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I. Cloud Discharge 

Abstract 

To study the electric process in cloud discharge 
and charge distrlbUtloH in thundercloud, the electro
static field changes due to a cloud discharge were 
recorded simultaneously a t three field sites. Atmos
pherics, thuuder, etc. were the ass1st1ng means for 
the study. It has be found that there are thr ee typ es 
of thundercloud: Type I predom1nantly produces an 
upper-positive vertical dipole discharge, Type II an 
inclined or horizontal discharge, Type III an upper
negative vertical one. Type III was fouud liKely to 
have more or less thiu distribut1on of Hegati ve 
electric charge on top or just above it. streamer 
velocities range mostly i 11 1~2x10~; em/sec, and are 
nearly kept constant through the whole durat1on of a 
discharge. The path l ength of a vertical discharge 
is usually 2 km or less, while that of a horizontal 
one is mostly louger than this value. The electric 
charge neut r blized in a cloud discharge often exceeds 
100 coulomb, which is in a good agreement w1tn 
Hatakeyam~•s report, while it is appreciably larger 
than the value presented in other reports. The cloud 
discharge consists of many local discharges being 
distributed on its path at 200 m interval in a ve rage. 
The charge disslp a ted by a local discharge is estimated 
at about l coulomb or more. 

l. IntroductlO!l 

supposing that a cloud discharge 1s simulated by 
dissipat1ou of an electric dipole, charge and 
position of it can be determined oy the simul t aneous 
observation of electrostatic field change at seven 
points . For this reason, many workers have made 
this kind observation at several points. For 
example , in Japan, Hatakeyama (1958) c a rr1ed 1t out 
at five points , Tamura (1958 ) at eight points, in 
u.s.A , workman et al. (1942) at eight poiuts , Reynolds 
et al. (lj5j) at eleven points, but their ob serv~tions 
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did not cor,cerned with the detailed structure of 
t he d1scharge. Smith (lj)7) recorded the f1eld 
change at two po1nts and succeeded in analyz1ng 
the mot1on of electric1ty through a d1scharge . 
BarnCJ.rd ( 19 )1) and Hac;.dug ( 19 54) each independently 
m<:.:.de three points ob servat1 ons, but thei r measure
ments were conf1r1t:~d 011ly to grou1.d discharge. Many 
other worKers who est1mat<::a chct.r5e and pOS.L tion of 
an indiv1dual disch~rge, or studied the charge 
distnbutiou 1n a thmldercloud did not make a:·1y 
multi-point observations. we made the f1eld change 
observations a t Maebashi and Shibukawa in 19o0 and 
ext ended it to three points , Mct.ebashi, Tct.kasaki, and 
soma in 1961. Tne results obtained from these 
observat1ons were ~lraady published in 1961 ct.nd 1963. 
(1961) (1~63) Thereafter the observat1on were repeated 
~t Maebashl, TakCJ.saki, and soma in 1~62 and 1~63. 
It is the purpose of this paper to describe the detai l ed 
character of a cloud discharge which is deduced from 
the measurement s of field change, thunder, flash, and 
cloud observat1on at the three point s. 

2 . Apparatus and f1eld sites 

The apparatus used in the field measurement is 
an anten11a type field mt:lter wh1ch has been improved 
a little from the prev1ous one. (1~62) The voltage 
induced on a vertical antehna is either amplltude
modulated or frequency-modulated, then it is f ed on 
to the first channel of a mul t 1- track magnetic tape 
recorder. Tne time response of the system is r anged 
from 10 s. to l ms. Identification marker pulses 
sent from a key st ~tion on the air were put on the 
se:cond chanuel , by mea.ns of which we can secur e the 
identi~ica.tion of the 1ndividual fie ld changes at 
three po111ts. Thm~der and vocal 1,ot1ce of a flush 
w~re recorded on the second or the third channe:l. 
An atmospher1c w~veform recorder w1th th~ fre 4uency 
respouse from l l<C to 100 kc v/ .1s a.lso ern1Jloyed. ( l~j6) 
The field s~tes a.re locu.t e d in GLdH:lu-Keu, O i l& of tnc 
most thuuderstorlil active d1str1ct llJ J<:..tJ1:1.11 . Tne 
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Fig . 1. Observation sites 
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sites we r e selected so as t o have Dea rly a r egul a r 
tri <:1ngl e shape on the map as shown in Flg. l. 

3. Method of analysi s 

In the analys1s, we firstly tried that the data 
fit or not t o an up pe r-positive vertica l discha rge , 
because this typ e of discharge is thought to be of 
more common than the other types, th at is, lower
positl ve ve rt1cal, horizont al, and i nclined dischbrges. 
The data which did not succeed i n th e analysis were 
then exam1ne d if they could be iuterpreted as a lower
positlve ve rt1cal discnarge or a horizontal one. 
we must h ave f1 ve va r1. ab l es to describe a vertica l 
dipole discha rge. These a r e horizontal co-ord1uates, 
height s of positive aHd uegati ve chc:. r ge , ur1d quant1 ty 
of electr1.c charge . The va riabl e inc r ease to s1x i n 
the case of horizouta l d1s charge and i11 the :nost 
general case , of an inclined dis ch~rge , we mJst have 
seven va ri ab l es. The difficulty i n ~he data analys1.s 
increases with L1Umoe r of unknown va ri abl es. For this 
reason , the data ana l ys1s l a rgely succeeded f o r 
vertica l dlscharge , whil e only c.~. small number of the 
data were analyz ed for horizonta l one. A little know-
1 edge was obtair1ed for the natur.:: of an inch ned 
discharge. 

3. 1. vertical di sch a rge 

If h 1 , h 2 , d, and Q denote the he1 ght of upper 
cha r ge, th~t of lower cnarge, horizontal . dl s t aac e 
betweeH d1. sch a rge and observat1.on site, and the 
quantity of neutra l1zed cha rge respec tive ly, the 
f1. eld change F produced by a dipole d1.scharge at an 
observat.L OJL Sl. t e can be written as: 

F = 2QY ( 1) 

whE::re 
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It is convenient for the da ta deduct1on to prepare 
the electrostat1c field intensity maps h u. ving h 1 , 

h2, and d as parameter in every t wo km interval . That 
is lJ , 8 , and 6 km were selected fo r h, , and 8 , 6, 4 , 
and 2 Km for h 2 in 1962; 12, 10, B, 6 , and 4 km for 
h 1 , and 10, 8 , 6, 4, and 2 km for h.2 in 1963. we drew 
thre e concentr1c circles w1th r adii ~ , r, cind ~ given 
by r e spect1ve equation (3), (4), and (5) on the 
maps. The centers of the circles coincide with the 
project1011 of a discharge on a horizontal pl a11e. 

ri /2h2 

r h~ h~( h;.:l> + h~ )
1
12 

r 0 = .f2h1 

Flg. 2 shows an example. 

