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session 1 =1“--~ 

” Atmospheric Electricity Research in the Far East 

, H. Hatakeyama
' 

_ l. Atmospheric electric observations in the upper atmosphere. 
' Observations of the electrical conductivity and the electric field 

in the upper atmosphere were made twice a day during the World Meteoro- 

logical Intervals in the IGY and IGC at four stations in Japan--Sapporo 

(l3°o3~n, lLl°20'E), Tateno (3e°o3=N, 1z.o°oa'1a), Hachijojima (33°07'N, 

l39°h7'E) and Kagoshima 01°38-N, 13o°3e";). 

_ 
The results of observations were discussed by K. Uchikawa (1961) 

and:show>that the mean vertical distribution of the conductivity qbtained 

at respective stations are almost equal to each other from the ground “HZ 

to 500 mb level and that the conductivity increases with the latitude
' 

in the upper troposphere and in the lower stratosphere as shown graphi- 

cally in Fig. l. This suggests that the conductivity in the free atmos- 

phere is mainly under the control of cosmic ray intensity, because the 

total intensity of cosmic rays increases with the geomagnetic latitude. 

Mean values of the potential gradient in the upper atmosphere_ 

obtained at four stations are shown in Fig. 2. Values of the potential 

gradient are large near the ground and decrease exponentially with an 

altitude. Above 100 mb level the value becomes lower than 5 V/m. However, 

as the accuracy of the measurement is :t 5 V/m, the electric field 

intensity above 1C0 mb level could not measured precisely. 

when the exchange layer develops, as shown in Fig. 3, the sudden 

decrease in the atmospheric electric field and relatively small sudden’ 

_f0rRemase:20TW09M1 C06461858
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increase in the electrical conductivity were observed at the top of the 

exchange layer as in other measurements in foreign countries. This 

marked decrease and increase disappear for several days after the low 

pressure or the cyclone passes through the observation point because the 

exchange layer fades away after the low pressure. 

The conduction current in the exchange layer is about 1.3 times 

larger than that above the exchange layer‘ vThis means that the "Austausch" 

contributes to generate the conduction current in the exchange layer 

through the rapid production of ions. 

Day to day variations of the electric field and the electrical 

conductivity in the upper troposphere were investigated. These varia- 

tions are related to meteorological factors, such as the air mass, the 

upward or downward motion of the air, and the jet stream. For example 

the increasing rate of the electrical conductivity with respect to the 

latitude in case of a strong jet stream is larger than that in a weak jet. 

The concentration of small ions was computed from the observed elec- 

trical conductivity. The vertical air currents in and around the jet 

stream were calculated using the time and space variation of the concen- 

tration of small ions. when the intensity of the jet stream is increasing, 

downward motions of the air predominate in and around the jet stream, 

only except the southern and lower part of it where upward motion exists. 

And vice versa when the intensity of the jet stream is decreasing. An 

example of which is shown in Fig. L. These characteristics coincide 

qualitatively with those obtained thermodynamically from the time and 
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space varlatlons of the alr temperature 

At Poona 1n Indla, observatlons of the potentlal gradlent using 

rodlosonde technloues have been made slnce 1953 and systematlc observa- 

tions were made durlng the IPY fhe results of the observat1ons were 

dlscussed by S P Venklteshwaran and Anna Manl (1962) 

Durang clear weather, 1n both winter and summer, the hlgher values 

of potentlal gradient are conflned to a reglon extendlng from the ground 

to about 600-500 mb, above which helght 1t elther rema1ns falrly constant, 

at about 20 V/m or increase sllghtly w1th he1ght Withln the exchange 

layer, there are appreciable dlurnal varlatlons in the potential gradient 

They are at a minimum and almost constant durlng the hotter parts of the 

day and hlgher at other t1mes 

The data obtalned durlng the IGY 1957-59 have been classifled into 

four groups, correspondlng to the four maln seasons —— (1 November- 

February (wlnter) (2) March—hay (Summer), 3) June—August (Monsoon 

season) and (A) beptember-October (when the monsoon as wtlhdrawing and 

the skles are clear or partly covered with low clouds w1th a few thunder- 

stonms) Examples of the results of Qbgervgtlong are shown in F1; 5 

In winter, hlgh potentlal values are conI1ned to a reglon from the 

ground up to about 600 mb (L L km), above whlch, which represents the 

top of the austausch reglon, the potentlal gradlent remalns almost steady 

(about 10-no V/m) w1th increasing helght up to about 300 mb (9 7km) Above 

Wh1¢h 1t agaln increases up to the hlghest levels studled, —- 50 mb (19 km), 
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suggesting an increase in the particle content of the atmosphere. The 

500 mb region nearly corresponds to the altitude of the jet stream over 
India to the north of Poona. The increase in the potential gradient 

above 300 mb therefore suggests the eistence of fine suspended particles, 
presumably of extra terrestrial origin, in a larger concentration just 
above the level where the extra-tropical stratosphere flows into the 

troposphere, through the region of the jet stream between the tropical 

and extra-tropical stratospheres. 

The conditions over Poona in the summer season are as follows: 

(a) The austausch region extends up to 500 mb (5.8 km), about l.h km higher 

than in winter: (b) the region of maximum potential gradient lies very 

near the ground and the potential gradient generally decreases with height 

up to 500 mb: (c) above the austausch region, the potential gradient is 

quite steady at the 500 mb value up to 150 mb (lh.2 km) or above: and (d) 
the potential gradient above 500 mb is of the order of 20-R0 V/m compared 

to l0—LO V/m during winter. 

The observations during the monsoon month are again markedly differ- 

ent from those observed in either winter or summer. The potential gradient 

attains its highest values between 800 and 600 mb, which is the region of 

maximum cloudiness during the season. The upper limit of the region of 

high potential gradient (500 mb) also represents roughly the top of the 

clouds during this season, The most important difference is the steady 

fall in the potential gradient above 500 mb» from 20-60 V/m to about 20» 

L0 V/m at 200 mb, and decreasing to less than 10 V/m at about 100 mb. 
- A - 

f0rRemaSe ZOTWOQH1 C06461858 

- ' ' Approved for Release: 2017/09/11 C06461858 
“I 

-Q _‘-1 

.._,,._._.h_.__. 

‘~21.

- 

'

’ 

I1 
Y'\ 
F 1 

fix. 
.- 

.1‘ 

s' @- 

.,_‘ 

11-‘ 
?:':| 
A7,. 

I‘? 
4

1

. 
,. 

i. 
'1' 

*%w

L 
4 

\' 

I H 
'. ,1" 
E 

_: . 

n
, 

1!-. -

, 

4 
H1 

aw? 
!.\. :".' 
it. . 

L. 
:* 

it -n'~ 

‘ 
| 1 

1,; <‘,_;_~l 

Ir T,‘- L@h 
\.. -"4 qvfi 
3:. 

» 5:“! 
- - 

gr“ 
5, .,_7H 
..; - '

; A .3 pm 1;" 
9-'< -I:'.'." 

-,~:- : .. .. .- ‘ 
1.1 wv" 
3;; 

;_,n . 4, .,.. 
r _:_’-' -» 1-5 
n%fi 
5"f:r§.‘ 

!'.::’ 5 

!€;@ 
§"";;}.~ 

Qngn 
| In}-..\ 

. .3. ‘I 

;< 

- 

f 

-37:-

' 

'2-'4‘.-'2 

-....-~.'._:,_»r 

_ 
A‘ :;. . .- < 

¢:"< 
~. _- 

1*»; 
$3 

? 
¥§??§¥?‘i

T 

'7;
‘ 

mi 15??! 
:\" y

» 

ix,‘ .. . 

4.‘-“cl. " 
U. V‘ 

,1 
my '- 

hfifil 
Kifg 

'.'~_ 

GE; 
~.~—.-=-H-. 

‘J. 

'.‘I¢' 

ju 
-A5 

|- .';.'t- wlvfi 
,_'. 1,-_. 
||.., 

-~ 

.._. 

1:?

A 
> 3:-T-’Y, 3" Z’ I‘ 
J2‘ F43 
—Y_~‘¢_<='- 
"

1 
| 

‘ \ 
L .‘ ,il~'y 

,..~. ..- 
|:_..'fi,~_! 

‘x 
2 - B’-l 
‘V '5‘



Apmovedf0rRemase'20TW09M1 C06461858 

September and October is a transition period when the monsoon is
_ 

withdrawing and winter conditions are setting in. The potential gradient 

values are characteristic of both seasons. 

T. Sekigawa (1960) observed and discussed the atmospheric electric 

potential gradient at the summit of Mt. Fuji (3,776 m). Results are shown 

graphically in Fig. 6. In summer months (May—August), the potential 

gradient is large in later afternoon hours and small at about midnight. 

On the contrary, in winter months (November-February) it is large in early 

morning hours and small in later morning hours. In equingfiial months 

(March, April, September and October) the diurnal variation is double 

oscillation and maxima appear after midnight and in later afternoon hours 

and minima in the morning and in the evening hours. 

The diurnal variation in winter corresponds to the universal chgnge 

of potential gradient (9h L. M. T. == Oh U. T.). In summer months the 

R? 1 
1;;-;§ 

top of the exchange layer exceeds the summit of Mt. Fuji, and the potential 

gradient is higher in afternoon hours and smaller in night hours. And in 
cf 

equinoxial months characteristic of both summer and winter appears. 

2. Atmospheric electric elements near the ground. 

Kondo (1959) discussed the secular change of atmospheric electric 

elements using the observational data at the Kakioka Magnetic Observatory 

for the period 1930-1957. He found that the potential gradient is decreas- 

ing and the electrical conductivity is increasing since 1953. He thought 

the cause of this decrease in the potential gradient and increase in the 

-5- 
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electrical conductivity was the artificial radioactivity of fallouts due 

to the test explosions of nuclear bombs. 

Secular variations of the potential gradient at Kakioka (36°lh'N, _ ,
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° .- _f|'\ lhO°ll'E) and Memambetsu (h3°55'N, lhh 12's) are shown in Fig. 7. The 

curve of Kakioka is the deviation from the mean value 130 V/m for 1936- 

1.9, and that of an Memambetsu is um from the mean value 121. V/m for 

1950-53. In the fall of 1958 the test explosions were stopped and the 

potential gradient gradually recovered its normal value, but in the summer 

of 1961 the test explosions were again started and the potential gradient 

is decreasing speedily. 

Hatakeyama and Kawano (1953) reported the diurnal change of the 

potential gradient at several places in Japan. In Tokyo we have observa- 

tions of that in rather old time l897-1903, which is shown in Fig. 8. We 

are making the observation of potential gradient in Tokyo since January, 

1962. The mean diurnal variation January-August, 1962, is shown also in 

Fig. 8. This type of diurnal variation is usually seen in large cities. 

In the upper part of Fig. B, the mean diurnal variation at Kakioka 

for the period 1936-55 is shown. The distance between Tokyo and Kakioka 

is about 70 km and the type of the diurnal variation at Kakioka has never 

changed up to the present. Sixty years ago, the air at Tokyo was very 

clear and the type of the diurnal variation was rural. 

Misaki (1950, 1961) devised a method for measuring the ion spectrum 

and discussed the relation between the ion spectru and the electrical 

conductivity. According to his method the inner cylinder of aspiration 
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apparatus is divided into two parts. The value ‘ 
ii ) is observed 

and the characteristic curve is formed taking _ as ordinate 

and potential applied to the outer cylinder as abscissa (1.1, 
) C’ I 

l\,,,C,_ 

are current and capacity of each part respectively). Ion spectrum is 

obtained by deriving the first derivative of this characteristic curve and 

the second derivative is not needed. 

He made experiments for obtaining the mobility spectrum of atmospheric 

ions in the mobility region between 3.0 and 0.2 cm’/V.sec. in 1960 in the 

polluted air at Tokyo and in the clear air at Karuizawa. Results of the 

diurnal series of observations made at both sites indicate some effects of 

pollution on the relation between the electrical conductivity and the 

mobility spectrum. In the polluted air, scores of per cent of the conduc- 

tivity is attributed to the large or the intermediate ions while the 

conductivity in the clear air is practically attributed to the small ions 

only, as is generally believed. 

The spectrum of the small ions does not shift on the mobility axis, 

mazdmum concentration lying in the interval 1.0-0.7 cm‘/V.sec., regardless 

of the variations in the conductivity. On the contrary, the equivalent 

mobility, i. e. the ratio of the polar conductivity to the small ion con- 

centration, changes with the variations of the coniuctivity in the intensely 

polluted air. An example of the results of observations are shown in Fig. 

9. 

The ionizations by 0/-, (3-, ’f‘- rays and [5-, 'I— rays and the 
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natural radioactive dust concentration in the atmosphere near the 
ground 

have been observed continuously with two ionization chambers and an 
electro 

static precipitator at Tanashi near Tokyo since April, 1958, by M. 
Kawano 

and S. Nakatani (1958, 1959). They discussed the results of observations. 

On fine days the diurnal variation of the ionization by 
0L-, (3-, 

K‘— rays is similar to that of the ionization by [3-, ’f- rays. no 

is shown in Fig. 10, the maximum value occurs in early morning 
(L-6 h), 

and the minimum in the daytime (ll-13 h). On cloudy and rainy days the 

time variations are very irregular and the values are considerably 
larger 

than those on fine days. On fine days the values of ((3, T)/( 0‘, (LT) 

are about 2-5 per cent, being large in the daytime and small at 
night, but 

the values en cloudy and rainy days are considerably smaller than 
those 

on fine days. _ 

The natural radioactive dust concentration is large at night 
and 

small in the daytime, and the diurnal variation being similar 
to that of 

ionization. But the amplitude of the diurnal variation curve of the dust 

concentration collected with the electrostatic precipitator is 
remarkably 

larger than that of the ionization by }93 ]f'- rays measured with an 

ionization chamber. 

The results of simultaneous observations mentioned above seem 
to be 

important for the researches on the natural radioactivity 
and on the fre- 

quency distribution of the particle size of the radioactive 
dusts in the 

atmosphere. 

M. Kawano and S. Nakatani (1961) studied the size distribution 
of 

dust particles suspended in the atmosphere near the ground which carry 
the 
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naturally occurring radioactive substances by the cascade impactor and 

autoradiography. The cascade impactor was used for classifying the dust 

particles into four groups by their particle sizes, and the autoradiography 

was used for counting the number of °4-tracks of each class at 0 hrs and 

18 hrs after collection by the impactor. 

which hold the'Y—activity 

_____,T_,_i__ 

I

-

I

\ 

Table. Size distribution of dust particles 

Class 

Particle size (PA) 

Number of $5-tracks at 0 hrs 
after collection (per unit area) 

Number of Ci-tracks at 18 hrs 
after collection (per unit area) 

____._.-_ 

__._, 

___l 
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-"~**“-—=' ~~-'—* ~— »~ ——'—--—— ~~ 7 eve -- - -___» F .._ > 7 _______.
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5.2-1.3 5-0.9 0.9-0.5 0.5-0.3

l

O 

_-_-V ___.__ lL_._. ___ __._..___ _,__,__,___ _ _

N 0 

____@_T_. _ 

1o ‘ 13 200 
—-———-—»» ~—— --7' ~--§_____._'____. 

O A 17 

According to the results of measurements, as shown in the Table, a 

large part of naturally occurring radioactive dust was concentrated in the 

size range below O.5pn, and the radioactivity was radiated almost solely 

from radon and theron daughter products of short half lives. 
owi- 

M. Kawane (1957) pointedhthe abnormal increase of the ionization by 

CX -, {i —, 
‘K-— rays was found during the solar eclipse on April 19, 1958. 

As is shown in Fig. ll, the maximum value occurred at the time of maximum 

obscuration and was more than twice that on the other days. 
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3: Atmospheric electric elements during disturbed weather. 7: 

Ch. Magone and K. Orikasa (1960, 1961) and K. Orikasa (1962) made 

simultaneous observations of the surface electric fields, the charge on 
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raindrops and snow particles, the form of snow particles and the intensity 

of rainfall and snowfall from 1956 to 1960 at Sapporo. And the latter 

author made similar observations simultaneously at two stations 1.2 km 

apart each other. 

Analysing the data of these records, the following conclusions were 

obtained. when the rainfall was light or steady, positive field relatively 

smaller than those of fine weather or negative field was observed, and 

when there was light or steady snowfall, positive field was observed. During 

continuous heavy rain or snowfall and during heavy rain shower or snow 

shower, wave patterns of the electric field were often observed. 

In almost all the cases of positive or negative electric field and 
4\Cd»vt."wq(_A 

of the wave patterns of field, mirror image relations htié generally 

between the sign of electric field and the sign of electric charge on rain 

or snow particles. But in the beginning of rain or snowfall and when the 

rapid increase in the intensity of rain or snowfall occurred, the sign of 

the electric field and the sign of electric charge on particles beca::e 

the same. An example of the observation is shown in Fig. 12. 

To explain the mirror image relation mentioned above, the author 

considered that the rain or snow particles were mainly electrified in the 

cloud and caéed electric charges dovm to the ground, consequently the 

cloud may be electrified to the sign opposite to the net charge which was 

carried down to the ground by the particles. The case of the same sign of 

both the electric field and the electric charge on rain or snow particles 

was explained hypothetically by considering the space charge due to charged 
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rain or snow particles. 

Kikuchi and Magono (1961, l96la) measured charges on natural snow 
1-"

_ 

crystals before and after their artificial melting during snowfall. It 
was found that the snow crystals obtained considerable positive charge 
when they were melted. This observation appears to explain the above 
mentioned general observational fact that in steady rainfall negative 
surface electric field is predominant and raindrops carry positive charge 
in most cases, while in steady snowfall positive surface electric field 
is predominant and most of the snow crystals are charged negatively. 

T. Ogawa (1960) and T. Cgawa and S. Saga (1961) made the continuous 
observations of the electric current carried by rain drops, the rate of 
rainfall and the surface potential gradient. Iroviding the Wilson's 

_ 
_ 

wtjal-.:A. at ,
_ theory of ion capture by water drops,\the raindrop starts a cloud with 

a small charge in the same sign as the electric field and reverses its 
sign at a point between the cloud base and the ground. A quantitative 
representation between the rain current, the rate of rainfall and the 
potential gradient was assumed and a relation between the surface poten- 
tial gradient and the potential gradient in the charging region of rain- 
drops below the clouds was deduced. An exanple of the effect of splashing 
of raindrops at the ground was shown, in which the intensity of rainfall 
was 10 mm/hr or more the effect reduced the surface potential gradient 
in the value of about 2 V/cm toward negative. 

