surface, an~ the upper 
negative charge at n '. If we simply assume that the 
electrical qu~ntities at p and n1 of a positive rlischar ges 
are in a reversed relation to those of a negative discharge , 
the inter-electrode mean electric field intensitites 
ca l culated f or a positive discharge will give the r elat on 

IEpe[(lEn 'p I This means tha t the upper- end of t he brirlging 
discharge channel must develope further upwards ann the 
dischar ge should grow to a cloud discharge, Therefore to 
prevent an igniting discharge ending i tself as a cloud 
discharge, and to l et it to grow to a ground discharge, the 
altitude Hp of the positive electrode p of a pos.Ltive grounrJ 
" ischarge must be inferred being lower than the Hp of 
negative ground discharge , so long as the elec tric1l 
quantities at p and n1 do not oiffer so much with each 
other f rom a positive ground di schsrge to a negAti ve ground 
discharge . For this r eason let us assume that the altitude 
of a negative di~ole vall be given by Hp-:: l. 5 km , and 
H 1 ~ 3 . 5 km taking the Table 16 given in Section 4 A, 
Cgapter II into account . Putting Q' s and H' s values r epresent­
ed i n T1bl e 21, Section 5 A, Chapter II and in Table 5, 
Section 4 D, Chapter Ill , into the formulae (3) , we can get 
individual H and Q values represented in the following 
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table similar to those desc r ibed in Paragraph (a) . As to 
the value r n;' , the same calcul ation as described in 
Par agraph (a) g i ves r n ' = 0 . 453 km . 

H p Hnl Hn ' l Q' L Q' p Qti I 

l. 5 km 3 . 5km 4 . 5 km l. 5 caul 3 . 6 caul 13.0 caul 

Concerning .the value r ' p we shall assume r' p = r as before . 
But in this case it is no! possible to estimate r~ dir ectly , 
therefore we shall estcmate r ' p indirectly. To do this , 
the value r' p must be determined so as the Em value given 
by the relation (4) simultaneously to satisfy the relatlon 

lEn ' p I(Em (! Epel with respect to a positive discharge . 
lf we take r ' p to be the only one unknown quan~ity in the 
formulae (2) and put the above given numerical values into 
the formulae, we can obtaine the following r elations 

r.;n'p : - (744. 1+98.2/ r 'p) \1 (
5

) 
Epe 1. 42 .8+216/r'p J 

To detern1ine r' p so as the E1 s values t epresented by the 
formulae ( 5) to satisfy the r elation !:;;:n r p 1 (Em(! Epel, r 1 p 
must satisfy 

774 . l -t·9~.2/r ' p (Ern ( 42 . 8 ..._216/r'p (6) 
Let us seek the r ' p which simultaneously satisfied the both 
rela~ions (4) and ~6) , by assuming several values of r ' p. 
The following table represents E values calculated from the 
formulae (5) for several given values of r' p . 

r ' l- En'p 

0 . 14 km 1445 v/cm ' 1585 v/cm 
0.15 1399 < 1483 
0 .16 1358 ( 1393 
0 . 17 1322 ' / 1313 
0 . 18 1290 > 1243 

-I 

The table clearly innicates the r ' p values that simultaneously 
satisfies the both rel~tions (4) and (6) is about 0 . 16 km . 
Therefore, if we assume r 'p being equal to 0 . 16 km, E values 
corresponding to this r'p value will be obtained frolil the above 
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table as follows: 

I nter- electrode mean ele·ctrostatic field 
intensity 

E I n p 

E pe 

- 1358 y/cm 

.1393 v/cm 

Therefore the ~m v~lue will be given by the relation 1358( ~m 
\1377 v/cm r esulting from the relations ( 4) and ( 6) . If 

the equivalent critical mean electric field Em of an actual 
thundercloud h~s a .value given by the above relation , the 
bridging discharge channel, independent of its polarity, 
will not develop upward, but grow downward, and t'ransform 
into a downward stepped leader, . which will' l ead a r eturn 
str oke , when the electrical char·g~ distribution in a 
thundercloud would be 'f~vorable for the development of a 
positive ground discharge . 

. . 
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