(3) 

(4) 
( ) ) 

Let us consider au upper- pos1tive discharge first. 
a) If th e site is locat Gd inside ~ , th e field change 
must show a monotonous 1ncrease . 
b) If ~:.he s1te comes to b e in the sect1011 between rt. 
and r , the field change should hdve an extreme value 
ana the net field caange must b e positive. 
c) If ~he site come to b e on r, the field change has 
an e xtreme va lue ana the net field change is zero . 
d) I f "the s1te is found between r and r 0 , th e fl.eld 
change has an extreme va lue and the net field change 
must be uegati ve. 
e) If th e site is found outside of ~ , the fi e ld 
change must show a monotonous decrease. 

In analyzing the data, we examined each map in 
turn t aKing 1nto account th~ rel a tive net field change 
and s hape of it at the respective site. Moreove r 
only the maps sa~1sfying the following cond1t1on 
were accepted for the lat e r d1scuss1 on. 
a ) Discharge po1nt estimated from th e map trial 
must co1ncide with the locat1on obtaiJ, ed from thunder, 
fl ash aud cloud observations. 
b) For example let us cous1aer an upp e r-posit1ve 
di scha rge, ar.a assume th ~t tr1e observc.tion site 
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Fig. 2. AD example of fleld intensity map 
fo r vertical discharge. 
This map shows the case of h, = 12 km and h2 = 4 km . 
The values on the map mean Yxl05 which are computed 
by unit of Km for all pur~met ers. If pos i tive charge 
descend in the discharge, tne field changes observed 
a t each regions divided with the three Clrcles must 
result as shown iD the Figure. 

-48 
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is found in the s&ction between ~ and ro , and the 
positlve charge moves down durlng the process. The 
field chang~ produced a t tbe site mus t .shbw-an 
incredse as it moves down from h, to d/ !2-, thereafter 
a decrease as 1t moves from dl/2 to h2 • Now l et us 
denot e A a11d B the above two field changes r espect ively , 
theu we get the following equat1o11s 

A = 2Q { h, I( h~ + d2 )* - 2/3{5 d 2
} (6) 

B = 2Q { 2/3/3 d2
- h21 (h; + d 2 )~} ( 7) 

AlB = 
h,l (h~ + d :< yYJ. _ 21313 d2 

(8) 2/3!3 d2 - h2 1 (h; + d.2 )-¥.. 

computing the ratio AlB from the field change r ecord, 
we can estimate the va lue d for each combination of 
h , and h 2 uslng the equation (8 ). The va lued obtained 
a r e then applied for the map t r ial. some value d showed 
that it were unfavora b l e for map trial . The conblna
tion of h, and h:; correspond1ng the u11fa vorable d must 
be abandoned for the f u rther dlscusslon . 

3 . 2. Horizontal d1scharge 

A group of maps, one each referrlng to the comblna
tion of a height value and a horizontal distance value 
between the two charges composing of the dlpol e , wer e 
prepared in a similar way ~s b8fore. The hei ght 
v alue were select ed from 2 to 12 km at every 2 km 
interval, and the norizontal values from 2 to 10 
km at same interval. An example is shown in Fig . 3. 
Two straight lines rn and rp on the map p a ss through 
the respective projecti on of negative and p osltive 
charges a11d these ure pararell to r. 
Let us consider tne case of posltive charge movement 
discha rge . 
a) If a site is loca ted outside of ra or rp , the field 
change shows a monotonous lncrectse or decrectse . 
b) If a site is located o~ r , the field change shows 
an extreme va lue and the net field change comes to zero. 
c) If a site is loc..1ted b e twee11 rn and r , the field 
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Fig. 3. An example of field intensity map for 
horizontul discharge. 
T11is mbp shows the case that heights of both charges 
~re each l~ km and horizontal aistance between both 
charges is 6 km . The values on the map mean Yxl01 as 
same as Fig. 2. If pos1tive ch~rge move 1n the 
discharge , the f1eld changes observed at each reg1ons 
d1v1ded with three liHes r~ , r, and rr must result 
as shown in the Figu r e . 

4:------~ 

6km 
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change has an extreme va lue and the net field change 
comes to positive. 
d) If ~ s ite is located between r and rp , the field 
change bus a lso an extreme value and net field change 
comes to negative. 

we analyzed th e horizontal discharge on these 
maps as before. nata of thunder, fl ash , and cloud 
observation were used for ald of the analysis. 

3.3. I nclined dlscha rge 

From the thunder observations at two or three site, 
it was shown that some discharges a r e neither vertlcal 
nor ho~izontal. They must be treated as an inclined 
discharge . However the small number of the site made 
it very difficult to analyze. Only a limited knowledge 
could b e obtained about the discharge. 

4- charge distribution in thundercloud 

The ch a rge distribution in the thunde rcloud deduced 
from the cloud discharge analysis can be assorted 
into three types. They a re Type I cloud in which 
most cloud discharges show upper-positive vertical 
discharge, Type II cloud where major part of discharge 
have the horizontal or inclined character. Type III 
cloud where plenty of upper-negative vertical 
discharges t ake place. 

4.1. Type I cloud 

we h a ve four Type I cloud samples which are three 
storms and one group compsed of two storms. Heights 
and charge quantitles of disch~rges relating to 
Type I cloud are shown in a time sequence in Fig. 4. 
The histograms of the charge quantiti e s a re shown for 
each s torm in Fig. 5. The fo llowing r esults can be 
obtained from the Figure. 
a ) The ch~rge quantity and the height vary in wide 
r ange. Thi s s hows th~ complexity of thundercloud 
with r espect to an electri cal structure. 
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pig. 4. Height s ~nd ch~rge quant i ti es on d i scharges 
ln Type I cl ouds. 
The ve rtical fin e lin~s show limits of errors. The 
results of Aug. 14 , 1962 a r e compos ed of two storms . 
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Fi g . 5· Hi s t ogr am of ch~rge quantit ies on c l oud 
di scharges in Type I cl oud . 
The resul-t s of Aug. 14 , 1962 a r e; composed of t wo 
s t orms . 
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b) Ch~rge quantity often exceeds 100 coulomb, the 
magni tud e agrees wel l with Hntakey~ma 's report 
(1758 ), but it i s appreciably l~rgEr than t~e valu e 
g iven in other r eports. 