Department of physics in the University of Singapore has plans to 
expand itself and a new Atmospherics Physics Laboratory will soon be 

_]_1- 
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built. Last year ind up to August of this year, under the supervision 'v*§ 
‘ 

in; 

of Hon Yung Sen, J. Pukiam investigated the electrical conductivity of ldf§ 
. . .,-Q 

H7. 
the atnosphere near the ground during the disturbed weather and some >: 

._4 

inieresting results were obtained but they are not yet published. 
‘ ., 

7
4 

References _
3 I2 

Hatakeyane‘ H. Jfid U. Lawano (lQ5}): Cu the Diurnal Variation of Atmos— '

. 

J ~, ' 

pheric Potential Grndient in the Juyan Archipelago, Pup. In Met. ' ' 

and fieophys. L, 55-60. \, 
in
R 

Kawano, M. (1957): The Result of Observation of the Rate of Ion Pair '*,* 
'41 ‘Iv 

.- 

‘.45.: 

<0 

-~. Production in the Atncsphere during the Solar Eclipse, Apr. 19, 
“vii 

19 R, Journ. Geonnr. and Geoelec. 210-211. - 

E ) g

I 

; . .

A 

Kawano, M. and S. Nakatani (1958): The Results of Routine Observations -mfg 

;|5Fv.5._;¢ 

V‘. .- 

:51‘ 
' 1.~ raw e, .,... 

of the Ionization and the Natural Radioactive Dust Concentration 
I. --- 

..;g 
=’Eq 
fiqii 
| I 

in the Atmosyhere in Tokyo, Journi Met. Soc. Japan, 36, l35‘lhO. 

Kawano, M. and S. Nakatani (1959): The Absolute Measurement of the xtQ§T 

Concentrations of the Radioactive Substances in the Atmosphere in ‘-.f 
. 2‘ -"‘r.' 

Tokyo, Jcurn. Gecmag. and Geoelec. 10, 56-63. w; 

Kawano, M. ani S. Nukatani (1961): Size Distribution of Naturally Oeeurr- ii'E 

-a.‘..1IL, 

ing Radioactive Dust nmasured in a Cascade Inmactor and Autoradio- ~ 
‘n “

\ 

‘T5.- @- 

.-. 

"L"; 

graphy, Geofis. Furk. e Apyl. 50, 2h3—2L3. he 

Kikuehi, K. and Ch. Maqono (1961): On the Electrification of Snow aflfi 
1'»? 

Crystals by their Melting, Journ. Japanese Society of Snow and \~J 

Ice, :23, 1.1-1.5. f5;*;+_,_ 
\_. 

.,\ ¢ . 

.r-_.-._. 
,._ |.._ .1 . - 12 - 
1'22. 

...: 

~_: E 

l\J§v:;; 

‘I74 ’: 

f: ;'_.: s~¢ 
1; 

" r.‘ 
.._ .1.-:1 

i-f"i..v‘ 
Z_ .5. 

1.5
. 

|f"(_€ 
}_: 13;‘: 

_“ ;0d 
f0rRema$e:20TW09H1 CO6461



2 

e. 
raé aw 

flmn 
-{I 

L
t 

wh- 

“ 

Approved for Release: 2017/o9/11cos4e1s5s;- _- 
_ 

.
_ 

Kikuchi, K. and Ch. Magonc (196la): On the Electrification of Snow Crys- 

tale by their Melting, II, Journ. Japanese Society of Snow and Ice, 

23, 155-158- 

Kondo, G. (1959): The Recent Statue of Secular Variations of the Atms- 

pheric Electric Elements and their Relation to the Nuclear Explosions, 

Memoirs of Kakioka Magnetic Observatory, 9, 2-6. 

Magcno, Ch. and K. Orikasa (1960): On the Surface Electric Field During 

Rainfall, Journ. Met. Soc. Japan, 38, 182-19h. 

Magono, Ch. and K. Orikasa (1961): On the Surface Electric Field Caused 

by the Space Charge of Charged Raindrops, Jeurn. Met. Soc. Japan, 

39, 1-11. 

Misaki, M. (1950): A Method of Measurdrg the Ion Spectrum, Pap. in 

Met. and Geophys. 1, 313-318. 

Misaki, M. (1961): Studies on the Atmospheric Ion Spectrum (1 and 2),
I 

Pap. in Met. and Geophys. 12, 2L7—276. ’ 

Ogawa, T. (1960): Electricity in Rain, Journ. Geomag. and Geoelec. 

12, 21-31. 

Ogawa, T. and S. Saga (1961): Charge on Rain Drop, Journ. Geomag. and 

Geoelec. 12, 99. 

Orikaea, K. (1962): On the Disturbance of the Surface Electric Field 

Caused by Rainfall and Snowfall, Geophys. Bull. Hokkaido Univ. 

9, 

Sekigawa, T. (1960): Observation of Atmospheric Electricity at the Summit 

-13- 

f0rRemase:20TW09M1 C06461858 ' 

a», 

xv- 

. 
‘."‘.l 

J 1..:. =, 

V1: R“; 
E; "uff g~¢@ 

. . x 

. 112-‘Y 

€.P¢£ 
t 

" -_\ cl; 
* 

., j-'=_-J H“?§ 
u " - ,5» 

"iv: 1 
‘ 1.“. '

I 

‘(.5-'1‘ 

?#%§ LJKQ 
;

4 

flvwi i%hfi 
' 

.; ""7: 
I '1') 

:.a _m; 
~: 3? ‘J Z 2‘ 

” 

-T1." 

-JI-is 

I’ 
:. .\.!‘ 

#1 _.-"2731. + F ID!“ "1' 

r. "'1" 
‘_"1'_'7;!"'

; » ' M1 
-7 4w‘-1'»; 

LIE 
4 , '( 
‘ fkgzg 
Q. 

‘ 

-‘yr; 

5'-'14; 

_.| 

MLJ 
i‘ 

:f'__5 

5:5 nqu 
1.-;>;-F 
1’--1..-f 

$5--4 
I.£.4 31 

H51 
_- 

n.-. 

.1"-:3:



' :1: 
.1-Ii"

I 

>'<._. 

kw. 

J Apmnvedf0rRemase.20TW09M1 C06461858 f 

of Mt. Fuji, Tenki, 7, 65-71 (in Japanese). ~q 

Uchikawa, K. (1961): Atmospheric Electric Phenomena in the Upper Air 

over Japan (Part I and II), Geophys. Mag. 30, 617-672 

Venkiteshwaran, s. P. and Anna Mani (1961): Measurement of Electrical 

Potential Gradient in the Free Atmosphere over Poona, Journ. Atm. 

Sci. 19, 226-231 

y L 

--,c ; 

c , ,1 
pm0vedf0rRemase:2017

0 

H...‘
Y 

,.., 
.~~, 

. X‘ 
,. 

"- 
*1 

n-1.’ 

..\‘
I 

-
I 

N;-,4 
r"\.I 

. . 

H2‘. 
1 1:’ 

.6 
5v 

0 ., 

TY. 
; v . 

.;-
- 

.,., 

,
.

. .~ 

:'.'\:'

r 

dd 

v~ 1 

5?§ 

"¢‘ 
' 

it‘ 
'-

»
1

I 

-wvv 

2r@$$* 

-‘e.U\_-_-.1.

.

.

O 

:-v.-1-.vs.—-. 

_.._-_-__. 

-._,-,“-3 

_ 

.. 

....,~"_

' 

"'-:5‘ 

Pi“. 

- 

_F-1.

" 

(C1 

L_

-

z 

‘*9? 

_1‘?9*$-‘-i-'%";Ii3.*i-Y.“ 

3-*3?*'f3‘ 

"*T'§“ 

"<:'.“:s- 

.:-‘4¢9"f 

_'-.Zo:'3'l—.'f; 

__ 

J‘

- 

r.-n~="*"" 

\.n.Izt~. 

-Q“ 

“.5

1 

I?
I
I 

=z "2 

5? 
111;- 
.-,5-1

~ 

..

__



......._-.._‘..__.v . W I 
> 

V l _ __ 

'\N 
$9’ 

1".“ 

I’ f'.., 

2“?! 
$4 

Apmnvedf0rRemase:20TW09M1 C06461858

» 

4 - .5 ,.iw~. ' 

/"' _,/"4? 
V1 ,_?' 

_,' .,</ 
Q) ,:'/' __ 

mu i 
." — Swans 

‘\'- 

~‘.'- 

\\ 

"-§<\\ 
.\\\-\ 

\\ 
\ 
\.\ 

$__ 

____l_ 

\\

V 

'\

\ 

_1 
— —' Tlwn

I - - - - - - lhrhnplln _‘_ '_ ' 

am _ , 

1-1, ‘°°° mo xso -1o“0n-I 

Fig. 1. Mean values of the negative 
polar conductivity. 

pm0vedf0rRemase:20TW09M1 C06461858 

I ( _', 

Hf ‘§t,§I“.? 
i"'.:I. "'1': "J4 

r-BQ 

-:-3;{'_ 

I2’. 

I-xv -==;§ wk? 
r“. .>~'*i*‘.i 

‘;>'='"T:§:!f 

fl%%$ 
1 =1 

Q-:1 

H%' 
..I~€I"f§~f . 
I"\ ;': 

ii?-I 

€"'\’.'. 7'1‘; 

:i;.~_i-§’?é 
_ '“._ 

tr-an 
rx '1. '52 fifiw 
jufifi 
;.,1.". “': ,- 1. »$ ',~-‘:1 .L,'i' 

.'1->'§,',.:':€ 
'1‘-‘ >.‘-:-1; 
' ~ I '~ -:. ~-7 ihifi 
51$i 
1" " ‘.'\.r:v 
:;,—T .-"1 
"~. .'~:'§;: 
l'.: ,'T§' I 
., . ..;;:. Ea 5" >I.' 1'1‘ 

’ =.-‘"1’! 
', . . \_ C 
:".'\?:..\§\’ 
1 

'
v 

£31k 
oi t 

P.“ .12? 
_§ 

=,~ '..,- 
|- ufr "2-;~ .1! $3? 
ii%§ 
-~ "-:. I14 

.|,. \ . 

fl |‘ 

.m#¢ 
z . 

{~“-'1,"."E‘§ 

@@@ 
'I_;'_ '. 5'1! 

E, _- . .;-{.1 
: _-1:1 _-, 

. '3' ¥W§ 
'J'.| ~ |:-. "\4'*;:' 

|_.._ 

.-.- 

"z-.1:-l. 

i‘.r".'?lx;" 
Z. .:: ._,;' 
‘Er 7. ‘L5 
- --. . 

' - 
LEN‘:-s';~. '7

1 uh.‘ ’ 

'.. =:-Qnjt 
‘I 

“m ta nii 
-_e-, 

5:9:
1 

I..:,._|' 

i 'i=:.." 
9. “Y: 
1 

' 

31"‘ 

;:A._ 

. '; 1: 

5 .=-Ll} 
;,.._. 

|

I 
u; 

2 
"H- 

1 
5‘:.‘ 

1+1-.'.Y‘ 
‘.\ 

‘ ,,-..
‘ :-\ ..u 

~v: 

“r_:,i' "1. 
L.-.1 

1'. ‘I 
‘\.;~\ ,..1 
‘....=. 

Q3: 
;:, 

' 
1‘. 

§l ,... 

E -‘*. 
.f 

:- =r-~: 
v’ 4 

.._ 9.: 
‘;;'» 1 

'.‘ '<. 
' 

.4. 

-;:. 

. . . 

-.4 

»¢%~-; i 

... 

1-;

1_



‘r 
I‘ 

!""..‘.'. 
L'-XI 
1»-~.. ;- 

'17’ 

1% 5'3)‘ 
-.|.. ' 

*"**"”‘*”’““‘1”"'“”"Apmnvedf0rRemase:20TW09M1 C06461858 

mu - '-‘ ——‘—=_- _— —_; 1‘._ _—__%%% _-_=, . _. _~ ......-....._ 

'“" \ 
‘:"" 

W W W 
J

_ 

mun ' no V I“ 

Fig 2 Mean values of the potential 
gradient. Sa: SflPP°f°- 
Ta: Tateno, Ha= Ha°hij°jima 
ya; Kagoshima 

_ _ 
for Release: 2017/09/11 C06461858 

.¢‘ 

‘Z 

. 1

v 

= .- 
.~ 

f-Z ;-:.‘..~.!'~."Z‘ 

1 A 

I 'U.;. 

.. ‘:1 ..>... 

Q! 9W1 W,
\

I

/ 

\. .3 
- ~ 

4-‘ \ 

'\\» 

» 1; 

..“ 

1'11? 

1 r

~

r

1

c 

11.». 

"
1 

. 
'1, . 

rf.".2§ 
., 

: 
'"‘* 

1 -1% U‘ 1 

____,& 

-M-Q. 

-‘

' 

u-u--- 

-9-A 

vé 

1 
."'

1 

.3; 

‘"7 
aA:.u_‘~ 

. .,. 
'3-rJ 

-

, 
1" 

14' 
as-3- 

'11 1' 
2" 

E? 
,,..‘ 

41...: 
, 4 

,1 1.; 1% 
._ Jr 
_‘._1.1 

rd av 
2' '-‘.4 

11> .l 

T'!T.I'-'-5"-1f'-.' 

1.-—-'-\'a-» 

7.1.. 

1,' . 

git‘ 
-3'3

1 

1;; 

-“.41? 

‘rt:

fi 
Z,_{ 
I.-L2 

3 E 
;..-1 

1:-I 

T»: 
F1 
..¢

3. .. 

.,x 
4" 

'7 

_._/

1 -4»- 

fin.“ 

»-..4..-

1 
-nx 

1\\ 

\..__ 

.fl

-j



-

4 

I I 
,: 

II 

Apmnvedf0rRemase:20TW09M1 C06461858 

Tn 
‘ 

1 41)-I52‘ 
; 

1 .9. 19$

E 

ill 

1 * 

,_ 1 

auo»~ 1 

_

1 

Mi; 

I T-<I7"pe 1‘ 
" ” 

NIX) e -1 
Y ,_ 

' 0. --v-~ . . . Y . '=* in-|aU_~ 

\.!_ iv 
:. iw 

Fig. 3. 

~. 
52°; 
1. :5. 

:, _,/ 

,‘_;.J.;?,¢__..__E_,,r.»,,,¢<_ ~_-r, ,. _= :,_;;,~<=.=¢.. - =.~¢;.»..Appr0ved for Release: 2017/09/11 C06461858 ~ ~ ' '

w 4 
iii

I 
~ e 3 , 3*. ‘ . “ 

Ascent curves of the negative 
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potential gradient (E), the 
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*‘I'PrQfl¢O2 The following summary is based on publications, 

»‘ 1 dispatched reports from ‘Atmospheric Electri- 
cians‘ in Central Europe. The author would re- 
gret it deeply, if any publication would have 

_ been disregarded, because it was not known to 
him. 0n the other side the dispatched reports 

j _ 
and publications have been so numerous, that not 

_ 
every one has been mentioned. The gravity has 

. been put on the new knowledgee. 

' Disposition: The report is dividedihtovarious subjects: 
. 

g 

- 1) General matters of atmospheric electricity, 
phenomena in line weather. 

1 2) Atmospheric electric serology, atmospheric 

3) Conductivity, ions, radioactivity. 
. B) Precipitation electricity. 

5) Thunderstorms, lightnings, eferics, whistlers. 
6) Electrical phenomena in space. 
7) Biological action of atmospheric electricity. 

1) Qeneral matters oj atmospheric electricity, phenomena 
in fine weather, 

In the International Geophysical Year registrations of 
the atmospheric electricity have been made db numerous 
stations such as: Arosa, Payerne (Switzerland), Swidrze 
(Poland), Inrchischon-Bay (Spitsbergen), Hohenpeissen- 
berg, Garmisch, Zugspitse, Black Forest, Eifel, Potsdam 
(Germany) and others. The results of these measurements 
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electric circuit and potential of the ionosphere. 
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are manyfold. The difficulties in separating the global and local 
influence have been explained. Therefore it must be concluded that 
atmospheric electrical registrations on the ground can give infor- 
mations especially about the local events of atmospheric electricity 
in some cases, but only at excellent places and very seldom about 
the global events, such as the voltage between ionosphere and earth 
and therewith the world thunderstorm activity or about a spacious 
quality of the airmasses, such as the columnar resistance. The local 
and the global part are about equally largo. There are always some 
informations not allowing an exact separation. This holds good for 
the single case, but also very often for the temporal mean value. 

Also the registration of atmospheric electricity by S a x e r L. 
and s 1 ; 1- 1 s z I. 1) in Arosa (moo - 2650 m above rm) proves 
that. Although Arosa is a place with great air-cloadhas, the local 
influence can be_found. Only the station in 2650 m NH shows equa- 
lised courses of the day in a few cases. Of some interest seems to 
be the discovered course in parallel of field at the ground and 
content of Oson in the layer 0 - 20 km above the ground. The 
explanation of the relation between the 03 and the columnar-resistance 
is the following: The percentage of 03 increases as well as the 
electric field in sink processes because the columnar-resistance 
is getting less and the vertical-current-density is getting more. 

I s r a e l H. 2) brings the spacious atmospheric electric 
phenomena in connection with geophysical effects, as radioactivity 
of the atmosphere and the exchange. The atmospher&.electric 
fluctuation means a quality to him which can be exploited on the 
synoptical way and can be used as an indication of the type of 
exchange. 

I i h l a i s e n R. 3) has continued the investigations about 
the atmospheric electric fluctuation at the coast of the German 
sea. The strong and short periodical variations of field, vertical- 
current and electric space-charge density have already to arise 

-4»--» - .._ - .. ~ . -_. ,. -»-»---» V V 
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‘Q? 

on the open sea and will be caused by strong exchanges as it could be 
proved by registration ?~of temperature, water-vapour and the speed 
of the wind and by observations of the lov Sc—clouds at the same time 
The exchange has to follow in big packages whereby the air near the 
watersmmt to be exchanged by fresh air from a height of 100 - 300 m 
in a period of several minutes, The air near the water probably gets 
a positive space-charge by the electrode-effect, which the air from 
above docs notpnsseas and so the steep changes of the atmospheric 
electric quality will arise at the fixed station. 

The electrode-effect 4) has also been discovered over the lake of 
Constance. The electric field E has been measured in various 
altitudes from 0 - 100 m at fixed stations and with captive- 
balloons. The value in an altitude of 10 m or more are just half 
of the value above the water surface. The measured and the calculated 
spsce—charge-density is in agreement. If these results will be 
transfsned to the circumstances at the coast of the German sea, it 
can be found that the peaks of the fieldstrength and the spacc- - 

charge-density are in accordance with the very constant values of 
the lake of Constance. 