4 . 2 . Type II cloud 

we obse rved two storms which belong to the type . 
a) storm on Aug. 13, 1962 (the lst storm) 

~o vert1cal disch~rge was recorded in the s t orm. 
Nint e.:;n discharges seem to be horizon t a l a t about 
10 Km h e i ght n.nd the dipole moment a r e f r om 10 c-km 
to 25 c-km. we could get the reasonable values for 
only two discharges as shown in Table 1. 

Table 1 . Fundamental va lues f or horiz ont al dis char ge. 

Qbs. No. Height Length Charge quantity 

5 8-12 km 2- 6 km 10 coul. 

9 6-10 km 2- 8 km 5 coul . 

b) Storm on AUg. 3, 1963 (the lst s t orm) 
cloua disch a rge in the storm are assort ed int o 

four types as shown in Tabl e 2. 

Table 2. Numb er of data for each type discha rge . 

v e rtlca l discharge with upper-positive 2 

ve rtical discharge with upper-nega tive 7 
Inclined discharge 7 
Horizont a l discharge l 

--
.. 

-
ljO . of nata! 

-
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Table 3 gives the result of computation for the 
horizontal discharge in Table 2. 

Table 3. pundamental value for the horizontal discharge 

Height Length !charge quantity 

8 km 4- 6 km 
I 

I 130-250 caul. 

concerning the incline d discharge , we can only 
estimate the height from thunder aH<l flash observat i on 
data. The result of analysis on the storm is shown 
in pig. 6. The Figure shows that all typ es of discharges 
can not be characterized by their height and charge 
quantity. 

4.3. Type III cloud 

This type has not been reported by other workers 
yet, but we observed two storms of this type. Charge 
quantity and height of the up~er-negative vertical 
discharge are shown i n Fig. 7. This type discharge 
occurs in the higher part of a cloua, and the charge 
quantlty is smaller than other type discharges . It 
ls reasonable from the values shown in the Figure to 
conclude the e xistence of more or l ess thin negative 
charge :iistribution on top of or just above the cloud . 
This height is i n gooJ agreement wlth the alt itude of 
cloud top measured with r adar and photographic 
method. (1963) (1';150) 

5. Flne structure of discharge 

5.1. Mo veme11t of electric ch<1rge in a discharge path 

If the fleld chan6e shows a maximum , it is due 
to a movement of pos itive e l ectric charge i n a 
dischu.rge process , and if the change shows a minimum 
it i s aue t o a movemeDt of negutive one . Table 4 
indicates the ~umber of a is ch a r ge by movement of posl
t ive or negative e l ectric charge. Smith (1957) r eported 
tha t most dischargas a r e performed by the movement 
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pig . 6 Heights and charge quantit i es for storm on 
Aug . 3, 196 3 (the lst s t orru) • 

• show th~ vertical discharge. o show the horizont al 
discharge . X show upper limit of lower charge and 
lowe r limi t of upper charge on the incl1ned d1scharge . 
Tne vertical fine lines show limits of e r rors. 
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pig. 7 Heights and charge quantities on discharges 
in Type III cloudso 
The verti cal fine lines show limits of errors . 
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of lower charge, but our results shows tha t the 
Ulrectlon of the movement differs a storm to another. 
This ruay be relate closely to the charge distribution 
i n e<...cn cloud. 

5. 2. streamer velocity 

The veloc1ty of streamer in the cloud discharge 
can be estim~ted from the path len~th of a discharge 
and the duration of it. Fig. 8 shows the relat1on 
between velocity alid discharge pc...th length in general. 
Fig . 9 shows the sume relation with respect to the 
pos1tive st reamer. They i ndicate thut the polar1ty 
of a streamer dnd p~th length of tne aischarge has 
no signi ficant influence to the progressive velocity. 
wh en field change record shows ext reme value, \'It- can 
get d/!2 by using the equation (8). Let us difine 
1 1 , 1 2 , t, , and tz as follows. 
L, : Dischc...rge path l ength betwem1 the onset point 
and d//2. 
1 2 : Dlsctarge path length between the onset point 
and the end point. 
t, : Dur ation from the onset to the time when the 
f1e l d change is reached to an extreme value. 
t 2 : Total duration of a discharge. 

Then we can obtain Fig. 10 showing the linear 
rel ation between 1 1 /12 and t,!t2 • The Figure tells 
that the streamer velocity is k ept cons t ant t hrough 
the discnarge process. 

5.3 . Discharge path length 

) .3.1. vertical discharge 

A histo5ram of vert ical d1s charge path length in 
general and that ~~i th positive streamer are shown 
in Fig. ll and 12 respectively. We see that most 
discha rges have tne path length of 2 km . since we 
estimate the p~th leugth usir1~ tne f181 d maps wi tn 
the purc...m&ter value of h, and h 2 in every 2 Kill int erval, 
the real path length illay bG less tnan 2 km in mcst 
case . 
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Fig. 8 The r el ation betwebn streamer velocity and 
discharge path length i n genGrcl. 
The dott ed line show th8 relation including one 
dxtraoruir,ary high velocity , that 1s l xl 0 7 em/sec. 
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pig. 10 The change of streamer velocity in discha r 5e 
path . 
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Fig. 11 Histogram of vertical discharge path 
length in gene r a l. 
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Fig. 12 Histo~ram of vertical discharge path length 
Wlth respect to the positive streamer. 
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5.3 . 2. Horizontal discharge 

Though we have got only three aata on the horizontal 
discharge , the mean path l ength of them is about 5 km, 
and longer than that of a V8rtical dischurge. It is 
our experienced evidence that a long horizontal 
discharges can ofteu be seen during a s t orm with 
our eyes, and this is in a good agreement w1 th the 
above results. 

5.4. Charge quantity and discharge path length 

Fig. 13 shows how the charge quantity is influenced 
by the discharge path l ength in Type I cloud. Here 
we see that the charge becomes smaller as the len5th 
come to be long. 

5.5. Multiple cloud discharge 

some of field changes show a large stepw1se fashion 
as shown in Fig . 14. We will call it a part i al discharge. 
Mean number of partial discharges in a cloud d1scharge 
are two as shown i n Table 5. The results of analysis 

Tab l e 5. Multiple cloud discha rge 

Multipli city No . of Data 

2 8 

3 1 

4 l 

of a partial discharge is shown in Fig . 15. It 
likely tells that a partial d1scharge is of mult i ple 
character r epeating the s&me pdth and not a 
discharge neutralizing row of a local charge center 
on the path. 
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Fl.g. 13 The r elation between discharge path lengths 
and charge quantit1.es in Type I clouds • 
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Fig. 15 Heights and charga quantities on multiple 
cloud discharges. 
The data at each left side are results obt~in ed by 
field change analysis which are ignored the partial 
discharges. The d::tta at each right side show heights 
and charge quantities of partial discharges with respect 
to time sequences in each cloud discharges. The 
vertical fine lines show limits of error s. 
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5.6. Local d1scharge 

The stor10 on Aug. 13, 1962 (the 2nd s t orm) st~yed 
around Soma thr ough out its storm period. The a tmos
pherics ori6inated from the storm were r eco rded ou a 
waveform r ecorder at Takasaki . we pic~ed up the electro
static pulses exceeding 2v/m on the record . The relation 
between !lumb e r of e l ectrostatic pulses ar1d path 
lengths of the discharges is shown in Fig . 16 . 
It 1s clear that electrostatic pulses are occurring 
a t a r a te of 5 pulses per km. Therefore we would concl ude 
tha t local disch~rge center generating the pulse is 
d1stributed on the discharge path a t an interval of 
200 m as a mean . 

Next let us comput e the charge quantity of the 
local charge. Horizontal di stance between the 
discharge and the observation site is 8 km which is 
the distance between soma ana Takasaki . The two Chdrge 
center s composing a loca l vertical dip ol e a re assumed 
to have the r espective a ltitude as f ollows : 10 and 
10 . 2 km; 8 an a 8.2 km; 6 and 6 . 2 km ; 4 a nd 4.2 km; 
2 and 2 . 2 km. In the case of comb1nation 6 and 6.2 km , 
th e radii of circles r, and r 0 a re calcul ated as 8 . 5 
and 8 . 8 km respectively , so that Takasaki must b e 
locate d near tor, and r 0 • The r e cord of an electrostatic 
pulse can ouly indicate a n e t field change, so that 
we can not compute exactly the charge on this bassis. 
By the other comb1nation the observation site a re 
found inside of the circle r " or outside of c1rcle 
r 0 , so that we can compute the charge quantity from 
the pulse. Resu lts of the computat1on show that charge 
quantity e xc eed 0.3 coulomb, if the alt1tude are 2 
and 2 .2 km , and exceed 1.25 coulomb for combinations 
of 10 a nC l J .2 km, 8 and 8.2 km , a nd 4 and 4.2 km. 
we may estimate the charge to be roughly l coulomb 
or more . 

6 . Conclusi on 

The e l ectrost atic field change analysis of cloud 
disuhurge g1ve us the ev1dence about ex1stence of 
tht:: tnree typ es of thundercl oud , i . e . , Ty pe I cloua 

- 27 -



Fig. 16 The rel~t1on between number of electrostatic 
pulses and dischar ge path l engths. 
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where most cloud discharges are of upper-positive 
vertical dipole , Type II cloud whert:: they a r e mostly 
of hori zont nl or inclined dipole , Type III cloud 
where mostly of upper-negative d1pole. Type I and 
II may be considered to b e a normal cloud with r espect 
t o charge distribution, but Type III is the one which 
has not b een reported y e t. we may deduce the existence 
of thin distribut1on of negntive cha rge on tne top 
of or just above Type I ll cloud. For s t udying the 
negative charge distrlbution on Type III cloud, we 
sha ll need more direct measurement by an airp l ane 
or b a llon. Of the cloud disch~rges in Type I cloud, 
the charge quantity, path length of the d1scharge, and 
pos1t i on of it va ry in a very wide range. They reflect 
the diversity of thunde rcloud in electrical structure. 
The path l ength of most vertical discharges a r e 2 km 
or l ess , while horizontal ones have 5 km as a mean. 
The mean streamer velocity of the cloud discnarges 
seems t o have l-2xl0 6 em/sec. The polarity of a streamer 
and path length of the cloud discharge seems to have 
no significant influence to the velocity, and in 
f act, the streame r pro5resses w1th constant speed 
throughout the path . A cloud discharge are found to 
sup e rp ose some local discharges on it. The charge 
ceuter of a local dischar ge is dist ribut ed on the 
discharge path at a bout 200 m 1nt erva l and the mean 
cha r ge qua ntity of it is l coulomb or more . 
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II. Ground Discharge 

Abst r d.ct 

The ndture of ground discharge was studied by 
means of field chan~e analysis with a id of thunder 
observati on , flash photogr aphing , etc. Th e studies 
are divided i nto t wo main parts , i . e ., the discuss1on 
on the probability of ground discharge in thunder
storm and on the structure cf ~round dlscharge . The 
probw.bility exhibits a variation i n a wide range 
in every storm and it depends on the type of a 
thundercloud. The probability in Type I cloud is 
geHeral ly L. .. rger tnan that in Type II ana I II , 
because t~e ch~rge height in Type I is gener ally 
lower thar in Type II and III. Tne successive 
st roke cham1el in the cloud progresses sideward or 
spre~ds out widely and uoes not progress upward as 
observed in south Af r1ca. The leader model g iven 
by Schonland und Malan can not e xplain our field 
change records, so that we have t o modify a leader 
model so as to have ~ twig- like s tructure in a 
cloud and the charge dist r ibuti on on it is uniform 
everywhere . 