N i n e t C. 5) calculates a formula under consideration of 
the ‘eddy diffusion‘, which describes the correlation of the 
electric parameter of the atmosphere: space-charge, field-strength 
and conductivity. By the assumption of Whipple about the convection 
current this formula can be used in order to win the eddy diffusion 
coefficient by the values of the electrical quantities measured 
near the ground. The author has made these measurements and has 
got the eddy diffusion coefficient as function of the temperature- 
gradient, the speed of the wind and the Richardson number. 

that Ninet believes the values received by this method have come into 
accordance with the experiences, although he made some confined 
suppositions. This work is an valuable contribution to the problem 
‘electrode-effect‘. 

1..-w_»~—;v—w--1' 
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R e i t e r R. 6) gives a summary about his registrations at the 
Zugspitz-massif in the last 6 years. Besides others he tries to 
explain some interesting observations. He found out a relation between 
the ratio of the small ions concentration n+/n_ and the increasing 
speed of the wind. The herewith connected positive space-charge shall 
have the action of an exchange generator. In the evening decrease of 
the wind velocity the positive space-charge also disappears and 
herewith the atmospheric electric potential gradient sinks. That is 
Beiter's explanation for the sunset effect. 

K i l i n s k i E. 7) disposed a difficulty with atmospheric electric 
measurements. The impairing of the isolation by spiders‘ webs can 
be prevengdhy rotation of the antenna such as a round vertical current 
plate. 

Atmospheric electric aerologyl atmospheric electric circnit,_and 
potential of the ionosphere. 

First there should be mentioned some of the general publications 
about the subject on atmospheric electric aerology. I s r a e l H. 8) 

describes measuring methods and measuring results in the free atmosphere 
in details. Me putsthem in connection with the conditions near the 
ground. and the meteorological conditions such as exchange, inver- 
sions etc. 

,

' 

A chapter by G e o r g i i W, 9) is devoted to the special atmo- 
spheric electric measuring opportunity in a glider. In his institute 
Reinhardt M. has instrumentated a doubleseat glider for meteorological 
and atmospheric electric measurements. He is able to measure the 
vertical component of the atmospheric electricity field with a field 
mill and two radioactive collectors on the wing and under the wing. 
Besides this the horizontal component of the potential gradient and 
the positive and negative conductivity of the air can be measured 
continuously during the flight. It can be reported about the 
already existing results after a concentrated exploitation. 
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I fi h l e i s e n R. and F i s c h e r H.J. 10) report on 
the difficulties in exact measuring the atmospheric electrical field 
in the free atmosphere and its remedy, based on their numerous 
investigations with balloons and captive balloons. A special starting 
method has been developed in order to avoid a positive charging of 
the balloon team with triboelectrical effects at the suspending 
wire. A negative charging of the wire, what happened always during 
flights through the ice satisfied areas, has been cleared up by 
captive-balloon investigations as charge formations at rime. 

The captive-balloon measurements by L u g e o n J. 11) give 
further explanations about the relation of the field and the 
conductivity in the lower atmosphere. The electrical quantities 
make possible an exact determination of the limits of atmospheric 
mist layers; they can be determined up to about 10 m by the con- 
ductivity. This is more exact than it is possible to derive from 
the course of temperature and humidity. It has been noticed that 
the meteorological quantities show these mist layers scarcely 
or even not at all. ' 

An exploitation of the atmospheric electric work made by 
L u g e o n J., J u n o d A., W a s s e r f a 1 l e n P. 
and R i e k e r J. 12) in the IGY gives some new and precise 
material about the course of the field and conductivity in the 
free atmosphere. These mean values given in the following table 
have been worked outTPwfl28 atmospheric electric and 33 conductivity 
measurements above the Murchison-Bay andfhm95 atmospheric electric 
and 81 conductivity sondages above Payerne (see toble 1). 

A comparison with former values also from other authors demonstrates 
that the field values in the stratosphere are 8HiU9"t1Y 10"“? than 
it had been assumpted in earlier times. These facts have also been 
worked out by I H h 1 e i s e n R. and F i s c h e r H.J.13) 
Their mean values became less as well shown in table 1. 
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* Table 1 
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1) '_ 
_ 1) 

h (km) av/a; (v/m) ’/\,(1o"1"§E 1- 1) 
NN Payerne lurch.B. 6 Payerne

u 

. ‘2) 
dV/dz(V/n) 
Weisaonau 

0,007 

0,1,9 

1,0

3

5 

10 

15 

% , 
2o 

25 

32 

89,0 

53,1 

2k,5 

13,8 

5,3 

3,0 

3,5 

0,! 

107,3 

93,3 

50,7 

18,1. 

5,2 

3.3 

2,3 

1,1

1

1 

1,70 

3,27 

5,13 

8,41. 

27,1 

68,9 

18 

so 

2,55 

3,07 

5,32 

8,32 

25,3 

66,6 

1&3 

1011 

26,2 

12,5 

k,k 

1,95 

1,h0 

0,70 

0,55 

loan value: oi the potential gradiont dV/dz and of the con- 
ductivity'1+ in the free atmosphere published by L u g 0 o n 
at a1. (1) and I 6 h 1 e i a 0 n und F i 0 c h 0 r (2) 
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To the global events there is a contribution by F i s c h e r H.J.1h) ‘ i" 

The atmospheric electrical potential gradient between earth surface ‘fit 

and about 15 km above has been measured continuously by more than I

W 

50 balloon ascents. The ionosphere potential has been found out by ~ L 

integration of the altitude. The mean value was 282 kV in agreement 
with other authors. The precision of the measurements has been 3 8 $. uni 
The diurnal and annual course: of potential mean values agree very ‘Q7 
well with the mean values of the Carnegie measurements. But the ' 

ow ; single values fluctuate up to 1 30 f of the mean-values. The same 
fluctuation can he found in the Carnegie mean values of single days. " 

kg‘ 
Therefore it seems not to be correct to compare single diurnal ail} 
courses of stations on the continent with the mean diurnal courses H Y4 

.1.~' 
‘ ' 

.o . 
_,. ,, on the oceans like it is sometimes done. 

1-‘ .1
I 

Fischer has found a seasonal maximum in the course of the ionosphere ‘A 

potential during the northern winter. He explains this in agreement * 

with Whipple (1929) by a much larger electrical efficiency of the '

J 
tropical thunderstorms. Considering all thunderstorms on the earth lg‘ 

with the same importance, they would have their maximum of activity -
V

J 

during the northern summer and no accordance with the mean results 'Z“1 
J 1 would be. If one gives however the tropical thunderstorms a greater ' ~] 

. -4 

JTI 

of the newest isobronten demonsflmtion of the WHO material distributed " 

weight than the other thunderstorms on the earth, a special explanation 

to different degrees of latitude proves that the maximum of the 
thunderstorm activity is during the northern winter, indeed.

y 

,
-

I 

'
A 

'1 

A great numer of publications has been submitted on the subject -

‘ 

u . 

3) Doaductivitzg ions, rsdioactivit!L 

of conductivity. ‘H

; 

B r i c a r d J, 15) improves his former theories about the 1 I

, 

.'.\ combination of small ions at aerosol particles. In calculation of 

I 

A

. 

____ 

__' 

..___ 

.;.-’-4.-ex. the coefficient in the formula for the ionization equilibrium he 
takes in consideration, that the diffusion is not taking the normal
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course, if the particle radii have the same dimension as the mean 
free path. For the radii more than 10-5 cm the deviation can be 
nefllected. It gets new values for the combination coefficient in 
the radii range 0,6 x 10-6 to k x 10-6 ca, which have a stronger 
deviation as the former ones, but they agree well with the results 

of Keefe, Nolan, and Rich. 

Ninet's work (see 5 in chapter 1) concernsalso the conditions in 
the ionconcentration near the ground, 

Besides others R e i t e r R. 16) has registrated the conductivity 
’ 

and the concentration of small ions at some places of his atmospheric 
electricity stations at the Zugspitze. Remarkable but not quite 
clear is the fact that the ratio n+/n_ shall increase with the 
speed of the wind: For v' - 0 he finds n+/n_ = 1,0; for v' - 5m/s 
he find! n+/n_- 2,0. 

Occasionaly he finds a strong increase of the negative conductivity 
- of the air at the sun radiated nist and fog layers. He supposes that 

it is caused by a photoemmission by the solar UV. It does not seem 
to be correct, because there is no light of sufficient short wave 
length in the altitude of 3000 n. \

\ 

There also appeared some new publications in the snb'ect of measuring 
technique. H 0 c k A. and S c h m e e r B. 17$ describe a new 
small-ion. counter, where they have disposed the counterfield effect 
by grounding the aspiration-condensator coat and by putting back the 
electrodes flfiothe cylinder, where they have used double-electroneter 
valves in the entrance of the direct-current amplifier. 

An interesting new method about the direct registration of the 
atmospheric small-ion spectrum has been published by J u n o d A., 
S a n g e r R., and T h a m s J. 18) The authors used a 
measuring condenser with a linear, quickly increasing voltage, where 
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the currents become compensated by a bridge circuit. Not only the 
current voltage characterism will be won, but also a mobility- 
speetrum by a thoughtful use of electronics. It is a great advantage, 
that all signals exist as alternating voltages and therefore the 
direct-current amplifier can be avoided- 

H s s e n c 1 e v e r D. and 8 i e g m s n n H. 19) published 
a new method of dust measurement using small ion dissipation. In s 

ionization chamber, wgrking in the range of satisfaction, small 
ions will be produced with a radioactive probe. The measured 
ionization current changes when dusty air enters the chamber. The 
small ions become partly combined with the dust particles. These 
charged dust particles will not be measured YQP iheir lessened 
mobility; the decreased current is a measure for the concentration 
of dust. The authors show that not the dust concentration, but 
the product of dust concentration and medium particle radius has 
been measured. because of the dependence of the dissipation 
coefficient on the radius of the particles.

» 

S i k s n a B. 20) developed an aerosol measuring instrument at 
the same time, which works with the same system. Here the small 
ions will be produced in a separate tritium-ion generator and 
mixed with air in a special chamber. The content of small ions 
in the sir will be measured with an aspiration condenser. The 
peculsrity is that the production of small ions, the mixing of 
the air, and the measuring of small ions is separated. The time 
ef mixing is also independent of the speed of the wind and given 
by the speed of the air flow through the measuring condenser. 
Both arrangements can be calibrated only limited. The increase 
of small ions depends on the dissipation coefficient and this 
.4 depends on the aerosol spectrum. The aerosol spectrum has a 

further influence on the result because the time up to the 
equilibrium is dependent also on the dissipation coefficient-
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The mixing time at disposial has to he more than the time constant. 
Comparing measurements with the same aerosol spectrum can be made 
with this mfthod, where it will also be the advantage of a continuous 
measuring. in spite of all it is not satisfying, because there will 
be kept only a single information. ‘ 

S i k s n a R. and L i n d s a y R. 21) developed a small—ion 
generator with a tritium sougce in a titan foil for the above 
mentioned instrument. Herewith they have been able to place in a 
small room a large activity and to produce a small ion concentration 
up to 5 x 106 per cm} of air. 0f great advantage is the half-value 
time of the tritium of about 12 years and the assurance that no 
unwanted changes will happen with the aerosol. 

There are also some works of interest on the subject of atmospheric 
radioactivity. They have only been mentioned if they are in connection 
with atmospheric electrical problems, such as the air conductivity 
near the ground, the electrode effect or the atmospheric exchange. 

B u a d e 1;. and I s 1- a e 1 11. 22) discussed the diffusion- 
coefficient of the radon in the air in soil. H. Israel compared the 
exhalationflflflthe radonkoncentration in the lower atmosphere calculated 
with the various values of the diffusion coefficient with the measured 
values of these quantities. He receives the result that a value of 
D I about 0,05 cm2/sec approaches best to the actual condition. This 
value depending on the sort of soil is about 50 to 500 times as 
high as the one of Budde. 

L u g e o n J., J u n o d A., I a s s e r f a 1 1 e n P., 
R i e k e r J. 23) registrated the radioactive content of the air 
near the ground besides the different qualities of atmospheric 
electricity in Payernc as well as at the Murchison-Bay (Spitzbergen).

2 

av-r__ 
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R e i t e r R. A) displayed his results of some of his investigations 
of the natural and the artificial radioactivity measured in his two 
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stations Wank and Farchant. Because these two stations have a 
difference in level of 1,1 km at a relative little difference of 
base, the author can make some declarations about the dependence 
of the components on the altitude. Out of it he derives the 
influences of the meteorological parammenaon the natural and 
artificial radioactivity. He determines the exchange coefficient 
by the calculated half-value altitude and he compares it with the 
temperature gradient. These relations cannot be taken as the 
general, because they are based on the conditions in a tight valley 
of the mountains. 

Ernst r., Preining 0.,and s¢d\J1;¢¢|= 11.25) 
investigated the size distribution of the radioactive particles in 
the atmosphere of Vienna by using a Goetz-aerosol-spectrometer. 
The filter has been tested by the autoradiographic method, later 
the filter cut in single pieces has been investigated by a counter. 
They make the conclusion that thefirflflfifiactivity of particles can be 
found in the area of less than 0,7/u Stokes‘ radius. 

Br i c a r d H., P r a d e 1 J., R e n a u x A. 26) employ 
their dissipation coefficient to work out the frequency of the 
dissipation of radioactive small ions on the aerosol particles of 
different radii. For that the size distribution by Junge has been 
used. It has been supposed that the BaA atoms caused by decay of 
radon, form small ions which combine later with the aerosol. Using 
the formula the distribution of the activity on the aerosol particles 
of different sizes can be worked out. The results have been com- 
pared with the values also measured by the authors. 

Precipitation electricity and electrification S 

H e i t e r B. 27) investigated the frequency of the signs of the 
potential gradient in his stations in the mountains of Wetterstein. 
By a statistic exploitation of the spacious measuring material he 
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' " found out the following proportions of signs during precipitation: 

Table 2 

. Type of precipitation: rain rain shower snow shower snow fall 

1 pos. aigns of the PG: 10$ 30-Q0 $ 40-50 $ 80 $ 
neg. ' ' “ ' 90$ 60-70 5 50-60 5 20 $ 
change per hour: 0,8 2,5-3 2-2,5 0,9 

He analysed the number of the changes of signs per hour in the various 
forms of precipitation in a similar way and he finds out the results 
in table 2. 

It seems to be very interesting that the changes of signs are much 
more numerous in the valley than in higher altitudes. In the same 

M _ 
work the dependence of the sign of the potential gradient on the 

é? altitude during steady precipitation in the two phases has been
_ 

_ 

discussed. Above the melting zone the potential gradient is about 
3 - h times greater than the value of fine weather, while it is 
negative and about 2/3 of the value of fine weather beneath the 
melting zone. 

5) Numerous and valuable work has been nade about thunderstorm and 
thunderstorm theories, lightning phenomena and their electro- 
magnetic signals sferies and whistlors. 

I o l f F. 28) discusses the present ideas of the cause of 
thunderstorms and the lightning-formation. Toepler'o ideas about 

fig-_ 1' the formation of discharges have been put in the forefront again. Qffiq‘ 
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motion of a cloud in the magnetic field of the earth. This produces 
ea electrical dipel moment which shall build up a atrong electrical 
field in the outer reem. The efficiency, necessary for a thunder- 
storm, shall be withdrawn from the cinetic energy of the wind. 

I i c h n o w I k 1 St. 30) indicates the important part of the 
point discharge in the preservation of the charge exchange between 
the earth, thunder-eleuds and ionosphere. Measurements of the sum 
of the point discharge for a longer period in Swidrze gave a 
result of the mean ratio of a charge run out of a point gi - 1,5. 

I 6 l 1 e r - K i 1 l e b r a n d D. 31) describes some interesting 
thunderstorm observations at lonte San Salvatore. The value of the 
electric field hae formerly been estimated from about 20 kV/m 
to 330 kV/m. The anther noticed only a field-strength of about 
3-5 kV/m near lightning—strekea in the ground. He tries to ex- 
plain whereby the strong fields have been screened by a larger 
space-charge area; registrations of the electric field, point 
discharge, precipitation current and precipitation strength of 
the same time support this assumption. An exact temporal analysts 
of the formation and discharge of a flaah had been possible by ‘b9 
measuring of the lightning current at the place of stroke and 
the electrical and magnetic field-strength in a distance of 
2,8 km at the same time. It had been shown that the steps 
of a leader stroke are extrendy short. The single impulses 
can have a temporal interval down to 0,2/u sec. 

In another publication the author tries to extend the protective 
radius of lightning conductors by radioactive point discharges. 
At the approaching of a thundercloud, all points emit some 
corona currents, which will he led away by the wind as space 
charge. It had been asserted radioactive poinf could increase 
the point discharge current so much that the space charge cloud would 

' 
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B 
lead. to catch discharge. Ln a laboratory experiment there was no 
difference noticed concerning the corona current of a radioactive 
point and a nornsl point after arising the corona discharge. 

With another experiment it was however shown that a strong point 
discharge of 8 mA has a strong influence on the electrical field 
strength in the surrounding. 

Outdoors the point discharge current of'the radioactive points 
was always less than a current of non radioactive points. Obviously 
the ion cloud around the radioactive point delays the beginning of 
the corona discharge. 

I a 1 l e r - H i l 1 e b r a n d D. 32) has won an interesting 
material about lightning frequency since 1958. With a rather 
narrow not of stations (115 stations) in Sweden he was able to 
registrate more than 100.000 earth flashes in 1958. These made 
65 $ of all registered discharges. 

I a 1 k o w s k i G. 33) determines the mean value or the diameter 
of a convective precipitation cell d - h km by a collective of 
1000radar observations during showers and thunderstorms. He gives 
a curve for the frequency distribution of these values. At the 
observations of eches with the weather radar instrument it is of 
some interest whether a precipitation cell visible on the radar 
screen can be considered as a thunderstorm or a shower without 
lightnings. This had been undertaken by a sferic direction finding 
instrument by finding the position of thunderstorm centers at 
the same tine. ~ 

N o r i n d e r 8., K n u d s o n E. 3“) made spacbus 
investigations about the discharge mechanism of lightnings in 
a free field station near Uppsala (Sweden). The collected data 
had been exploited. The length of the lightning path between 
cloud base and earth gave values of 0,6 - 2,k km with a mean 
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value of 1,! km. Observating 1135 flashes, there were 79 $ between 
I H5’ 

clouds and earth and 21 $ within the clouds. Analysing the multiple 1 

and 

discharges it had been displayed a decrease of the magnetic field- 
_,_,; 

his". 

strength with the number of strokes. The intervals between the " 
lightnings had been noticed from 16 thunderstorms. It was found, 

v that the most intervals are 20 - 70 sec. At a single thunderstorm " .1 

="'

, 
o 

.-, 

-- 

..-._-._. 

.c_ 

of extreme strength 80 $ of the intervals had been shorter than , 

‘V 

.__-_- 

..

‘ 

1 minute- 

B e r g e r K. 35) made lightning obersations with an oszillograph 
I 

on the Monte San Salvatore in 1958-61. The registrations had been ‘s 

K 

exploited concerning the front duration, the maximum current, the ht T 

average and maximum current increase slope. On the base of this F'=€ 
1 

. .- 

measurements there had been 4 different types of lightning discharges, &“l
A 

which differ in front duration, maximum current, steepness of » w 

increase and current curve: r nit 
- 1»: 

tr“ 
"‘ 

-2 " a) flashes with leader strokes in upward direction; in general they £:$ “X 

:2. 

1: ,.'>.:'.
1 

only come from high and well grounded conductors. The form of current ;~g 

shows a slowly increasing with a current maximum of 20 to some f.§§é 
100 A; - ~- *-"Q

. 

._.-_:.".... 7 
"w

Q 

-BI‘-$18: 

D 

h) flashes with stepped leader from a negative cloud; the main 
‘x, 

discharge has a maximum current of 15 - H5 ka and a front duration "

1 

of 5 - 12/n see;
Y 

c) following strokes from a negative cloud. The maximum current 
strength is smaller. The front duration is shorter and less than

5 

, 1 sec. in general; ;_~§TF 
. 

/u 
Q3 fin: 

:" ‘: 

d) discharges from positive clouds to the earth with a slow current "‘x* 
"Q Lu #4,. 

increase and a high discharge strength. A discharge exchange of 5% 1% 
£7‘ I, 

mere than 100 C is nf no rarity. ' '“" 
1:-.'
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N o r i n d e r H., K n u d e o n E., 36) 
made experimental investigations about the multiple-lightning 
strokes in the same lightning channel in 1956-57. Hultiple 
lightning strokes have been regarded in the laboratory if a high 
ohm-resistance has been inserted in the discharge circuit. Because 
multiple lightning strokes can give some indications on the 
discharge mechanism in the thundercloud, oszillographic registrations 
of the strokes series and the discharge currents of natural 
multiple strokes. In order to registrate the front time and the 
diacharge current three oszillegraphs with different time bases 
have been used. The electromagnetic field had been received from 
a frame areal and led to the oezillograph by an aperiedical 
amplifier. Berewith the changes of the magnetic-field strength 
had been regietrated and an estimate of the current changes in 
the lightning channel has been possible. The measuring results 
had statisticly been exploited concerning the amplitude dis- 
persion, front time and temporal intervals. Later on the method 
had been completed by day-light photography. The increase of 
voltage in the aeral triggered a connection circuit, which 
released the camera. This combined method made it possible 
to declare something about the discharge process in the cloud. 

P a p o t L b p i n e J. 37) has been occupied with a 
theoretical work about the mechanism or the lightning discharge 
and the herewith existing change of the magnetic field. The 
author shows a method to calculate the temporal course of 
current in the lightning channel from the magnetic field 
changes measured near lightning discharges. 

P r i t s c h V. 38) has been occupied with the problem of 
geological and geoelectrical influences on the place of 
lightning-strikes. He can confirm the opinion, that there 
are lightning neeta. A special result was, that the danger 
by lightnings grows with increasing geological age of the 
terrain. 
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39 I i c h n o w s k‘i St. ) describes an interesting observation 
in northern Viet-Nan, where electrical discharges had been in a 

eunulss cloud without any signs of existing ice crystalls in the 
cloud. The altitude of the upper cloud linit was supposed to be 
2500 I, while the 0° isothennefor this season should have been 
about #000 I.

I 

D e s s e n e K. and his coworkersko) nade investigations with 
an installation of 100 burners which are arranged on a quadrat of 
a sidelength of 100 n. They tried to produce artificial cumulus 
clouds. During the first few experinents there haIEbeen developed 
soletines tornado pipes with wind speeds of sone hundreds of kl/h- 
It had been noticed that lightning discharges ensue always along 
natural tornado pipes. Dessens hopes that aninstalled ventilator 
will stimulate the formation of a whirl of a tornado pipe. Dessens 
expects that the so called leteotron gives hin the possibility 
for direct lightning investigations and for experiments in plasma- 
physics. 

An earlier theoretical publication by I.0. Schumann refers to a 
resonnance-frequency of the condenser ionosphere earth. This 
frequency shall be about 9 c/sec. K 6 n i g H. kl) investigated 
there upon atnospherics of this extremdy low frequency. His receiver 

_..-=:__..___ 

._i 

1;. 

,_.__ 

la-3-Y‘ 

s~.. 

._. 

-4....‘ 

connected with a long-wire antenna enclosed the range from 0,5 - 1}.c sec. 
In fact he got signals with !requencies 8 - 9 c/sec. He believes that 
one part of these signals is caused by lightnings, which have excited 
the resoanance circuit ionosphere earth to oscillations. Another 
part of signals arises at sun rise. Konig supposes, these signals 
would be caused by abruptlflnnges of the altitudes of the lower 
boundary of the ionosphere. Other types of signals with lower 
frequencies will be brought into correlation with local weather- 
phenonena. Konig has examined his interesting results by a 
siluhneous registration=.en a second station in a distance of 
50 hn!1ep.k50 kn on one hand,on the other hand during the eclipse of 
the sun oh 11 15.2.1961 (B.liaine). 

f0rRemase.20TW09M1 C06461 

..ur..Ln.u.s.nA'J>J<.\. 

.a'L\:.\-I 

41-¢LA»l§



/'_' 

“M 

-ea--.-e--~_..»..

- 

-_..>-.: 

_—-,--.;_-;.._—-_ 

< 

~,-1-__=-.ee—_ 

T‘_-¢\n44I'\-NV’

w 

.--4-_

l 

..._»- 

§_ 2

J
1

a 

--\- 

-_.- 

.-

I

1

e

Z
l

i

5

o 

" Apmnvedf0rRemase:20TW09M1 C06461858 

. k2 . M a l k o w s k 1 G. ) determines the entrance-range of a sferics 
receiver by a decrease of the sferies frequency during a antizyelonic 
situation. At a field strength linit of 0,k V/n he cones to a range 
of 850 kn. 

I s r a e 1 H. #3) compares the sunrise effect of sferics at 27 kc/sec 
regiatrated at 3 different stations, Aachen 50,80 N, Tokyo 36° N, 
589 Sllvfldor 13,50 N. The beginning of the decrease of the sferics 
intensity varies from station to station during the annual course. 
The nearer the station is to the qnater the earlier and nore unregularly 
the effect begins.

. 

kk 
_ _ N a t t e r n G. ) delt with the reception of aferics Iron great 

distances. He had built up his station on a solitary island without foreign 
electric installations. He is able to receive all lightning signals 
from the whole earth. This however leads to overlapping signals 
so that a lower linit of sensibility (about 50/uV)nust be fixed. 

N o r i n d e r H. and K n u d s Q n E. k5) investigated 
whistlers 1957 - 59 in order to explain the connection of thunderstorn 
activity and whistlers. It has been proved that only one part of 
flashes produces whiatlers. They neatly appear in groups for a tine 
of 1/2 to 2 1/2 hours. The longest time of observation had been 
6 hours. These tiles favourable for whietlers have been integnpted 
by long periods of silence. Registrations of sferics at the sane 
tine showed that only sfsrics with the highest field-strength have 
been followed by whistlers. The exploitation of the field-course of 
the sferics with a harnonions analysator gave as a result that the 
energy naxinnn of the radiation is on about 5 kc/sec. A conparisoa 
between the tenporal series of the nultiple whlstlera and the 
oasillegraphie regietrated multiple-lightning strokes showed 
accordance concerning the tine intervals. 
Different whistler shapes had been regarded by the analysis with a 
‘Sonagraph'. One third of all registrated whistlere during the 

' " 1:‘. $13 ." ;.*'v:,-:¢.'=f;- -;..;_';; v;__._,.._ ,_ _ _ .. __.._., 4 W 
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3 
thnnderstern season 1959 could not have been put into relation of 

A 

tbunderstorn-centers by a sferic-direction finder. All these 
whietlers appeared only during a short period and nust have been 
produced in the neighbourhood of the conjugate geomagnetic point. 

In another publication N o r i n d e r H. #6) supposes that the 
propagation of whistlers will be influenced by ionospheric irregularities. 

1 Is follows the ideas of Budden, K.G. in a theoretical publication. 

6. §paee phenenena of atmospheric electricitx 
In this chapter only sene investigations can be reported which are 
due to cosnic rays. The results cone tron balloon ascents aade in 
one institute. 

I a i b e 1 E. 47) determined the ionization spectrum of the cosnie 
rays. He was able to separate the protons tron He- and Li-nuclei 

g in the prinary radiation. If one extrapolates to the limit of the 
atnesphere, the¢0—intensity is. about one seventh e! the proton 
intensity. 

E r b e H. #8) finds a clear relation between the intensity in 
definite altitude aeasured by a Geiger-counter telescope and the 
intensity on the ground. 

E h n e r t 1., 8 r b e H., P I e t a e r 6., K e p p l e r E.k9) 
discussed the pecularity of eosnifl rays in a solar eruption in 
aatann 1950. During the sunner season 2) balloon ascents had been 
nade in liruna (Sweden). Sene X—raya eruptions and injections of 
selar pretens have been observed. 

I h n e r t A. 5°) indicates that the experimental "rigidity 
speetres' of the prinar cesnic protons and<1- particles can be 
described by a variation of the electric potential of the earth 
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against far space. Its variation is correlated with the solar 
activity. The decelerating potential has a variation of 1 Gigavolt 
at sunspot minimum and 2,? Gigavolt during a magnetic storm. The 
field is supposed to be beyond the radiation belt, as one can 
conclude from the intensity observations of moon rockets. 

Biological action of atmospheric electricitz‘ 
L n o 1 l l., R h e 1 n s t e 1 n J., L e o n a r d G.F., 
and H i g h b e r g P.W. 51) investigated the influence of 
artificial atmospheric small ions on the reaction time and the 
visual moment. An increase as well as a decrease of 7 f of the 
reaction time has been found for dghitiea of about 103 to 
106 ions/cm}, if the subject is breathing through the lonth. 
There is no influence when the subject is breathing through the 
nose. The polarity of ions does no matter at all. An influence 
for the optical moment - i.Q. the shortest time between two 
flashes, which can be recorded separately - has not been found. 
The influence of ions resembles the effect of many drugs on 
the human system. 

K 6 n i g H. 52) has registrated the atmospheric impulse 
radiation since four years. The receivers are able to record all 
sferica in three entrance ranges: 100, 300 and 1000 km. Until 
new there was not found any clear relation with aspects of 
illness on human beings. 
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1. 

1. Introduction 
' ihe purpose of this paper is to present a survey of research in 
Atmospheric Electricity performed in the countries concerned and 

reported since the Second Conference on Atmospheric Electricity in 1958. 

Elbe survey is not intended as an index to all the relevant literature, 

nor is the space allotted to any item to be reprded as a measure of its 
importance. I have arbitrarily left out work on atmospheric: and 
electrauagnetic wave propagation. To make the picture more complete it 

is well to refer to the present quite considerable and wide-spread interest 

in the ::ubJcct of Atmospheric Electricity in those countries. 

I will nu.-ntion five centres in I-England. At Lcutherhead the Electrical 

Research Association with over 1000 voluntary observers has since 1930 
collected data on thunderstorms in Britain. At.Imperial College, London, 

the experimental and theoretical studies of the electrical properties oi’ 

ice and water are proceeding in Professor Mason's Sub-Department, and the 
work of Dr. Browning and Dr. Ludlum (1962) on the airflow in convective 

storms my well lead to a new approach to the problem of thundercloud 
electrification. Dr. Honucll's group at Cambridge University urv extending 
their investigations on iunn und Aitlo.-n nuclei, und arc ulso studying low 

frequency fluctuations in the earth's electric field and the field spectrum 
oi’ near lightning flashes. Dr. Latham, now at the Manchester College of 

Science and Technolog, is continuing his studies on the frictional elec- 

trification of ice. At Durham University Dr. Chalmers’ group are investi- 

gating precipitation and air-earth currents with mobile as well us static 

apparatus, point discharge, space change, and electrical cffccts associated 

with water and icc. in New Zealund, at Auckland University, Professor 

Kreielshcimer is concerned with potential gradient and point discharge effects 

at balloon altitudes. fillaere are reports fran three centres in Ireland. 

Professor Pollak and his group at the Dublin Institute for Advanced Studies 

are working on the electrical equilibrium of aerosols and ice-nucleus con- 

centration detenninations, and have constructed a small portable photoelectric 

nucleus counter. At University College, Dublin, under Professor Ilolan, 
research is on charged and uncharged nuclei and the application of the 

Boltzmann Law to earlier observations. Dr. O'Connor and his group at 

‘ 
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H 4.»
' 

l'n\v~~r:\iI._v \‘-'llcp:~~, linlv-my, arc '~m~'.=13---I lu n mu-ly ~-I‘ w:!.|lI‘fll. ».;..1r'~-~:1 nl‘ 

Aitkcn nuvlcgi and opmrc clmrge. 

The African continent, with its finc opportunities for research in 

tropical and sub- tropical regions, now has several centres. In South 

Africa, at the Bernard Price Institute of Geophysical Research, 

Johannesburg, work under Dr. Malun includes the zztudy of lightning 

flaaizcs oi‘ various types, lightning photography. the ntudy oi‘ upvnrd 

dimdmrg--s ubovc clouds, and flash cmu|tin|.: r.echnIqn~-n. Iilzzo in South 

Africa, in the Univcrsity oi‘ Natal, at Durban, P:-oi’;-suor Clare.-nce'a 

Department is containuing research on vhistlers and lightning. Observations 

are now being made at the University College of Sierra Leone, at Fourah Bay, 

of point discharge and precipitation currents. At University College, 

Ilbadun, point discharge currents arc being studied, and an intemstim 

investigation oi‘ lightning by sound-ranging on the thunder has also begun. 

Other centres in Africa where there have been projects for Atmospheric 

Electricity research are nt Salisbury, Southern Rhodesia, mlumzrc Univcraity 

College, Uganda, and University of Nigeria, Noukka. 

2. Ionization in the Atgosphcre 

‘Due time required for a cloud of uncharged nuclei to reach equilibrium 

has been further investigated by Richu), Polluk(2) and Metnicks(2) (1962). 

Their calculations involve integrating the equations for the rate of change 

of concentration of small ions and charged nuclei respectively: 

G11 -aE=q-ma’-1|°n!\I°-I|nN,and 

G." -d—t¢q°niIo-null. 

Here n, N are the concentrations respectively of smll ions and charged 

nuclei, assuming equal numbers for either sign, and No the concentration of 

uncharged nuclei. The number of will ion pairs produced per cm’ per sec is 

q, and 1|, no are the appropriate cunbimtion coefficients. It is assumed that 

(1) Gencrul Electric Cnmpuxgy, Schoncclady, U.S.A¢ 
(:2) Dublin Institute for Advanced 3t\ldiv:8, Ireland. 
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5. 

multiple charging or recanbination oi‘ nuclei my be neglected. flhe 

authors started with mum values no = 10* cm-° and n = 950 em-° and 
q = 1.6 en‘: sec“ and considered three di.:‘ferent values for the fraction 
of nuclei charged st equilibrium, corresponding to three dii‘fc:rent values 
oi’ nucleus radius. ‘Hie results uf the calculation show how much more 
slowly the charged nuclei approach their equilibrium concentration ccmpured 
with the small ions, except for very umll nuclei. with their arbitrary 
initial conditions the authors found that for nuclei or radius 3.6 x 10" cm 
n is at its equilibrium value after 7 minutes whereas N takes nearly an hour 
to reach 90$ of its equilibrium value. '.Ba¢~se results together with the 
recent history of an air mass my be used to estimate whether the nuclei 
in it are in charge equilibrium. In one observation, however, upwind oi’ a 
town, and where charge equilibrium might have been expected, the concentra- 
tion of charged nuclei was only 0.6 to 0.8 of its equilibrium value, perhaps 
of undetected sources oi’ nuclei. 

Pollak and Metniek5(5) (1962) measured the rate at which a stored 
aerosol approaches charge equilibrium. Nuclei of various sizes were pro- 
duced by heating u niehrcme resistance-wire inside e. 10.2 ma balloon. At 
intervals during the decay of the resulting aerosol they took a sample 
and measured the fraction of the nuclei charged. Simultaneously another 
Bulnple was brought to charge ~~quIlibrium, uning, a wank a-my uource, and 
the i‘ru~~tiou oi’ \:hurg\:d nuclei measured. A ututc of charge equilibrium 
was recognized when the i'rnctions for the two sumpleu were equal. I-‘or 

stored nuclei of equivalent radius 3 x lo" cm und10||c¢:ntrui.lOn 22,000 om“, 
equilibrium was reached wit}...n 15 min. As the size and concentration increased 
so did the time takem Nuclei of radius 10" cm and in concentration falling 
with time fruu 231+ 1 10° to 59 1 10° m4 required several hours. The largest 
had not reached it even after several days. These results confirm the 
experimental predictions described above. 

(3) Dublin Institute for Advanced swan-5, Ireland- 
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It 

The use oi’ an 0-source in bringing an aerosol to charge equilibrium 
has been investigated theoretically and e * inv xpcr tntolly with a stored 
aerosol by Flanagan and 0'Con::or(u) (1961). They conclude that it provides 
the best method at present available to test for charge equilibrium. 