1. Introductlon 

The method of analys is of field change uue to ground 
discharge measured on ground opens a way to s tudying the 
nature of the discharge as well as cloud dischurge t o 
research workers, and indeed many p~pers adopted the 
method can be found. It is true that some aspect of a 
g round d1scharge can be investigated on the basis of 
single field site observation, however, there are many 
others which require the simultaneous observation at 
several sites. Four f1eld sites a r e the minimum demand 
for th e dipol e model analysi s of a ground discnarge when 
we have no other auxiliary means . 
It is for this reason that some wor kers tried to 
investigate the structure of the discharge act ually 
makin5 s imultaneous observat 1on at several field 
sites . (Workman et al. 1942; Barnara 1951; 
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Hacking 1954; Reynol ds e t a l . 1955; Tamu r a et a l. 
(1958 ) In the early period of our s torm observa tion 
untill 1959 we used sin~l e s i te to r ecord field 
ch~n5e , thunder , flash , etc. The nu~ber of field 
site were increased to two in 1960 and to thr ee 
f rom 196 1 to 1 963 . some of the r esults b e l n6 
describe~ in this paper a r e the dedu c t lon of sin~1e 
site observatlon , whi l e the other s de_fJeuds on two 
or three sites simultaneous obs e rva t lons . 

2. Apparatu s a nd fie l d sites 

The s in61 e site o bse rvatlon was carri ed out a t 
Maebashi unt i ll 195~· I n 1960 Shibukawa was added t o 
Maebashi , a nd from 1961 to 1963 soma, Ta k asuki , and 
Maebashi were sel ect ed f or tne three si~es . Th e map 
of fie l d sites h a s already been illus tra t ed in 
Chapter I. Appar a t us used f or the obser va tl ons 
inclt;.ueu mi ll type fleld meter, aHt e1.11a type field 
meter , VLF a tmospheric wa veform recorder , VHF 
atmospheric r ecorder, Boy ' s camer a , e t c . (1958) (1962) 
( 1956) ( 19 6 3) ( 1961) 

3 . Occurrence p r obabi l ity of g round dischar~e 

Occurrence probability of a g r ound discharge has 
b een lnvestigated f or thi r t een g r oups of thun de r s torms, 
of which four g r oup consi s t e d of two storms simultaneously 
occurred at two differeut places a n d nlhe g r oup 
consisted of singl e s t o rm. The p r ob abilities a r e 
shown in Fig . 1. It can b e f oun d tha t the pr ob ability 
varies from 0 to 70% aependin5 on a storm g r oup . 
Moreover t h e l a r ges t va lue was obt a ined indeed 
from a g roup consistlll5 of two storms , so th(lt 
the upper limit of tne va lue must b e l a r 5e r tha n 
70%. We tri ed t o find the corre l a t lon between 
s e veral plausibl e meteorological f actors a11d the 
occurreuc e p r obability . AS the ch~rge sepur dt i on 
in t hunde r c l ou d closely r e l ates t o the ve rtica l 
t emperatur e distributi on in it, we fi rs~ly 

invest i gat ed tne correlo.tlon betvwe11 th e probability 
aud the o.l tl tude o f fr eezi ng l~:::vel n,:::asu r ea by r :.::.Ji o 
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Fig. 1 Occurrence probability anu multiplicity for 
ground discharge. 
0 meuns a group consisting of two storms occurred 
different pl~ces at same time. 
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sonde ut Tateno Met~orol ogi cal Observatory, about 
100 km apart from the f i e ld s it es, a t 9 p .m. on the 
storm Jay . Howev8r this aid not give any correlat1on. 
It is very possiolc that the temperature measurements 
were maue at the too aistunt place from the thunder
stor ms to correlate . Secondly, we ch6ck~d the 
corr elation between the prob~bility anJ the storm 
appe~rin~ time of the uay . If a storm occurs at night , 
the temper&ture on earth' s su r face would be lower 
than what we woul c. expect in de1.ytime i.:!.lld met eorological 
conditions influencin~ a thunderstor m activi t y should 
b e different from those in daytime. Notwithstanding 
the prospect the iuvesti:Sc..tion again did not give 
any successful result. Next we investi 5ated the 
correlation between tne probabi l ity a11d the fact 
whether a stor m moved or s t ay ed. It is sur prising 
t o not e that the probability for a staying storm is 
smal l er tnu.n that for a moving storm. This must be 
due to sowe meteorologi cal condition influ encin~ the 
charge dist r 1buti on in the cloud, but it i s difficult 
for us t o point it out at pr esent. In Chapter I we 
have classified thunJerclouds int o three cate~ori~s , 

1. e. , Type I, II, and III, wh1ch predomi nantly produce 
cloud di scnarge with s tructur e of upper- positive 
v erti cal dipole, inclined or horizontal dipole, and 
upper-nega tive vert i cal dipole resp e ctively. It has 
been found th~t the occurrence probability of 
ground dischar~e is smaller in Type II and III than 
in Type I ~s shown in Fi.s. J • On the other hc..ud 
we hc....ve an experira~ntal evi dGHce thG.t the char5e 
distribut1on in Type II and III occupies a higher 
part in the cloud th~n thc::.t i n Type I. See Fi5. 2 . 
Therefore it i s evident thc..t the larger probubility 
for Type I is aue to the char~e distri but1on in 
l ower part of the cloud in comp a rison to Type II 
and I!I. The Vdriution of probability w1th time 
was mec::.sured ill every tell or twenty minutes i nterval 
for each of tne four groups as snown i n Fig. 3. 
The probubility wus actuully Kept rou~nly const ant 
througn the life of tne ~nti s t orm on Au~. 13, 
1962, whi l e the probabllity Gra~ually incre~se on 
the storm on Aug. 15, 1963 and it uacreased on 
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Fig. 2 Charge distr1butions in thundercl ouds 
deduced from cloud dischdrges w1tn respect to 
cloud type. 
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Fig. 3 variat1ons of occurrence probabilities of 
g r ound d1scharges with time. 
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the lst stor m on AUg. 13, 1962. The probability of 
the storm on Aug. 2, 1963 did not show any r egulari ty. 
Therefore it is evident that the developmenta l 
aspect of a storm is very variable from a storm 
to another. The smaller probability value in 19 62 
than that in 1963 woul d not have any significan<.:e in 
thi s respect. 