Following work briefly reported by Nolan“) (1955) at the First 
Conference on Atnospheric Electricity the problem oi’ the equilibrium 
concentrations of charged and I.|.n¢hnrgv:d nuclei in air has been further 
examined by Keefe“), noun“) and Rich") (1 ) 959 by emvlvins the 
Boltzmann Distribution Law, assuming that because of their frequent 
collisions with small ions the particles should be in charge as well as 
in thermal equilibrium. A charged particle carrying x el ectronic clmrgea 
s is treated as u spherical conductor or radius r so that it has electrical energ Q-x's'/r in addition to the energy Bo of an uncharged particle. ‘fine 
particle energy is thus given by 

E = Bo + Q x3e’/r 
By Boltzmann's Law the number in unit volume IKE) having emrg E is given 
by 11(2) - .4g(1:)e'B/ “T 
where A is a constant and g(E) is the statistical weight or the enery state, 

same energ whether its charge is positive or 
negative the ututiutlcal weight of the energy ntatc x > 0 is R I 2. Hence 
the number per unit volume with 1: elementary charges regardless oi‘ nign is 

E. Since a particle has the 

llx a 2 No exp (-Q x'¢.9/ski’) e 

where I80 is the comentration at uncharged particles and |x| > 0. If the 
numbers of positive and negative particles are equal, the number 
volume carrying x elementary charges of 

per unit 
one sign is Qllx. writing y n Q cg/rkl‘ the total number or charged particles oi‘ 95 sign in unit volume is given by 

(lo) University College, Galuuy, Ireland 
(5) University College, Dublin, Ireland 
(6) University College, Dublin, lrclaud 
(7) Gclleltl Electric Cclupany, Svhcrwvtady, U.3.l\.

. 
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N/No = -fy + {by + J9’ + .... 

= -<3: -|-J3 G + J“:/3" + em":/y + J9":/Y + ...) ‘ y § 

The latter form is more convenient for Lhv: lnrg--r p1l1‘t1(!1c8, my r > 2 x 10'” cm, 
wnen all the exponential terms are negl igibie compared with §, so that 

N/ac, = -s + §‘/("/Y) 

when r > 2 x 1')‘, cm, and if the total concentration Z = No + 2N, then 

Z/"O — J(I/Y) 

.. ./(2.11-1=1'/J) 

= ldr whore K in constant. 

‘file values of Z/N0 80 dodlnc-rd urn In (mud u(.;r':emv-nl. with tn»: om;-:rvn!.1on:: 

of Nolan and Kennun (l9|t9) on the equilibrium vlxurgv: ~.|i;:I.ribut ion ol‘ 

nuclei, derived 1'i'ull\ nor. platinum, in the z‘-izv: range 0.1 x 10“. < r < 
11+ x 10*‘ cm. 

It is further shown that for the radii the Boltzmann Law 
treament predicts an average charge per particle of J(2rk'1‘/ u). For cloud 
droplets of radius 5 x 10”‘ em this would give a specific charge of 6.8 
e. s.u. 911". lhe average electrical energy per particle is shmm to be £1613, 

the value to be expected 1‘:-an the vlaaaicul luv of a.-quipurt ltion of euerg_v 
if the clmrgp on a particle lo r--,5,"-11¢-u 11:; n ~~oor:|I||uI.4: for om: d\~y,r~-e uf 

fn.-edqn, the en»:-|.'y being prnpurtlunnl to Hm :=-|wu'o.- 01' Ha: churgv. 

Kevfe, Nolan and Rich Uu-n npply l.lu~ B~_\ltv.|||mu| I-nu Lu an Iu~I‘0|ml In clan-+34: 

vqulllurlum to u~~\m--- fine val hm vi‘ Lin: vurlmm runblnn!.l\-n Po--!‘|'lr'lvnta 1‘-'1' 

ions and nuclvinflhen v > 10* cm, but not for the smaller jnrtlcics, the 

values ct these ratios agree well with those deduced from earlier fomulae 
based on diffusion of ions and ionic mobility - the "diffusion-molailitiy form- 

ulae". 

An exp.-rlmenufl investigation of lOI!i?.uL]0ll t.-qullihrlum ln maritlme ulr 

has been made by O'Connor and Shnrkcyw) (I960) on the \I'.'81’, vomit of Ireland. 

Upvlnd of the site tn».-re was nu sourve of mm|~lI\u.d.:: nuclei within 1') km and no 

maJor source within l‘»')C Ian. Assuming that tile Boltzmann Law applies, 

(3) University College, Gelwuy, Ireland 
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6. 
particle: oi‘ a given size should have u definite fmction oi‘ their number 
clm:-g».~d. 'J"_.‘ow.or and Sharltcy d:-terminus! the radii r of nuclei in the sea 
airn-om the diffuaion cm-fficient found using a di.t‘i‘uai0u box and photo- 
electric nucleus counters. ‘Hwy also measured the total !ll.l':1<:LlS concen- 
tration Z and that oi’ uncharged nuclei No. A gmph of Z/No pl0I;tv:d 
against r shoved general but by no means r-cnplete agreement with the 
theoretical curve based on the Boltzmann I-nu. 131-: authoz-.z note part leu- 
larly the fr».-qu=-ut large and crmtic flucttuttioxm ln Z whvn Its average 
value was high, and claim that on tlv-so 0-:¢-:u=iom= --quillhrium stullies 
were impracticable \.-xv.--.-pt by =:m.~‘l¢.~:-ling u bu-gv rzxunphr In *1 gm:-un::l.v-r. 

‘flu-y r11::;1|;::; Ha: p4-null-lo l:\._-1, 01' -~qul|llu~l|uu vlllv Ln l.lu: lntruzzlnu ul‘ 

small unch.-n-5-~-1 nu-'1:-1 frnn ?UlY.lll"\l :'¢~ur-~--.: on 9h" ‘av.-an :=hur<.~. 

liecre mud Ilolanaw) (L901, 1.962) have z=w_;4g'.-at-.-d a mode]. for the capture 
of small 10:18 by uncharged nuclei. When 1' < 10" cm the combination is 
asswned to be due mainly to simple kitv-tic theory collision effects with 
the effective $1t.u'(§~:\. vros=s~s-act ioml area lm:r-.-mzed by u far.-tor due to 
:~le\:trical hmgc forcez. I-‘or lame nu~'].ci, Vhvrll r B 10's cm, dlffuszinn 
ci‘fects arc pa"-danhzant. In tlu: int.~.~nncdiu1.~: rungu vllh r about l=)'° cm, 
us in we air at u-~a .le\'cl., \'upL\1rc- in thought. to I--: -luv ,)uluI.1_v to both 
mechanisms. ‘Ila: authors cu1¢:u1u'.c-1 the mxnblnntl-\u covl’1'lc1-.-nt. for lulu: 
and uncharged llUl'.‘.|.c1 and found mod-.rat¢:iy good agrc~-uwnt with values 
observed, but they emphasize the lack oi‘ good experimental datu- 

A study of nucleus and ion concentrations has also be‘:-n made at 
Cambridge. ‘Br: work, by Adkins and by Inwuo), 1:; :~:1'~'~rr-‘cl to Jutcr. 

5. §ot»~nl.lul Gmdhmt ml-I 11:9.-‘v Clu|I'|g_~'!; 

Tho fact that local c-one-.~nt.rnI.1un=\ 0|‘ syvwc vhar|-;»- ol't~'~n am-iounly 
mowiify the vim-tric fl-dd zu-nr Hm ground in all vs-uthur \?0I|tHL10h.2, but 
par! lcularly in dlrturbed \-'\~nthcr, has been nah;-hnsi:.\~d by N.ll\|l|:I(11) (lfhfl). 
He made continuous records of p0tcnt;1tll gradient with a. field mill, of space 
charge concentration using a steel wool filter connected to a. vibrating reed 

(9) University CO1lege, Dublin, Ireland 
(10; Cambridge University, 1-2:-gland 
(ll Cambridge University, England 

~ pproved for Release: 2017/09/11 C06461858 

.-4 ~:;' 

yz. ";.,:

I
1

o 

‘. .1= 
:*;=' 

>~. . 

30¢- 

';» IA 
N‘ 
14 .~ .1

. 

3 .~ rt‘ 
-s 
,“ .3 . 

in v 
"_,._ _ 
' .“ J 
* ." v.‘

-

- 
'-vs ~ . !'.¢_u_. . 

1*". 

...:,. 

-1" 

_’~f~'\-; 

.-. 

-.-3-'- 

,. '~A-
» 

E. 

' ‘.7 ,-. 
9:" 1.2;,‘ 

., ’ .- 

:'z~‘.;4': 
2 $2., 

4 ~ ‘ . 

5'" 4;" ‘*; 

31.3 £5. "L -. ¢ -4 ~ 

. . .» v1 
i" ..,:1 .

‘ 

..¢.| 
1.} “ ‘\ 

§:1§§;_:.a§.'."__», 
=. ~ \ 

$”..*'.. ' 

0"‘. 6 
_....r.. 
' '4 ‘I JD‘ ~ 

.¢.. 
50 ~ ti .2 ;.;:,_- 

O OOQ 

'-~s:'.r 

B ---. - ~. 
;~.~. :~~~» ~ 

,- 

~ .-*' 
-ik

0 

." '$:' I" 
:_ "+- 

§'.'." 

r..... ,~_~ 

L: 
d5 

' -i'a..=' ' 

'1'; ~ w * a 1 4 ,,~o¢I. ~ :%"z' ' 
(1 

.‘ _ 

!£,'. ,\ 
H‘: .. I 

;.- = 

'.=>'. 1-’? 

1'} . '='r.j' I. 

- 
1: 

' 59 -. 

5* 

.4‘ ' ....".

5 0 
F‘ %?>::"-5 '0 

:'- :t
. 

.*.
»

¢ k'..;-" 
if 

' ~. ¢ ‘..

2 
.2 ‘ J3" 

.."" 

;. 
_=--='~."; 

-2.2. " 
.... ~ 

:.'..!.'.. 
..

. .-.‘ .¢,4. 

~ _’.‘ 

.\' 

.:, 

.‘_‘ 

-~,

W 

_: 

‘I 

at 

." 
~» 

..- .: 

Z!~ 

'4 -3. 
.,.._.

_ 

:- 

. ._ 4' 
Th» 

.,Z't , I‘a 
:-13:. I



Approved for Release: 2017/09/11 C06461858 

‘(- 

electrometer, and of small ion concentration with an Ebert ion counter. 

In fine weather he found large fluctuations in space charge concentration 

which made its mean value difficult to estimate, though it would probably 

be about +2 pC m4. On several occasions in undisturbed weather he noted 

s close correspondence between the records oi‘ space charge and potential 

gradient. Sometimes this was associated with exhaust smoke from passing 

traffic; scnxetines the records followed a similar course for an hour or 

more; usually in quiet, stable conditions, when the observe.-d space charge 

concentration charges would need to reach up sum: tens oi‘ metres to account 

for the observed field vuriutions. From his |ut~u::ur~-mt-nts in disturbed weather 

Adkins finds evidence for Your process».-s. ‘l'hc:=c nre 

(a) the electrode effect (which he dlt=\‘u:::;(~z: in dt-mil), 

(b) the modification of the potential gradient within some tens of metres 

oi’ the ground by large-ion space charges resulting fran point discharge, 

the small ion density raunining almost unaffected, 

(c) in heavy rain, modification of the potential gradient by space charges 

of mall ions produced by splashing (Adkins reproduced this cffectzh a 

laboratory study and showed tmt the charge is proportional to the 
existing field), and 

(d) the control of the potential gradient near the ground by roglono oi’ high 

space charge associated with a coluun oi‘ rain. 

Adkins discusses the effective current due to splashing both in steady rain 

and in heavy rain. 
I-ovue) (l96la,b) has developed an adtmstic condensation nucleus 

counter operating a pen recorda.-r to study the vertical distribution of 

nuclei within 3 m oi’ tine ground in connexion with utudiea of npnrze charge 

concentration. his unplibllnhcd work nnown that cnnvI't‘(.i0n plays an impor- 

tant part in the vertical trun-.=i'e~r oi’ elv-cu-ic charge. 

‘Due space charge concentration near the ground has been deduced hy 

Smiddy and Chnlmersuj) (1959) fruu measurements at two heights uu ing 

Smiddy double field mills to minimize field distortion. In fair weather a 

(12) Cambridge University, England 
(13) mm University, England 
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8. 
small negative space charge observed is explained in terns of radioactivity 
of the ground, and, in heavy ruin, concentrations om‘ negative charge up to 
1000 pC 121* are reported. flue authors suggest that the lack of &gl“t.*\.'m"!!lYL 

with their simultaneous measurements using Obolenslqz filtration apparatus 
is due to the presence of small ions. 

Following the construction by Steinuh) (1958) of a field mill to be 
carried by a radiosond~:~ balloon, an ingenious douhl-.> i'i1.¢l-lnaill for 
rudioaumin working has been de.-zzignvd and manic: by Currie and Kxxzivlatln-:Ixncr*(r’~') 
(1960). The stator and rotor melnlwrfi ouch cuunprlzzvr the 0]-|-u;=i!.c' -.pm~lmnt.: 
of u. circular plate. With uh-: two 2-ta.l.ura cunumcu-d l.\‘1guLh'.~l’ the output In 
proportional to the mill =11.-ll‘-ctuwgc U‘ the we rotors move in phnzu: but pm- 
portionnl to the external potential gradient if thr: rotors maintain u rvlzltiv-.- 
displacement of 90°. Errors in field mcusurcmernt due to the charge on the 
instrument are thus automatically eliminated. The device has now been 
prepamd for carriage in a glider of the Imperial College Gliding Club for 
thunderstom investigations in England. 

Adamsonué) (1960) has designed a field mill with overall negative 
feedback giving a very closely linear r|riuLl.0u bv.-tw-en output and l‘i1:]'l 

to he used in -~on,lu.ncI.ion vlth an lllnilllnlllvll uh-1-hr! h or min current 
continuously reccrdlm; syatvm. ‘B111 mill output 1:: l‘~.-d via u d1l‘1'vr-:n'.lutlng 
circuit into the current amplifier in such a my as to give uommnwltlun for 
the displacement current which is proportional to the rateoi‘ change oi‘ field. 
Bze apparatus has a time constant oi‘ 20 secund excepting thunderstorms it is 
suitable for all weathers. 

wuamm(17) (1962) has devised =1 fleld mill suitable for use when um.» 

signal duo to the conduction cu:-mm. is no ls-rugvr small coluparvrll with the 
inriucl ion z1g,nul- Ilia uuichlnc rntcr has two vnncu-m.rlc rlmgc of huluu 
covering and uncovering two sets oi‘ ilmuluuwl ntudn, giving two ;w|1m~utc 
signals with different dL‘pcm1vncc on field and conduction current, allowing 
the effects of these two to be distinguished. 

(lb) Auckland University, New Zealand 
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90 
1:. Point Discharge and Precriyitation Currents 

A new method oi’ measuring point discharge current down a tree has 
been introduced by Maund and Chalmersus) (1960). fine icms leaving a 
discharging point cause a reduction in the potential gradient downwind. 
with one field mill upwind and another downwind the measured change in 
potential gradient can be used to find the point current. Although the 
method is indirect, no modification of the discharging obJect is necessary. 
hie authors found evidence that a tree in i‘u.lJ. leaf gives much less point 
discharge current than hnd prev iounly been ulmmnell, a mutter of imporlnnco: 
in discussing the totnl chnrgc bmllght to 1-uvth. 

Milnur and Cln.|.Imer:;(l:’) (J96!) rcpurl. m--nnun:uw~ntu uf potential grad):-nt and discharge current mm a point fixed I.‘ an above a horse-chestnut tree 
13 m high. For a given value or upwind speed their results show a linear 
relation between point current and potential gradient. ihese authors also 
describe a new method oi‘ measuring point discharge current down a tree- 
They drilled two holes through the bark of a lime tree, one} m above the 
other, and inserted tubes containing mercury to make electrical contact with the sapwood, cnmlwting U10 leads to u gaivanometer. ‘Bus effectively short- 
circuited that at-cl ion oi‘ the tn.-e and the current nu.-auurcd was almont ail the point discharge »3urrv.~nt. lien: too they l'0t|.nd n lincar reintiunuhip with 
potential gradient, and cum: indication that u trce gives leuo point current when in leaf. Further observations with the same apparatus, by lihalmerxs (1962), underline the need to exercise caution when inte 
He reports that the tree current is not only always less than that through an artificial point, but that during the rapid field changes accclnparwing lightning the tree current has a quite different course fraa that of the artiti cial point, which follows the ugrtmcter record in the usual way. An approximate relation- 
ship embrucing the linear iuw for current to an curthcd point has been dv.-do-red 
theoretically by Chalmcrswo) (l961);'the current l n 2neW where e 1:1 the 
electric pvrmittivity or air, V the pntvntlul gradient and W the wind up:-I.-d. 

(13) Durham University, England 
(19) Imam University, England 
(20) mum University, England 
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rpreting point discharge records. 

:35 ,r.:.§"1'- 
I. ». 

_ 0 
~';_a;1~ =" 
. . I . 

r _;'a‘ 
; 2. 

'

‘ z.‘ 
_ ~..,~- 

fe .. r ..; 

'.;,£. 

~,_~,.. 
-1 

.5
! 

1 :9 I1 
2“: 

2 E5. 

I‘ 
‘ 

- ~‘ 

’ 
. I i. 

I" ._ 
- ":11, z 

? ».
1 

l- 
.;5§,::" 

M122‘ ~

. 

.-

¢ 
§ , 3' ‘- 4 . . 

, I ,1 

‘If ‘:1 

Z . -.»».' ,~..,-¢ 
~ .-.1 

t. *' - 
‘, ...; 

‘ .2 .

' 

'e~ 2'
. .-__- 
’ .! ~01 
. ‘I . . ~ .|.. .~ 

, . ‘I 
.4 » - 

2.1?“-87

z .~ -
_ . . 

' 1 .1 ~ .~: . u 2, ~ 
_:. 

.~.. .L

» o | v 
‘.2 ,‘ ;‘.'. "‘ .'¢..

. 

.- 

’.-:. 

. .1 .-2 M " ' 

'~ 
.:
. 

,. 
.. ‘. 

o~ 

'1‘r§ 

in. ' .; 

_ 
‘<-. 

_ 1;. - - .. 0 .7 

‘-~.
~ 9 . . . u 

'4 

.Y' u 
:3," 

.:~. 

. 
- 

.r' 

.. 

.'~ 
.I 

' 015"‘; . 

-4 

.. 4-:
1 

~ J. ," 2 -1" -fI"~ ,2» 4 , ‘ . ,- . 

X. 0" 
, '31». cl ~. .4‘ 

1 -~ ~~| r "_ _ ~ . ., 
‘ .._. .Q 

f":"."'?'Y 

7'5 

".""':-§.*1_'Z. 

"'~. 

*1

. 

.s.'

:
' 

.. 

. , 4 

."="T 

9 
7-T?" 

~' 

3. 

. 

.. 

‘a

_

‘ 

I".

1 0;“ 

‘~~ 

. 
. 40, .._:;‘ 

=9. 
1‘ S“ ‘It. 

~, "... 
‘ ‘ 

, ‘|.'??..:I,‘ Ia», ., 1‘ ..
, 

X J‘ Q1 N 0 .. ' 
‘ 

I u 

u.
I 

.‘i 

. 
'15-: P L I 

._ u: 1 i 
, , an q- 1- 

,. - ..--,,. 
Jaw‘ 8- ~.~. .," ' 

"Q: :="' ;..' " ~ 

I’ t 

.» 

.!’¥ 

._ .:k_'_.~.- 
Q. :gZ_ #1‘ ,' 

. :
, :..- -. ~'»' 

. .. ,-_ Q 
l‘.~:: 1?: .2;-:t._¢‘lx 

:2.“ .~ .- 

_.~.'§' i»'41~-2 

,,J,, 3'.-'~~ ... * Y 

1- _ ~
I 

,,‘f .141 I 2' 
.-.:»_~.:~_1".* 

..:'..-. -_' . 
5 ' ':‘ '0‘ 

...- ."'v -‘ ~ . , .. .. .' 

57* _‘.I-.2 
-1.» ~ -‘K 

.. .. .1 .-. 
,, : :'t'

I 
,, ,:‘ .. 

eel ;;!tt='.. 
-at -. ~. 

. . 
::'2~ s " ~ .13; 
~‘§?l I'!.'Z§. ":~ *- 

, ._ ~. . '. ' ' 

fair. ..“-Y ' 2'1"‘? 
.. 1 . 
..‘. _ Q-5;-_. 

, fit-,;~_ 

-'4'..'- 

. 5 

in- 

" us‘ 
._,L~ . 

1, .'.‘ 

. _ .---dz. 
;F’ lg‘ 

.__ 
: _. _, . 

-+1 _..L;»;,. 1.. 

22.‘! :&:~j.j_,~. .1; 9 2*: 

5,;

I~ 

'1-.'_ 

.. ,.,,....3 
. .~ ' 
¢oQh' ' Q '- 

\ n 

~'.-1 

iii“ ;:é;:;‘_: ;~ 
{»,_ ;;_'. ;__. 1'. M '41 

_ 
" 0'0 ‘ 

§' 
, I nu < F3’: . .2 41:‘ < 

3. 

. ni



- 
" 

" -~ Approved for Release: 2017/09/11 C06461858" 

10. 
Using Adamsorfls field-change cunpvnsated exposed collector system (1960) Ramsay and Qmlmcrs(2l) (1960) have measured the current brought to earth 

during continuous non-storm; precipitation. Zlhe comparatively short time 
constant oi’ 20 sec enabled them to examine in greater detail than before the 

ttrrent density and potential gradient. ‘1‘his was 
linear for observations in the \0intI:r 19‘)?-8 and 

connexion between c 
reasonably 

of the well-known fom 
I a a(F + C) where F is the potential gradient and n and C are constants. 
Correlation was poor in the summer oi‘ 1996. ‘me connexion in most nearly 
linear during sleet and "vet snow" 
Chalmers (1956 

, and supports the eurlieroonclusiona or 
, 19:9) that in nimbostrutus clouds the precipitation, when 

in the form of snow, receives a negative charge, leaving positive behind in 
the cloud: but when it melts it acquires a positive charge, leaving negtivc 
behind. 

5. lhunderstonu Electricit 
A new theory oi‘ thunderstom elec trification has been advanced by Lathsm and Mason(22) (196lb). It is based on the results of their detailed 

laboratory experiments which are in excellent agreement with their theory of electric charge traxnafcr associated with temperature 4-nudleznta in ice by n kind oi‘ thermoelectric effect (l96la). To quote one oi’ the authors, Mauon 
(1961): "he positive hydrogen ions (protons) and the negative hydroaql 
ions (OB-) fomed , by the thermal dissociation or a small fmction of the ice 

e of a temperature gradient. 
If we imagine a steady temperature ciifft-rence maintained 

molecules, becqne separated under the influenc 

across a piece oi‘ 
ice, the warmer end will initially posness higher concentrations of both 
positive and negative ions. Ions of both types will diffuse down this 
concentration gradient touurds the colder end, but becnuoe the mobil ity oi’ 
the positive ions is at least ten times that oi‘ the negative ions, they will 
move ahead and produce an excess tn’ positive charge in the colder part oi’ 
thfi 1CQc " 

mus charge transfer process is considered to operate, in a storm when 
supercooled water droplets captured by falling sort hail pellets, freeze on 

(21) lhirham University, England. 
(22) Imperial COIIQBQ, Ifllfiiilh 
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conuet, throw out smell positively chsrged splinters, and so leave s 
negative charge on the hsilstone. lhis charged splinter production was 
verified in the lsborstory by the authors, working with s. simulated hail 
pellet growing by secretion of supercooled wster droplets. hey confirmed 
the earlier experiments]. findings or lhson and rmbsnum’) (1960) who 
observed the splintering and usually negative charging, on treezing, or s 
supercooled nter droplet suspended on an insulated fibres while s drop- 
let is freezing it will have s liquid centre at 0°C and s solid outside 
pert st s lover temperature, giving u redial temperature gradient in the 
ice shell» According to the charge transfer pl'OCc88 there will be an 
excess of positive space charge in the outer lqyera of ice, end, when the 
droplet bursts, the outer lsyer will tend to carry art positive charge, 
lotvlng the residue negatively clnrged. wen negatively charged hsllstones 
in telling swlw trm the positive splinters would produce s positive 
dipole in agreement with that in s thundercloud. 

mum and ueaon (196m) proceed to calculate the rate or charge 
production in s thundercloud. For sort heil pellets of average radius '1?! 

and fall velocity v the volume swept out put‘ sec 1:113’ v and so each pellet 
Ilka-s Es?ndv coll isions with nupercooi-~d\i'opl~-Lu In conccrutrntion nu ii‘ It 

is the collision efficiency. Ii‘ them are nh hailp-llets per unit volume 
there are thus i~;n§'ndnhv collisions per unit volmue per second. flue sort 

hail has an equivalent precipitation intensity p, i.e. the mss oi’ rater 
Idling per unit ares per second given by gnfiainhv where B is the mean 
density of the hail. In ts-ms of p the number oi‘ collisions hecques 

§ B # Dds Ii’ the churge produced per droplet is q d, the rate of charge 

production per unit volume is given by 

%t e“1%“a“-1 RD 
Using the values 5- 1, p-9 calf" or 5/5600 cor‘, ‘ii-0.2 cm, 
B u 0.5 g emf‘, nd a l cm" and the authors’ laboratory value 
qdalo x lO‘° e.s.1-u, we have 

(23) Imperial College, London 

‘_, __ W 1* -*" ' 

* pproved for Release: 2017/09/11 C06461858 

1.

_ 

",._-, 

.- 

g 
'-,5‘

3 

.+~ 

-»

. 

n». 

*-.-:=-'.~

- 

Jo? 

-*~2l=.' 

~\_II 
-. .~ 

-2. 

Q... 

\;§§x‘ I’
" 

4,614 11:22 
Y;;;.,-Q; r 
{"1' '

0 

\. , - 

HZ. I’. 
_,_ 3.»! .* 
M‘. ~~ ,, 

,

~ 

_¥;¢_ 

.-'._ 

wiry 

,~ 

_¥;_e 45*? _. 

. :-r*;“l+-:;,_; ._ 

.$?*1?'*z:~a§ 
.. ,, .. 

. gee" * 
. -. 

5;-.~'.§.,-;§'ig,,.”_, 

3. 
“=33 wx. .. 

‘a 
' 

- ‘ 

3- 

-';'$:"~1 

'??***9{§§ 

>0 
- 151'?‘ 

33' 

... ".‘i 
- 

' &‘ v Q 
._.__ ,- 

:;:;,3,§£ ;.-Q. 
.~:r-3. ‘ ; .” r 
~%§E"F -‘~'%"3 

. ::.~' 
. '1 4-. ‘xi

, 
:5‘ ~ 0" M . ._._, 
.K,l;“'~g=,'3|.1.‘ ’.' 

if-3~ 
53' 

,1 
"1'

1 

~§'~' -4-.,- '3": 

.4-x 
O‘- 

1.= 4-~ s 
i:"‘ 0‘.

: 

I§'_

‘ 

:Q$:- 

.- 

'r'.- 

~43

. 

2'

‘ 

J

.

~ 

.-A-'-:5 

' .'. 
' 

. ..' s 
'... ‘~x 

x 
J". 0 '0 _~» Il."': 

;:I* .. ‘~;.. .2 
z -. . 4, . 

i.~, FQ 
~ -. "1 .~:~'t 4 

.:=: 

=;~

~ 

.~ 

1. 

‘Va 

'53- 
','.";_, 

‘.1 . 
,: :11. 

' 
_Z. : 

‘ -n ‘Ii 

;{ .x .» " '21- .. 
I11“ ' r. 
‘.,¢.,~u'.' F33 

"

, 

.2: 

~' 

~

: 

.

_ 

. 

“Z5. 

.3‘,

-

: 

,, 

4 

.' 

..." 

"Q 

~. 

._’

‘ 

;,__ 

.. 

.

. 

14- 

~‘

. 

" 

-

. 

~:.-8. 

n.‘ 

~.n:'.-n. 

a.s...nd'n. 

:4. 

M; ‘. 3,. 
‘*2? ~¢i~ 4 

£0: .¢I' .,
1 

.“ _

‘ 

;_‘ _ .:.,‘: 
9. .~' ' 

4 
vi 

§ 
' 

-, ,,~ .3‘ 
-1 " 

L 
' ' 

a‘:

' 

’ 
vs. 

I’ 

?'.. 

-1 .
_ 

' h ' 
."".:. 

;. .~ I 
~‘~~'. 

Is. aw ;~~ 
¢ 

.'_ .. ,y 
. 
1* .f ”' 

... ~ .- -»' 
*'. 

_'_,‘,f~. 

, .' ,2 ..X"’ ' 

.‘ 
' _‘| _;:."'_. 

1-‘ 

:‘

- 

1». 

'"

&0

\ 
.a.$-an 

‘: . -_.- ' u 

. . '.._v-'.u; V '5. "I
Q I‘ >A.§0 u 

' . 

-=5 ‘*~ -‘ 
. . ~_ wislugi 

~.I .. "i'..g-, 
. .: - ~,:,: 
;=~ ~

' 
~ ~* i~ -~¢. 

7-1'-,,z“'.:t-2* 

'..'.=~:"

s 

~’§.. 

:_r' 

.~

g 

~i'-'.‘~'f*'.

~ 

'33 

"ts

‘

.

. 

. 

__, 

,_,¢-3" 

" 

>3 
I25 ~' -. :1." 

.1 _".:_\i 1-i‘;“l q



' Approved for Release: 2017/09/11 C06461858 "3? 

~r 0

" . 

2- 

12.
' 

SL2’ = 3| x 10" c.:;.u. \~n1‘:="1 

= 1 c km-°m1n-1 
flue authors consider this rate adequate to provide enough charge to give the 
first ligatni . flash '1 h ng u t in about 20 minutes of the detection oi‘ precipitati 
particlusby radar, and they suggest that their theory gives the principal 
mechanism oi‘ thundenrtom electrification- 

Lnthum and Mason (l$H'»1a,b) have also invvstlutcd the charge produced 
by the moucntary contact oi‘ two pieces of ic-e at di1'1'~.-mnt tempvratureaz. 
From tho temperature gradient clmrge trzuaafvr theory they predict u uawgimum 
charge transfer oi‘ 3 x 10" AT -2. s.u. cm‘9, where AT is the bél!|]1el‘a1-I-l8‘\.‘~ 

difference, for a contact time oi‘ 0.01 seconds. For longer times the samples 
rapidly cone to the sumo temperature and the charge will tend to zero. lhese 
results were curzfimwd cxperi.m-.-utully by the authors. Calvulationaz of the 
rate of charge production in u. storm by this proccsa, with l|£iIl:tLOI|I:!i falling 
through u cloud if ice crystals, give only 10"‘ C M14 mind’, and thc authors 
conclude that although the sign oi‘ the charge on the hnllstouc will bu 
negative, as mquired, the contribution to stem electrification will be 
only slight. 

lhe theory of the charging oi‘ hail pellets by these two processes has 
been extended by Latham and Mason (1962) to the case or collisions occurring 
in polarizing electric fields oi‘ up to about 1000 V ca?‘ as found in thunder- 
stcms. ‘Huey also examined this question by laboratory experiment. 'lhey 
conclude that such fields have little e!'i'c:ct on the rate of charging predicted 
by the main theory outlined above. 

’l!n-rc lo a aerloua dizwrvpun-~y In.-l.u\~en the olmcrvwl chargl; for it"-lcu 
vulnuacta reported by l-ntlnun and Manon and that by lb-ynulda, Brook and 
Gourley (19117), the latter being some five orders or magnitude larger. 
There seem to be no other measured values, but Ilutchinsonmu) (1960) reported 
that for momentary contact between two ice crystals grown frcm the vapour and 
hairlxlg temperature ditfemnces up to ll; dog C urgy charges due to the contact 

(210) Durham University, England 
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vcn: below the apparatus m-nsitivlty of 6 x 10 ° c. n.u. l'he urcu. in contact 

leg between 0.2 and 2 mi and the contact time between 0.2 and 0.5 sec. A 

similar conclusion was reached by Evans (25) (1962). Charges as large as 

those reported by Reynolds, Brook and Gourley should have been detected 

easily. The discrepancy has already led to sane discussion by Reynolds 

and Brook (1962) and Mason and Lathes: (1962). 

Evens (1962) ulso has measured the charge remuinirng when a. supercooled 

drop on a fibre free:~.<es, bursts, u,nd<-Jecta fnqaacnts. Although hiu results 

refer to only 50 drops there is an indication that the charge produced is 

often larger than the Lathum-Mason theory can easily explain. 

‘me production of ice splinters on exposing a frost deposit to an 

airstreum at different temperatures has been examined by Iathamms) (1962). 

fine particles were found to carry a charge, its signand magnitude depending 

on the difference in temperature between deposit and aim-stream, and explained 

by the Igtham-Mason temperature-gradient charge transfer theory. 

AJBleectrical Research Association laboratories at Ieatlu.-rhead, England, 

an inexpensive and reliable liflatning flash countcr has been developed (Guide, 

.,,..... 

.-‘z 

s.‘ 

3'}: 

l962). It operates on positive potential gradient changes caused by negative _ 

strokes to earth up to a distance of I00 lun. Elbe recovery time is of the order 

of l second so that if multiple strokes occur only one will be recorded. 

Since the instrument is also triggered by the appropriate cloud to cloud 
9. 

3~<~‘ 

discharges it in necessary to know the ration oi‘ Iu~U,uLlVe to ponitivc earth and 

cloud strokes respectively. .- 

(25) Durham University, England 

(26) Manchester College of Science and ibchnulopyy, England. 
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ELECTROMAGNETIC ENERGY RADIATED FROM LIGHTNING 

Atsuahi KIMPARA 
The Research Institute of Atmospherics 

Nagoya University 
Toyokaua ~ 

Japan 

Abstract- This paper is to survey the study recently developed 
on the electromagnetic energy radiated from lightning, i.e. 
atmospherics, not including propagation. Characteristics of 
the electrostatic, induction and radiation fields of lightning 
are fully described, including the frequency spectrum in the 
neighbourhood of the source. Consequently this paper will 
supply a foundation to the study of propagation of atmospherics, 
slow tail, ELF and VLF propagationa, whistlors, mechanism 
0* lightning discharge, etc.
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I. Introduction 
P 1: 

This paper is to survey the generalAof the develop- 

ments of observation and theory which have been made recently 
in the field of electromagnetic radiation from lightning and 
at the same time to suggest the items of collaborated study 

for the future. 
In order to study the characteristics of lightning 

discharge many kindsof measurement have been made and developed, 

i.e. optical, photoelectric, electrostatic and electromagnetic 

methods have prevailed all over the world. Here in this paper, 

specifically, the characteristics of electromagnetic enerwy, 
i.e. atmospherics in a broad sense, radiated from lightning, 

not including propagation, are described. 
The atmospherics propaxate through the space between 

the ionosphere and the earth in the wave guide transimission 

mode or in the ray mode reflecting between them. Some of 
the energy penetrate the ionosphere into exosphere along the 
qeomavnetic line of force, and go to the other herdsphere 
where they are reflected hack and return to the source again 

along the some pemua;.qm~tic line oi‘ force. As the exoaphere 

is the mediugiplasma with mavneiic field, it is dispersive 

and during the journey atmospheric pulses become whistlers 
from which the density of electron in the exosphere is 

, evaluated and the existence of proton in it is proved. 

- Frequency spectrum oi‘ atmospherics at the various distances 
' from the source will show the propagation characteristics 

of LP and VLF waves. Since the lona waves are not disturbed 

by ceomeanetic storms and propacate with low attenuation, 

F pproved for Release: 2017/09/11
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Hzvj-' are \~'l'_V um-"H1. in Hue inl,:~|'|=.-\|.1'm:a‘l :~<m|;'|'!:|--:1 -.-I‘ the 
2'x'¢>\¥1;,~n<!§i star:-Em‘-‘is an wrll an 1'» the :'uii'- r:vt.h'w1 M‘ n:|vI~':x1.*'*n. 

U} 
M.“ >2 

+- 

L‘) 
it is 1=<~<~auso the radio en--inee-rs and rrc-n--!1_v !'1:"kr mvch 
"-1‘ the stufiy atmospheric-~: Rm! whistlers. 

Consc»q1;enL1y the irn/<.:~t.£¢wat;i/"-n of charach ristics of 
electric fields in the r.e.~1;;'1i-7-:.rl;-md -.>I' lirlztnlnr discharze, are 
ve."_‘,' use!‘u1 to the atu'.!_'_r 01' i.h<-2 rr|@:ch:nI;1.8m 01‘ liwhtnirm ulscharur-, 
tile p!‘O!-’]*.’8BiOl'I of 1~>:"|;m' radln waves and the int» r1'<-muce 
of‘ atmesphez-ics to z'a'!€~'\ cozrarxunicutioxls. 