4. structure of ground discharge 

4.1. Multiplicity 

Fig. 1 shows tnat multiplic1ty of 5round stroKes 
is roughly in a p r oportional r elat1on to the probab1l i ty. 
BrooK &.UC1 Kitagawa (1960) showed tnat the number 
of cloud disch~rges, if a stor m act1vity exceed a 
certain level, come to be nearly equhl to tne 
tot~l number of ground s trokes . If the principle is 
applicable to our case, the multipl1c1ty of g r ou nd 
stroke must increc...se as th e probab1li ty dec recJ.ses. 
Thus the result ootained here seems to corres~ond 
to the1r abnormal case on which they reported the 
existence of some storms aparting from the rule . 
Histograms of multip l 1city obta1ned from field changes 
ana. f r om Boy ' s camer a phot ographs are shown in 
Fig. 4 . The agreement of the histograms is fairly 
good with the report in other countries . (Pierce et. 
al. 1962) 
The ruultlplicity mecsurement on Boy's cam8ra pnotograph 
may often bring a confusion of M component with ground 
stroke, so that tne mul tipll Cl ty deduced by means of 
Boy ' s camera generally results a h1gher value than 
the field metnod. 

4.2. Time interval between esround strokes 

Flg . 5 is the probability distributlon uf iuterv~l 
between strokes occurring in a ground d1schar~e obtained 
from field change. 

4.3. VHF emiss1on from various st<...ge of a 5rouud 
uische.rge 

- 37 -



pig. 4 Histo~ram of multlplicity of g r ound discharge. 
x Da t u f r om fi e ld ch~nge r~c ord 
o: Duta from Boy ' s camer a ph oto~raph 
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Fig . 5 Probability distribution of time int e rva l 
between ground strokes occurring i n a g r ound 
dischurge obtained from fiel d ch~nge . 
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'.Ye have made some simul t :;;.neous r ecords of f1eld 
changes c..nd VHF emiss1ons from 1.3 me t o 150 me, 
as well as the record of s t Qospheric w~veforms 
and VHF emlss1on ut many f requencies. InteHsl ties 
of VHF emiss1ons from vari ous s t ages of a ground 
dischurge process a r e shown in Tab l e 1. 

Table l. Intensi ties of VHF emisslon from g r ound 
d i s ch .... rge. 

Freq. successive Between Afte r 
Leader strokes stroke 

500 me 13, 0 

1 50 me 5,0 1,4 1,1 

100 me 0,1 
I---

27 me 2,0 0,1 0 ,1 

3 lfiC 0 , 2 0 ,1 0 ,1 

1.3 me 
f----

1,4 0 , 5 1,3 

0 .5 me 2,2 

0.3 me ll ,o 
0. 1 me ll ,6 

The l eft number in each column means the number of 
r ecor ds , int ensi ty on which equal s r oughly t o thdt 
on t h e lst leader r ecor d. The right one in e~ch c0lumn 
means the number of r ecords , intensity on wh1ch is 
weaker than th~t on the l st l eader r e c o r d . Tne VHF 
emission int ensity fr um the l st leader has been 
neve r exceeded oy that f r om other stage a t the 
region ob served by us. 
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v,re did not succeed 1n recording the VHF emlsslon 
from a ground stroke because of too slow speed of 
the record 1n comparison w1th the stroke durat1on. 
It has been found that the emiss1on from 500 kc 
to 10 me by the lst leader is more intence than 
tnat by successive leaders. Emisslon from l me to 
1)0 me in the interval between successive stroKes 
and in tne per~od after the last st ro~ e are generally 
weaKer tnau thd.t of the l st leader irrespective of 
accompan1y1ng field change. This seems to mean 
that the mechanism of em1tting rad~o wuve is 
different among th e lst leader, the success1ve 
1 eader, aiJ(i the dis charge between or after ground 
strokes. 

4.4 Position and quantity of charge p roducing 
a ground discharge. 

4.4.1 Field change method of estimating the quantity 
and the position. 

If we denote quantity, horizontal co-ordinates , 
a nd height of charge neutralized by a ground stroke 
with Q, x, y , and h respectively, a f 1eld change F 
produced at the co-ordinate origin will be g1ven 
by equat1on (1) 

F = 2QY ( 1) 

where 

( 2 ) 

If we have a set of four simultaneous F ' s obtained 
at four respective different s1tes, we can estimate 
Q, x, y, and h us1n~ equat1 on (1). we analyzed the 
ground stroke by means of map tr1al as we had done 
it on a cloud discharge. A contour, wh1ch 1ndic~tes 
Y value respect1vely correspond1ng to hor1zontal 
d1stances 1n every 2 km 1nterval from the charge 
center pro j ect1on , wa.s prepared or1 thE: map for ea.ch 
of tne h value 2 , 4, 6 , 8 , 10, and 12 km. Fig. 6 is 
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Fig. 6 An example of field intensity map for 
ground stroke. 
This map show tha case of 6 km of charge center 
height. The values on tne map mean Y x 105 as same 
as Fig. 2 in chapter I. 
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example of the map. 

4.4.2 The results analyz e d 

The height and quant~ty of charge neutralized by 
ground strokes with respect to the~ r st roke orders 
a r e shown in Fig. 7· It can be found that the 
height of the successive stroke does not ~ncrease 
wi th stroke order in coutrast to the results g.1. ve11 
by Malan and schonland (1951), while it i s in a 
good agreement with the r eport given by Ishikawa. 
(1961) Ishikawa estimated the ground stroke height 
from durat~on measurement of leader strokes recorded 
a t Maebashi. It is very likely that in Maebashi 
district, the ground stroke channel does not strech 
straight upward in thundercloud as the stroke order 
increases, but it progresses sideward or spreads 
widely. We have here the eX_t)8rlrnental 8Vldence WhlCh 
support this point as follows; 
a) we succeeded in fix~ng the posit~on of each 
stroke belonging the same ground discharge in three 
cases as illustrated 1n Fig. 8., wh~cn shows that 
there are some ground d~scharges whose stroke channel 
developes not upward but sideward as the stroKe 
order ~ncrease. It must be noticed further that the 
horizont al distance between successive strokes is 
about 1 km. 
b) pig. 9 a and b are to suggest a possibility that 
a stroke channel pro~ress sideward in thundercloud 
and Fig. ~ c a channel sp reading 1n the cloud. 

HacKing (1954) re~ort ed that the height of a 
stroke channel makes a gradual increase, but at same 
time the channel often pro~resses s~deward. Brook 
and Vonnegut (1960) observed v~sually J streamer 
and report ed the deflect1on of lt from vert1cal. 
Ma l an (1961) a lso noticed the hor~zontal spread1ng 
of J streamer. 