1"~:>r this purpose war-krs have made rm far the wr-veforn: 
measxzrvreent with wi de hazy! recs-ivers, in vzhich the band 
r-.i~.it.h is less than 1 kc/':= L0 nvo§~| §!'lL¢¢X‘f¢P€‘XlC(r in fail-1_7 

clmzded higher !'r¢~quency rnuiuzl. ELF hand, 1. c/:1-‘$000 c/"rs, 

M1103: uttmmls |'e~cmxL1;,' nlt.r-ntimm 01' n|h"j1!\01'l'.'l an-'2 ac]!-nL!:st:1, 
is me-:1sur»d ML}: receivers M‘ pass lumd 1 c/s-"-0 c/s for n lower 
freqvency rmrion an-'1 with waveform recorders For a hip{h¢;r 
freq'.:ency~rc:sri~>n, "slow tail". For BF, VHF‘ sud UHF‘ reszirms 
n1'am'vat1m15 an-v znadc wH.!; sfmrlc f‘z'uq|.;vnc;; rr~<~v!'u-rs 01‘ 

Q, 
vet‘)! narr-'m hm:-i width Lo avoid tho lxzt-:x~:‘A|'¢:nc¢: '11‘ radio 
cmmrzunl cu t 1 ans . 

I.‘.;:!1Lning rHs<rhnrv_e:: um -Hvidred int» 2 nlasm-s, 1. 0. 
the c1o1zd—eurt.!1 discharpe and the intra-clnwi ciiscizamje. 
The elm:-"1-earth discI';nr>*f¢> consists nt‘ the pro"-pr~e1€miuary 

0% 'l‘scha|*,'_e, L310 Prv‘. h'=!:mr_~,' ~.!i:u~hnr;.'=~ ( TV, Imaition st.m'eAl$, 
I-m"-nk~i-~wn niznm-, I, 1:|l4~l':"x:|i1u|v~ :|1.m'~~ nu-1 :1, 1., l':uh-r 

::t.nm~.", 1,», 11, tin: |~-~I.= Pu :!1l'4sn:'u~|' :'l,.'|,'_@ , 1:, J, Um _'~:u~:L1m| 

streamer stanfv, s, 1", the final discharl-r S1-8'.",8, etc. 
Correspondinsr to each of these optically observed stages, 
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a characteristics change of electric field is observed with 
fairy good response. (l)(2)(5)(b)(5)(6) 

The intra-cloud discharge displays also characteristic 
field changes somewhat different from those of cloud—earth 
discharges. Therefore the investigation of electrostatic, 
induction and radiation field of these stages and the 
comparison among them are very useful to investigate the 
details of characteristics of lightning phenomena. it is 

because the electronical methods, developed remarkably in the 
last decade, are reconmended to reveal quantitatively tic 
details of the phenomena better than the optical methods. 

II. Electrostatic Field 
In accordance with the observation at distances 25-250 

km, Pierce(3)found with capillary electrometcrs the relation 
between the positive and negative slow moan field changes 
with distance. The field obeys inverse cube relation and 
corresponds to a chance of electric moment of 110 cou1—km, 
i. e. to a field-change of 1 v/m at 100 km. It is well known 
that near a storm most field—discharges are positive, while 
as the distance of the activity increases negative field- 
changes become more frequent. 

For any particular year and for magnitudes loss than 

about 100 v/m, the Putifi N}/N-, where Ni and N— are tho 
nunmer of all positive and negative field chunvvn, in constant. 
This constant value may differ from year to year, but there 
is no significant change with magnitude between 100 and 0.1 v/m. 
Above 100 v/m positive field-changes become increasingly 
predominant as the macnitude of the field—change rises. 

*pmovedf0rRemase:20TW09M1 C06461858
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A field-change of 100 v/m corresnonsponds to 0 distance of 

stout 20 km; the constancy of N+/N- brloue 100 v/m therefore 

implies that discharves, producing a reversal in the sign of 

the associated field—channe beyond 20 km, do not occur. The 

changes from year to year in N+/N~, for field changes<§lO0 v/m, 

are therefore not to he regarded as charavteristic of the year 

tmt rather as representing differences between particular 

storms. ' 

Slow nenative field—chanves are due to air or cloud 

discharges which e'?her lower positive chance or, more 

probably, raise newative charre. Slow positive field-chenges 

are produced by flashes which do not roach the earth, and 

which wrnlahly involve the downward movement of negative 

charze. Slow positive field—chanqes with fast elements are 

produced by flashes conveying neaative electricity to ground; 

Usually, n wradual L rise in field is succeeded Ly one or 

more rapid R elements svpnratrd either by quiet intervals 

or by slow J chanves, and there is often a final S or F 

svction. 
Takav1(Q) oisorved that in ground discharges the slow electro- 

static change is negative for near flash (within 5 km ), 

positive to negative at distances 5-15 km, positive at 

l5—30 km or more, and the lnrwc Pround stroke pulse has 

almost always n positive and very steep front- 

Thc difference between the slow field channe of 0 vround 

discnarvo and that of cloud discharge is that the polarity 

of the dipole contributing to the slow change of a around 

‘pmovedf0rRemase:20TW09M1 C06461858
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discharge is negative and has a reversed relation to that of 

a cloud discharge, because the net field change is negative 

in e near distance and becomes positive in a long distance. 

Hillebrasfiagbtained a rather unexpected result during his 

observation of lightning discharge. With lightning strokes 

at a distance of 5-U km from his laboratory at Uppsala, it
_ 

turned out quite often that the cathode ray was disappearing 

for a period of 5-10 pa. The mannetic field was considerably 

prvater than the field calcrlated for the return stroke 

with a velocity of about one-fifth to one-quarter of taht 

of light. His interpretation would be postponed to future , 

study and he wonders why was this fact not found in earlier 

observations. 

1. Pro-preliminary discharges. Takeuti(7) observed that 

about SO % of the vround dischurqes are preceded by a pre- 

preliminary discharnc, duration 50-B00 ms with median o1‘ 

177 ms, which occurs within 500 ms before the first ground 

stroke,. and so this discharge precedes the preliminary 
3 discharge". In sonw thunderclouds the greater part of the 

first ground stroke is preceded by the pre—preliminary 

dlscharpe, while in others the strokes are preceded only 

by the preliminary discharpo. fin the average the ground 

discharges preceded by the pro—praliudnary discharve have 

fewer nround strokes than those preceded only by the preliminary 

discharze; the pro-preliminary discharwe probably neutralizes 

the nesative charwe in the ground stroke. The relation
§ 
.. . between the pre-preliminary discharie and the preliminary 

discharae is not yet known at present, but its characteristics 
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Q61 
are almost sinfilar to cloud discharces and it seems very 
likely to excite preliminary discharges.

A 2. B_OP_l£ rgeid chanwe.(2)( ) The B field change, 
duration 2-10 ms, is negative at distances upto 2 km, 
positive at distances in excess of 5 km and positive or ~ 

necative between 2 and 5 km. (Malan); negative upto 6 km, 
positive in excess of 10 km and positive and negative or 
indeterminate between 6 and 10 km (Ishiknwa). Taking into 
account that the maximum chance of electric field occurrs 
at a distance D~J1Hi, where H is the height of charge centre, 
E field chance is attributed either to positive charge 
moving upwards from a minimum height of l.h km, or to 
negative charge moving downwards from a maxinum height of 
‘.6 km.(2) The fact that the calculated heichts of l.h 
and %.6 kn are in close acroement with the respective heights 
of the haso or the cloud (1.8 to 2 km) and the lower region 
of the nerative-chanwe ccntve N (5 to h km), strongly 
suggests that the B field change is due to a discharge 
between N and the positive charge centre p situated near 
the base of the cloud to make the discharge channel between 
p and N conductive. 
$. I field chanre.(2)(6) The I field chanpe, duration 
0-h0O ms, is the part to connect the B and L field changes 
and the rate of change or field is either fairly uniform 
or variable. 
L. L field change.(1)(2)(6) The L field change, duration 
h-50 ms, corresponds roughly to the photographed stepped 
leader process, but whenever a direct correlation is obtained
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the U field change lasts from 1. lh to h.5 times as long, 

the difference increasing with the order of the stroke in . 

the series. This indicates that successive strokes come 

from progressively higher regions. The L field changes are 

negative and hook-shaped when near, and positive and 

approximately parabolic when far. The change in sign with 

distance shows that the leader lowers negative charge from 

the cloud and distributes this charms along its channel. 

Two types of L variation preceding the first rapid 

R element are distinguished upon the field records.(5) 

In the first, the increase in field is uninterrupted up to 

the R portion, while in the second the initial slow field- 

change is succeeded by a quiet part usually lasting until‘ 

the rapid section, although there is sometimes a fairly 

short slow rise in field immediately preceding the R element. 

Somewhat similar effects have been noted by Schonland and 

vi van thotitlrs oiand fl; this nomenclature is rt.-taindcd 

here, the two kindsof initial fiald—change beina denoted 

by L GI) and L (F). The average duration for the L UK) chance 

is 50 ms, while the corresponding figure for the L (Q), 

variety is 175 ma. The proportion of the total change of 

field, due to the whole discharwo, occurring during the L 

section, is found to be siunificnntly hlrher for L (Q) than 

for L U1) variations; the appropriate pcrcentanes are 55 % 

and k0 % in Europe(5) and 75 % and 9 % in Japan.(6) 

5. § or Main discharne ficld_change.(ll 
~ 

The R field 

change is made up of 2 parts. The rapid portion Rb has a 

duration of 50 to 250 Pa (unst frequent value 165 ps), 

fiw0vedf0rRe@ase:20TW09M1 C06461858
i
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and evidently corrosponds to tut rapid upwards vmvvmvnt 
of the return sirvamer, its duration is hviwrcn 1.5 and 9.0 
times as vrvat as the time takcu for the rctur: stroamer 
to reach the cloud base. Rb is followed by slower field- 
change Rc which lasts from TO to 900 rs, corresponcinv 
roughly to the duration of continuing luminosity in the 
return streamer channel. Both Rh and Re are of positive 
sign at all distances as would to expected if thoy werv due 
to the removal to oarth of novative charne from the leader 
channel and the cloud. But at the distance of nnre than 
15 km Rb indicates a superposed pulse which deflacts at 
first on the positive side and than nepative.(1)(5)(6) 
Rc from n near flash to ground frcquortly shows snml] hook- 
shaped field changes which occur for a period up to 6 ms 
after Rb. Tts duration is between 200 and ofifi rs and its 
amplitude is 0.8 to 0.01 timos of Rb. it seems that these 

-<--— 

-1--v-...-_~.. 

..- 

.. 

hook-shaped change can be directly related to the M components 
of luminosity in the return streamer channel. At a distance 
they show minor radiation pulses only.

( 3) K. J iield chanva. ihis field chanwc in the interval 
i. 

..__..-.___.,,..... 

bctwoen separate strokes of the nmltiple diachnrwc to around 
--.._ is found to be ncwutive for near flush (within 5 km), nouarivc 

to positive at a distance 5-IR km, positive nt 12-20 km. 
At distances between 20 and 150 km, Ma1an(b) found 23 % 
positive, 57 % Zero and hO % negative, while Korwcll and 

..,-,--.....- 

.,

I
I

i 

Pierce(9) found 25 % pasitivo and 75 % zero. 1t is believed 
that during this process there occurs a discharge bctwcen the 
positive charre brought to the top of discharne channel by
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This dIschnr~o makva conductive the part of A colunm in the 
cloud, which has abundant negative charpes, to excite the 
next dart leader. Takiny into account the chanme of sign 
of J field change with distance, Malan(U) considered that 
tho discharge proceeds upward in the cloud and at the same 
time the effect of positive charre, which is high above 
the cloud and cischarnes upwards, does not come out at a 
short distance due to the masking effect of the J field 
chanre and appears proaressively with incroasinn distances. 
Accorflinr to the observation at Soccoro Mountain (alt. 
';,2oo rt or 2,2oo m) by 1m.~:<‘1<‘) (9 2. T5 L1 nrooess, in which 
n streamer moves slowly upward in the intervals between 
the rrturn strokes was clwnrly visible as it penetrated the 
remote regions of the cloui. The uppcr unst region from 
which the return stroke oriyinatrd was ob€?ved to move 
(in steps reminiscent of darts) upward and outward, 
lllhminntinu now rrrions of uloid, before a nrw section was 
added to the rhanncl of the prvvtous return stroke and a 
new strokr occurred. Sour dinrhnr es to ground appeared 
to originate from a vertical colunm, but far tho greater 
number were seen to pro"rcss horizontally or inclined at 
about 30° to the horizontal. Zhe horizontally progressing 
junction streamer occurred about 3 times as often as the 
vertical streamer. fihrar ohnorvntions urn conaistrnt with

I the field mPHflUPPHmnL of Vorwrll and Pierce. H) 
HrwEtt(11) rnmloyri n radrr equipment at a frequency o 

600 Fe/s for the study of streamer movement within 

f0rRemase:20TW09M1 CO6461
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thunderslouds in the intervrls between strokes to around. 

The observations show that ascendinw echoes occur at 

*ncreasing ranges and angles of elevation in the interstroke 

intervals, the heights increasing with the order of the 

intervals in the series. this is in accord with what would 

be expected if the echoes came from J streamers and the 

observed vertical velocity agrees with that found for the 

J streamer. A futher observation show that echoes at lower 

heights less than h km persist throurhout the series of 

ascending streamers and often show considerable horizontal 

mo v ement . 

7. P field change. Malan(12) found that the F field 

change is a larae final slow positive field change most 

frequently occurs after flashes havinn fewer than h strokes 

in the multiple stroke process. It is shown that this field
Y 

chance is due to a continuous dischnrwe to around of part of 

the negatively charmed colunm hirher than that reached by 

the last stroke. The mechanism of progress of upward 

discharge in the column is similar to the J process. The 

discharve to around chances from intermittent to continuous 

when the charge density becomes too low. It is believed 

that durina this process there occurs a nnre active discharge 

between the positive ohurwo at the top of tho~clnud and the 

neaativo charge above it, and the effect of this dlschurpe 

is not clear at short distances due to masking effect of 

F process in the negatively charged coluum, but it appears 

remarkatlg with increasinz distances.
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U. Intra-cloud discharge field chanee. Cloud discharges 
show large slow continuous electrostatic Field changes which 
are positive when the discharge is near and become newative 
when the distance increases.(5)(1%) Small rapid steD—1ike or 

pulse form changes which are responsible for sudden bursts 

of bripht luminosity are usually superimposed in sporadic 

Fashion on the slow field chnnno.
' 

(5) 
Hakavi found that in cloud dischnrvoa the slow electro- 

static change is positive for near flash (within Q-10 km ), 

neeativc at 10-20 km or more. TY suggests that the cloud 
discharge nenerally dissipate_a positive dipole in A cloud. 
The observed and estimated yield intensities of the electro- 

static field chanres due to cloud discharnrs are shown in 

fiahle l, where the estimated value is obtained by assuming 

that the charges +25 nbd - oul, are located at the heiwht N \_,'\ O 

of U and h km rvspictively on a vertical line. The similar 
values are estimated on the vround discharae. 
Table 1. The observed and the estimated field intensities 

of the electrostatic field chances due to cloud 

discharves. 
. ..... . .. .... .... . ..-...._.....:- 2 -....;..~.._ -r-.'—-:_""'_:..".:r_',~ 21;?-_ "-r —-—" >~‘.."*_*2_:- ,2-'1 -_~_~~ ~~~...—- 

Distence __ _ __Ph§gyved Estimated 
Rapid process "s13¥"$§d£ess" absolute valuen 

(km) (v/m) (kv/m) (kv/m) --Q-"Q 

0- 5 50-500 ‘"1 -50 2.6 -21 
5-10 1o-100 .1 - 5 o - 2.6 
1o-15 2- 20 .1 - 1 .>5- .51 
15-25 ..5- 10 

i 
.05- . .o9- .25 - ~ 

¢-w 

-..- 

\f\ 

* It is assumed that 25 and -25 coul oi electricity 
are located at the altitudes U and h km PvfipFCLlVR1y 
on a vertical line.
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III. Induction field. 

1. B or Ig gufgtions. According to Tshikuva,(() Cierence 
and Ma]an,(2) at a distance more than 15 km the i or lg 

field channc starts with n train of larve and predominantly 

positive pulses of varyina and nredually decreasing amplitude. 

The interval between the pulses is irregular and varies 
dunnlbnv 

from 60 to 230 us. ihe most frequentApf the pulse train 

is between 2 and h ms, the longest train observed lasting 

for 12 me, the durations corrcapnndinw with those of the 

electrostatic B field changes. Small amplitude pulsations 

or which time separations are tetween 5 and 10 rs are often 

SUpe!'1mpO8ed on the larce 'lr>w—i‘requer:c_'/ B pulse". They usually 

continue. with veryin' amplitude on to the incidence of the 

return stroke. 
2‘ 6 - 

2. I pulsations,‘ j( ) the pulsations in the interval 

between the B and L stages are high Frequency pvlsationa 

of very smell amplitude. Periodic spurts of isolated pulses, 

of amplitudes comparable with those of the B pulses, often ~ 

occur during the I phase. These pulses are positive when 

the rate of change of electrostatic field increases and 

negative when the rate of change of field decreases. 

when the return stroke follows the lnrwo h pnlre train in 

lvas than 60 or hO ma, the whole Intermediate Interval is 

occupied by the characteristic hinh frequency L pulsations 

described in the next paraeraph, which sungests that in 

these cases the T stage is shnrt or absent. 

3. L gulsations.(2) The field changes immediately 

preceding the return stroke consist of a train of steev and _
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"F '§' DPOdOm§£&Ut1y _oaitivo ptlscs followinv each other at 5 to 
'": 

~'? 10 rs intervals. Some of the pulses are of larwor amplitude 
‘ than those interveninp. The lareer pulses follow each otherI 

.. at intervals between 30 and 00 rs, which is the same as the 

pause time Ietween the hrinht STQUS of stepped leaders. 
fihe observation, however, that strokes subsequent to the 
first are often preceded by similar pulse trains indicates that 

’ they cannot wholly be due to the stepped process in the 
downward leader. blnce tie effects in the intervals between 
the strokes of a flash nwst be duo to J streamers, it is 

Prfiflfinflllfi to conclude that the similar field chanvcs 
immediately preceqdinq the first stroke are also mainly 
caused by streamer discharqes inside the cloud, which 
supply charge to the advancing leader. The pulses during 
the L part of the discharge are smaller in amplitude than the 

<~ B pulses. The amplitude ratio of F to L pulses varies 

‘ 
from ‘:1 to 20:1, the higher the rate of channe of the 

-" * electristntic fivln durin» the B stawc, the larver this 
,. 