4 . 5 contlnuing curre11t in ground discharge 
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~ig. 7 Height and quant lty of chdrge neu~rdlized 
oy ground stroKd with r espec t t o s troke order. 
o o n~t a by s1g~ of l eader f1e l d change 
X------ ~ : nata. by r et u rn f1eld change 
•---• : nata by l eader durat1on (IshiKa.v-.a ) 

Number of data is indicated in each parenthesis. 
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~ig. 8 ft p r oject 1on cha rt of ch~rge cent6rs neutralized 
by ground strokes in a d1scharge . 
T• TaK&saki observatlon s1 t e 
M: Maebashi observutlon site 

....... means limit of error and e meb..ns st.cuck point on 
a g round. 
Numbers 1n the pig" show stroke order. 
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pig. 9 SK etches from the photogra phs of ground 
discharge . 

(a) 

/ / 

( c) 
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Mal au (1~54) reported the existence of a 
continuing current from the ground uft~r the lust 
stroke , and deSl5lld.ted "F change " to it. Kltagawa, 
BrooK, d.nd workman (1962) reported about the continu1ng 
current appearing in the interval between ground 
stroKes. we 1nvest1gated th~ after grow dur&t1on of 
a ground stroke on our Boyvs c~mera photograph. 
Fig. 10 is the histogram of the duration, which 
does not seem to indicate the existence of a long 
continuing lum1110si ty. However it must be noticed 
that we h<:tve succeeded in f1nding out the two 
photo6raphs which h~ve cont1nuing luminous lines on 
many points a l ong a stroke channel as shown 1n pig. 
11. The maximum line durat1on on ~1e of the two 
photogra~hs 1s about 40 ms, the other is 70 ms. 
Five out of s1xteen ground discharges invest1gated 
produced the field change due t o continuing current. 
The currents est1mated from the f1eld change are 
ranged from 20 to )00 A 1 while the current due 
to return stroKe is usually of order of 2 x l O' A, 
though lO"A is sometimes exceeded . ( Chalmers 
1957) The great d1fference in current value between 
continu.J.ng curre11t and return stroKe is the ma1n 
cause of the difficulty for photo6raphing a 
cont1nu1ng current together with a return st roke . 
Th e he1ght wh1ch the continuing current reached 
has been est1mat ed only for three cases. Two of 
the three gav e the height which 1s nearly the same 
as the he1ght of a return stroke charge center. 
The dd.ta on cont1nu1ng current are l1 sted in Table 
2. 

4.6 structure of leader stroke 

The height of a charge center H relut1ng to 
a ground stroKe can be estimated us1ng the equation 
(3) g1ven by Mdan and schonle:md (1947), provideci 
the leader f1eld r eversal d1stance D be1ng known. 

H = D/.) • 77 ( 3) 
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pig.lO nurcltlon of ctftergrow of ground stroKe 
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F ~g . 11 Sketch for the phot ograph of ground 
s troke showi ng long luminous lines . 
Dotted lines mean image of ~ft er ~row . 

Time 
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~able 2. D~ta on continuing current 

Discharge Occurrence Char ge current . 
No. Time Quantity 

1 After Last StroKe 36- 72 c. 180- 360 A· 

2 After Last Stroke 5- 8 c . 20 -3 2 A· 

3 After Lust st r oke 4 c. 27 A· 
-

4- 1 Between strokes 27 c. 104 A· 
4- 2 After Last str oKe 84-1 )6 c. 252- 468 A· 

5 After Last stroke ? ? 

Height 
Rec.:.ched 

? 

2-4 km 

2 km 
--

10 Km 
? 

? 

Hei ~ht of Ch~rg~ of 
Ground stroke just 
befor e the current 

? 

2 km 
I 

2 km 
I 

I 
I 

·-----------·1 
2 l<m 
2 km 

-----
2 km 

0 
Lf'\ 



Fig. 12 represents the relation of the sign of a 
leader field change to the distance from the site 
to leader, and the reversal distance is found to be 
5 km. The computed height 6.3 km of the lst and 
2nd ground stroke is indeed l arger than what was 
obtained using the field change method or the leader 
dur ation method. (Ishikawa 1961) An explanation of 
the difference in the estimated stroke height in the 
two method will need a new model of a leader structure. 
Let us assume the height of a stroke charge center 
to be 4 km in Maebashi district following the result 
deduced from field change analysis and from leader 
duration measurement. suppose ·that a leader has the 
structure illustrated in Fig . 13, and the charge 
distribution is everywhere uniform along the leader 
track, then the macroscopic charge transport along the 
track will be equivalent to the negative charge center 
transport from 4 km to 3 km in height. suppose a 
charge center moves down from h 1 to h 2 , the reversal 
distance will be given as follows; 

(4) 

Putting respectively 4 and 3 km to h1 and h 2 , we can 
get 4.9 km for r. By this method, we can bring the 
height given by the r eturn field change method equal to 
the height given by the leader stroke 'sign method. Fig. 
14 is the rel~tion of stroke order to height of 
charge center neutralized by ground stroke in south 
Africa. (Malan and Schonland 1951) comparing Fig.l4 and 
Fig. 7 we can know the evidence that the two method, 
i.e. the leader duration and the return field change, 

give the same result for two country, while the other 
method i.e. leader field sign and the ratio of leader 
field c:1ange to return f1eld change give the other same 
result for both count ry. In the previous discussion 
we saw that each charge center height va.lue obtained 
respectively by three different method can be made 
identical with each other in Japan. If there is no 
much difference in electrical structure of a thunder-cloud 
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Flg. 12 Relatior" betw eE:n the sign of le<...der field change 
and dist~nce from site to the l eader d8nuced by tnunder 
observatlou. 
The ordlnate means the folloNing v~lu e; 

( ~ um b er of ne6a tive fleld cb~nge) /( Number of negative 
and posltive field chdnge) 

The lst l eade r 
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Fig. 13 ~~w model of leader stroke 
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pig. 14 H~ight of char ge neutralized by ground 
stroke with resp e ct to stroKe order in south 
Afrl ca. 
v--·o : DcJ.ta by Slgt, of l eader fleld ch-.~.nge and by 
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between Japan and south Africu, the same should be 
true for south Afr1ca too. Th~refore it is very 
probable thut th8 true height of a charge center 
in south Africa may be lower than thut reported by 
Malan and schonland (1951) and roughly identical 
with the v~lue 1n Japan. 

s. conclusion 

(1) The occurrence probab1lity of a ground discha rge 
can vary in a wide runge from 0 to larger tnan 70 %1 

and depends on the type of a thundercloud. Tne 
negative charge in Type II and III cloud is 
distributed i n a higher part of a tnundercloud 
than in Type 1 , so that the probabi lity in Type II 
and III cloud is g8neral ly smaller tnan tha t i n 
Type I. ( 2) The height of a charge cent er l•eutrallzed 
by successive ground st r oke does not increase as 
the s t roke order increases 9 but progress sideward. 
(3 ) The moael of a leader stroke must be changed from 
that a l ready g1ven by Schonland and Malan who assumed 
a uniform negative charge distribution in a simple 
vertical channel . The n e w model has channel spreading 
l ike a tree in a thundercloud . If the electr1cal 
condition in a thundercloud is the same between in 
south Afr~ca and in J apan , the charge center height 
reported by Malan and schonland must be r e duced to 
a lower value like tha t in J apan. 
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III. Thunderstorm Observa tion by Rada r 

Abstract 

The thunaerstorm observation w1th PPI r adar using 
3 em wave l ength was carried out at Tochigi-ken 
l n 1964. Though th ~ radar echo did not indicate 
anything further than a precipitat1on region, we 
have succeeded in obtaining the some nature of 
beha vior of thunderstorm. 

l. Introduction 

As the r ada r is a very useful method of studing 
thunderstorms, many worker have used 1t for th8 s tudy. 
we have made storm observation w1th PPI radar to~ether 
with simultaneous r ecord1ng of the field change, 
thunder, etc . on the ground. The analysis of the data 
have not thoroughly been compl eted at present, so tha t 
we will limit our descr1ption only to the d1scussion 
on the radar observation in this Chapter. 

2. Radar and f1eld si tes 

2.L Radar 

The radar with 3 em wave len~th moun~ed on a 
trailer displays a PPI scop e which has a maximum 
detectable range of 50 km. Tne echoes are a uto
matically photographed on 35 mm film at a constant 
time interval. 

2 .2. p i eld si t es 

In 1964 we r ecorded some elements of thunderstorm 
effect , such as f1eld change due to lightning discharge 
etc., at FUnyu and radar echo at shinoi with 10 km 
separ ation distance between them. The sites are 
l ocated in Tochigl-ken , one of the most thunderstorm 
act1ve d1strict in Japau as well tt.s Gunma-ken. The 
map showi~g the sites 1 s given in Fig . 1. 
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Fig. 1 l on site Ob s ervat. 
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3. PPI radar echo 

Although the raddr echo in our c~se is li~ited 
to indic~t1ng a precipitat i on reg~on, still they 
are v ery useful for invest1gati11g th e behav1or of 
a thundercloud. To go wlthout possible ambiguity 
i n the following, WE: l eft out the echoes from 
our discuss1on in accord~nce with the following 
c r iteria. 

The echoes showing comp l ex aspect a re omitted 
b ecause of the d1ff1culty in analysis. 

If the location of an echo coincides with the 
storm location informed by the Utsunomiya Meteorological 
Observatory, the echo is brought to a check whether 
the distance from the s1tes to a discharge point 
deduced from thuhder observat1on can roughly expla1ne 
the correspo11d1ng aistance or1 the PPI scope. 

The echo data wh1ch sat1sf1ed tne abo ve criteria 
we re collected for four storms. The echoes are 
illustr~ted 1n pig. 2. The general nature of the 
echoes invest1~ated will be described in the next . 

3.1. The investigated storm echoes were f ound to 
move or to disappear after staing at an initial 
appearing point for 20 minutes or more. 

3.2. In 011e case the echoes were seen to come 
together to a large echo, while in another c~se 
there was a l~rge bcho divided into a few smalle r 
echoes. 

3.3. nurat1on of an echo is generally r anged from 
20 minutes to longer tnan 2.~ hours, but dlscna rges 
are found not ~lways t o occur without interruption 
through the life of an echo. 

3.4. The track of a moving echo is found gener a lly 
to be a long the lower port1on of the l a nd, something 
like a v~lley, river, etc . ~nd the advance of an 
echo is often stoppea even by the existence of a 
small mountain of a few huudred me t e r in height. 
The rel ation between the gE::Llerc.tl tra ck of a n echo 
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pig. 2 e Radar echoes by the thunde rstorm on Ju l . 28 , 
1964. The diameter of inne r circle is 20 km and that 
of outer one is 40 km. The rad~ r site Shinoi loca t es 
at the center . • 1ndicates the pos1 tion of punyu site. 
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pig.2. b R~aar echoes by the thunderstorm oc Aug. : , 
1964. The aiamet e rs of the c1rcles &r e 20 , 40 , and 
60 km r espect1ve ly. The rdddr site Shinoi l oc~tes 
a t th e center . • indica tes the pos1tion of :runyu s i t e . 
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Fig.2.c Radar e choes by tna thund8rsto rm on Au~. 1 2 , 
1964. The diameter of i nner c1rcl e i s 20 km a nd tna t 
of outer ona i s 40 k m. Th e r ada r site Shinoi l ocates 
a t t he cent er. • i ndlcJtes the posit1on of Funyu site . 
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Fig . 2.d Rad~r echoes by the thunderstorm on Aug. 1 7 , 
1964. The di ameter of inuer circle is 20 km and t hat 
of outer one is 40 km . The r ddur site Shinoi l ocates 
at ths center . • indicates the position of Funyu site • 
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motion and the feature of the land a r e l llus tra t ed 
in Fig. 3 and 4 . The result is in good agr ebment with 
Kitaoka•s report. (1950) 

3. 5. Fig. 5 illustrates the cor elat lon of an e cho 
cent e r to the stor m center inferred from discharge
thunder time-inter va l. It can b~ seen that the gost 
d i scharge active portion in a thundercloud i s always 
be involved in a precipitating r egion . 
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Fig.3 The natural feature around observation sites . 
e and@ indica te the Shinoi and Funyu site r espectively. 
The numbers in the map show the height with unit of m. 
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Fig . 4 courses of thunderstorms . Terminal s of each 
arrow show where the stor m disappeared . There was 
no dischdrge in th e storm on Jul. 27, but the cloud 
had charge . 
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Fig.5 Relation between center of echo and thunder . 
• indicates the cent e r position of echo and x indicates 
that of thunder. 
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Map of central Japan 
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