‘; Ptllln, 
\ 2' 

lV. wt» Radiation v1e1u.(”’(1‘)(‘h) 
" 1. ihe radiation field 
. of e prvlivinary discharwt pPHC€3S in the around discharge is 

.: remarkable in cvvry Frequency. lt is ohstrved even when 
if the static field change is nnt clearly approved. Uhe B, 
w I and L steers show always some indication of himh 

frequency radiation. Usually the amplitude nF'L is larqest, ", .,Z ¢
4 

,- 

3; 
.z1, 

» and then that of P and I the smallest; the radiation field 
of B and I stages arc newliclblg smell in the frequency 

I 3 

. '1 
~24); 
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range between 200 c/s and 20 kc/s. The rqdiation Field of 
subsequent dart leaders is not essentially distinguished 
from that of J process filling up in interstroke period 
especially at higher frequencies. 

The records obtained during the daytime illustrate 
three common types of radiation L fields. (1) The oi type 
(duration 2-25 ms) having a small almost uniform train of 
pulsations whose amplitudes are often less than 1/100 of 
that of the return stroke. (ii) The slow fitype (duration 
5-19 ms) whose initial pulsations are slightly larger than 
the later pulsations, which resemble those of the Ofitype. 
(iii) The larwe amplitude fastfltype (duration 1-7 ms) 
whose initial pulsations may have amplitudes up to half as 
largo as the first return stroke pulsation. Intermediate 
types are also obtained. The time intervals between the 
L pulsations vary from 30 to 100 Pa which indicates that they 
originate from stepped leaders. Night time atmospherics 
show the same three types of leader, but the apparent time 
interval between the steps is smaller owing to successive 
ionospheric reflections. 
2. The return streamer process. The salient points 
re'ardina the radiation field of ground discharge is as 
follows. At 5 kc/s the radiation is confined to the return 
strokes. This remainee true up to about 20 kc/s except 
that preliminary and interstroke pulses occasionally appear 
with amplitudes l % to 2 % of those of the return strokes. 
with increasing frequency up to about l-2 Me/s return strok 

l 
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still have the larncst amplitude, hut radiation from other 

parts of the discharve become proqrcssivdq'large. At h-l2 

Kc/s, especially at hirher than 10 Me, the Qatter strpass 

the return strokes in amplitude. An interestinq phenomenon 

is observed at these hivher frequencies. The radiation is 

intense and continuous during the course of the first few 

strokes of a flash, except for pauses varyirg from 2 to 20 

ms inmwdiatcly following a return stroke.(G)(15) After the 

initial burst of activity the pulses become mort ard nnrc 

spaced in time. w~ta increasinn frtquoncies, the intermittent 

inmulsivr radiations chnnne aradunlly into continuous 

radiations, but at frequencies hiwhrr than 100 Fc/s they 

occur very oftrn associated with electrostatic pulses. 

5. The cloud discharge precess. In the intra-cloud 

discharges smell rapid step like fiel» Ch&n?cS responsible 

for sudden burst of bright luminosity are usually superimposed 

in sporadic fashion on the slow field chanre. At frequencies 

from 3 to 1? kc/s there are usually only one to three very 

snmll radiation pulses which arc associated with rapid but 

not necessarily the largest K field chanres. As the frequency 

increases to 2 Mo/s nnre and more radiation pulses appear, 

those associated with A field chances remaining the larnest. 

At h-l2 Me/s tné radiation becomes practically continuous 

and the h xulses can no lonaer be distinnuished from the 

rest of the radiation. The cloud discharve has somewhat 

silmilar hich frequency characteristics to the J process 

in the ground discharae and it is wenerally composed of slow 

J—like streamers and many rapid local streamers. At higher 

‘pmnvedf0rRemase:20TW09M1iC06461858
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frequencies than 1"" Kc continuous and intermittent radiations 
independent of any process like stepped leaders are observed. 
Liohtninfi flashes within 5 km show very often a continuous 
radiation, which has a duretion larger than 100 ms, accompanied 
by an electric field of complicated variation. 

The following fiqures "Ive the ratios of the amplitudes 
of the return stroke radiation of {round discharges to the 
amplitudes of the most intense radiation components of cloud 
discharnes at different frequencies: 

Frequency Amplitude ratios 
5 kc/s 20/1-ho/1 
6 " 10/1-20/1 

10 10/1 
20 

2/léé§l. 50 
50-100 1/1-1 .5/1 
1 .5-12 Mc/s 1,'1 

The above fipures acrre with the supnoetion of fliyn that 
cloud discharmes contribute little to the radio noise level 
below 1 Mc/s. 

V. Frequency Spectrum. 
The frequency spectrunm of atwospherics is very impotent 

to the study of wave prooazation, propagation of atmosnherics, 
mechanism of li~htning discharre, but it is also very difficult 
to oitain a froqwoncy spectrum at vnriowhs distances from 
the source, at vorious star~a of lirhtning discharges, at various 

Cl »=- ovorravhical fviuros, at various meteorological and seasonal 
conditions. although the data avaieble at present are very ~ 

few, the followings are the main results of observation from 
ELF to UHF all over the world. .
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Tnyor and Jvnn8(1€) racordcd the lhtofifiibj of ntmosporlcn 
at l-hO kc/s emitted from the ground discharwe at distances 
ietween 150 and 600 km. Watt and Eaxvwll(1€) made sind1ar~ 
observations at l-100 kc/s at distances between 30 and 50 km. 
Horncr(l7) measured at ll Me/s and 5 kc/s at distances between 
1.5 and 4.5 km. Takagi‘1h) neasvred at 100 kc/s—50O Ne/s 
at 15-20 km. Scha!‘er(l7) measured at 150 r-1¢/S at 1-32 km. 
Summarizing these data and normaliaing at a distance of 10 
km for the receiver bandwidth of 1 kc/s, we Obtain a 
frequency spectrum as shown in Fig.1. As the method of 
measurements and characteristics of the apparata are different from 
each other, the curve in the Piaure is not fully reliable; 
it is only tn show the cenernl tendency. lhe waveform of 
atmosphericsin the neighbourhood of lightning discharge 
depends on the geographical feature (s0a,Inountain, plain, city 
town, tower, etc.), geographical p0sit‘~n and the kind of 
.ischarvr (pround discharvc, clouid discharoe, etc.) and 
chanmes from time to Linn dur’nv the discharve process. 

fiwo widely quoted expressions have been Riven for the 
Y . CUPPunt amfc nurina the return-stroke of the li"htninp 

flash to ~~rth. loth!1O) have the same double exponential 
from it:i°(e.dt-e-Ft), where t is the time in sec. and 
it the current at time t , the oririn of time being taken 
at tho start of the return-stroke. Bruce and Go1de(19) 
wave the following fiqures For the parameters, namely, 
1° - 28,000 A, 0(= h.h x 10" p- I;.6 x 105, while Norinder(20) 
su-rgaested the values io 3 20,000 A, K= 7 x 103, B: 1; x 101*. 

-_ _k-A '___~ W 
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. It is well known, for instance, that individual 

if 
1i"htning flashes differ consideratly in their spectral 

~f characteristics, the excitation of which may be anticipated 
“ to be related to conditions, and therefore currents, in the 
2’ return-stroke channel. Perhaps the most striking evidence, 
= however, for the existence of at least two main types of 
" current surce is that derived from the study of atmospherics. '0

\ 

Y The frequency spectra of the electromagnetic fields radiated 

~ respectively by return-strokes carrying the Norinder and 

; 
Bruce-Golde forms of current surge, with the current assumed 

" to he uniform alonm the channel, can easily be calculated. 
3 a111(21) calculated the radiation energy of lightning 
5' in the VLF ranae, considering only the return stroke, and 
‘~ found that the spectral enerny distribution is centred at 

if _ about ll kc, with a total width at ha1f—maximum of 12 kc. 

Tn l“52 it was suggested by Shuwann(22) that the earth 
.»:.’ 

_¢ and ionosphere may toaother act as a cavity resonator for 
i" electromagnetic wave and that the first resonance should 

-.2 of" 
7* occur at 10.6 c/s. Refinement of the thery indicated that 

"Q losses due to absorption by the ionosphere or radiation 
~' ~ throurh the ionosphere should reduce the resonant frequency 
.v OT 

._ by at least 1.5 c/s. Experimental evidenciiihe existence 

»”’ of the first resonant nmde wan reported first by Schumann 

and K6nig(25) and, in considerably more detail by Kdnige 

=; fihe theory of ELF resonances was more recently discussed 
1 by wait, and experimental evidence for the existence of the 

first and hisher resonant modes, based upon measurements 
‘L 
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of electric fields,~wan prnfluntud Ly tulvor and wumner.!2h) 

Their results were also applied by Haemer to the calculation 

of an ionospheric loss parameter which is a funct’on of the 
heivht and the conductivity of the sharply bounded ionosphere 

assumed in the first order thery. Additional experimental 

rrsults were pfifiished recently ky honig, by Maple, by Lokkcn, 

Shand and Wriaht, by Polk and fltchvn, and by Lao, Jindo 

and Rumagai; K6nig(25) reported that almost the same type 

of ELF were observrd at Bonn and Munich which was classified 
into 5 types correletinn with weather phenomena and on the 

occasion of solar e~lipso the similor change were observed 

with the sunrise and sunset phenomena; Polk(26) confirmed the 

existence of comuaretively stronn natural oscillations in 

the 7 to 10 c/s freqicncy range, rut the resonant frequency 
exhibits snort-time variations and at ni=ht1hey are consider- 

eily weaker than irring drylight hours and stronger than 

i.si-al during: |.erio~!s oi‘ '1-omn-'_m"~tic activity; fa0(2r") 

suR"P$tvd that inly 2§ W of ii¢htning diuchnrwe omit ELF 

and Pl Z of ELF some from sources, which rudiuiv VLF, around 

the oi-:u~|'vr\i.-n'_I lllld u~~t l':~~»u. sources all over the world. 

Vi. flhe Study Procranme for the Future. 

l. Accordln§ to the observation for a long time it seems 

that the characteristics of atmospuerics, which define its 

frequency spectrum, depend on the confivuration and development 

of thundercloud. They show variations in accordance with the 

seasonal and netoorolopicel conditions as well as geographical 

features such as plateau, plain, mountein, sea, lake, town, 

city, tall tower, etc. Therefore it is recommended that the



,, aFtera1l the indirect method and it is cnmrlicahed, requdiresa. 
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freqlnncy F°PveLrum frwm ELF tn INF is L0 be measured nt 
various dlstances Frflm the snnrce, at every met@~Yo2ogica1 
and seasnnal roniitinnsns well as at every ?eo:ra=Llca1 
Frutnre. 1t will rnntrilntc tn the strdy of wave rronagation, 
mecnan‘sm of lightning discharvu, properties of whistlers, etc 
R1311] Some avfihflrs Pl~ww? Lhnl the Occurrence "F whEsL1urs 
fievcnd fin the freqnency snectrum "f anther etmnsnherics and 
fin Lhr "rwpnrntinn r nd'Li)ns, and these atwnfinherics which 
have a yrak nevr F kc, in place of nrfiihnary 1P kc, excite 
whlstlers vkry 0YLvn- 
2. At prvsenl mwmy sc1entisLs okservu the prnductlon, 
Jcvelopmcnt and JesLruct1\n ef Lhunderclnuds ah many p®7HtS 
on the ground with elrctrnnieal inshrunents, “nu evu?uate the 
wlertrical corfiruratfon of thundercloud. But this is 

larva nren, many nun-"uwer, rtc. Thercfnrv it is r0fiflmmPnd6d 
M» dwtrruino the spvc‘F5nwLi1n of a rndiw-s0nd§ and n Rnflnr 

' witl1l‘PT uu<1'fi.I vcu;va s1x?LnlJr» In rnu:erv¢ 1uH'YZOnt8l zn1d~ 

vvrt. 10:11 <:nnI'1;'ur:1L ' 'm$r>1' l?1uml<‘-r(:1-'>|.d . 

5. A\Lhnu/h we could not nzccnedod disturhnd by 3 typhoon, 
we wads a measurement of characteristlcs of a ground dlscharge 
w’th a large paper haloon, connected with a grounded conducter 
at 200 m high upon the p]atc=v nf Ht. Hnruna (lhht m), around 
which many equipments for measurements wire arranged. It is 

‘ most
_ therexorc recemmended that thnxzsefnl metuod 01 thls Kind 

wnuld be nlscustcd and determined so that a sindlar but 
more elaborate method may come out.
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To be presented at the Third 
International Conference on atmospheric 
and Space Electricity, lay 6-l0, 196}. 

The Concepts of Atmospheric Electricity 
as Applied to the Ionosphcre 

by 
K. laeda 

(Kyoto University, Japan) 

Abstract 

.1) Electric charges in the ionosphere are carried by free electrons 

and ions which are maintained by a balance of solar ionizing radia- 

tion and decay processes. The electron density can be measured by 

vertical radio sounding from the ground surface and the N(h) profile 

is calculated from the data of this sounding. However, such N(h) 

profile is not complete, but the whole profile can be obtained with 

the aid of sounding rocket bearing suitable sensors. As for the 

outer ionosphere extending to the magnetosphere, the I(h) profile 

is eaimated by topside sounding, satellite signal reception (Fara- 

day rotation and Doppler shift experiments) and whistler observation. 

The I(h) profile is a knowledgeibasic importance not only for radio 

propagation study but also for understanding the interrelationship 

between the geomagnetic variation and the ionospheric behaviour. 

For the latter problem the ion density profile is also essential, 

which could be revealed by sounding rocket so far, though incomplete.
1

\ 

1.2) The dynamic behaviour of electrons and ions will be described 
in'terms of velocity distribution, drift velocity, collision, elect- 

rical conductivity and current, some of which are mutually connected.

1 
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Among others the velocity 
distribution and drift velocity 

of elect 

rons are the most basic 
quantities. The classical magneto-ionic 

wiag 
- . ~!"§g, 

theory should be revised by 
taking into account the velocity 

dis- 
‘s_ 

., 

tribution and some fruitful 
outcome from such revised 

concept can 
P:' 

' M‘?! 

derstanding the wave absorption, 
Doppler broadening iv‘ 

‘.1, KM 

be expected in un 
m laboratory experiments 

that a %fi§ 
Z‘If-' 4 

-;'-_:{ 

_,_.i=.-1'-1'»;

J 
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and so forth. It is well known fro 

certain non-linearity exists 
in the electron drift 

velocity. How- fi 

ever, when the problem 
should be treated under the 

influence of 4U? 

' t difficulty 
Ed; 

magnetic field, as in the case of ionosphere, 
a grea 

of velocity distri— U 

arises in mathematics. 
Such is also the case ii 

be one of the effective 
tooles to ppH 

I I 
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bution. Monte Carlo method will 

s and some laboratory 
experiments will be de- 

signed to solve them. Also some possible methods 
of measuring di- 

sounding rocket will be 
devised. 

attack these problem

-

- N
\ 

\- 

gg-_‘}:-;rr394_'-£‘T‘} 

1-'_< 

“""-1'1;

1 

r_;u, 

rectly those quantities by 

1.5) ‘Ins Pedersen, Hall and Cowling 
conductivities (1, Q ) based 

on the above dynamic 
behaviour of charge carriers 

play an important 

role in the dynamo-theoretical 
study on electric field 

and current, p 

which is responsible for 
the geomagnetic variation. 

The result of
’ 

t d tells us that the effecti such s u y 
which can account for the 

abnormal inten- 
ve total eonductivivy has

a 

peculiar characteristics, 

sification of dynamo current 
under the disturbed state 

of the iono- 

sphere and that a large 
shear in the current flow 

can take place 

near the boundary of two 
zones having different 

conductivities. It 

in the ionosphere is not 
yet 

is also noted that the 
wind system 

established in spite of its 
great importance. 

2.1) The measurement of 
radio noise over the 

ground has been made 

r widely over the world and 
the world maps 

noise is thought to 
originate in.light- 

of radio noise intensity 

are available. This sort of

2 
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1 

agl, ning discharge and other climatic phenomena. When we once go up 
£115‘ 

into the ionospnere and still higher level, the situation will 

change. Radio noise originated near the ground can invade there oy 

extraordinary wave mode\whist1er mode) and such penetrated energy 

is expected to be fairly large especially during night. A spacial 

distribution of radio noise lrom such origin will be studied. 

2.2) On considering the radio noise in the ionosphere and exosphere, 

one can imagine the possible existence or noise from extra-ter1es- 

trial source. If this is really the case, the noise distribution
t 

is subject Q: wave propagation law which involves the frequency 

or the wave and geomagnetic field as important factors. 

2.3) Moreover one might imagine the generation of radio noise by some 

certain electric phenomena occurring in the ionosphere and exca- 

“lr pnere. Liberation of free charges by impinging meteors might be 
§.£ ‘““ an example, and synchrotron radiation of high energy electrons in 

the radiation belts may be another source 01 noise. 

2.4) Besides the above, we have to notice that there is an evidence 

to believe the existence of a certain ampliiying action 10r radio 

Iaves in the exosphere. Yhe phenomenon known as VLF emissions, 

such as dawn chorus, hooks etc. is the evidence. The problems of 

possible sources and amplifying mechanism should be studied, and 

one may suppose that such amplifying action, if it really exists, 

can contribute to raising the energy Oi radio noise. 

2,5) All the ablve points will be finally consolidated to the problem 

on the nature and structure or radio noise in the ionosphere and 

its outer space. In connection to this problem one more important 

point must be added. That is the study or how the radio waves 
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penetrate the iOn0sph6r8- The problem is to know the rates of 

penetration and retlection o1 radio wave energy when the waves go 

up and come down through the ionosphere. The proo1em I111 oe 

lttfltlfid analyticazly. The rocket experiments and aate11ite obser 

vatione (such as LOFTI) will be very useful for the study 
of the 

problem as a whole. 

¥§$ .. i. 4 

f0rRemase:201W09M1 C06461858 

;§:,"_*i!§@i=;: 

_-1 

-_~_-_>=-~.- 

.~__-

. 

"2-ff’. 

i»-:

S 

-_.._-1.-:_-:~. 

.. 

_u ‘, 

.- 

<.-:-_._~;- 

-_,--1,

, 

fl 
1 

_-.

. 

"-_ 

Y-1"‘ 

‘-‘..1_ 

' 

;_-*2-" 

.-5%..“-'-.<.-E=.».,', 

____

- 

'..'_-__1;;~-

- 

.' 4,, 
K . 

'1 M‘? 
F .

r 
.5. 

I 
' 1": 

-‘=-_.-:15? 
5-‘. ‘ 

. 
-. 

I

A 

we t +5 
“(,1 L¥%% ~P}? 
I->t%:.¢;<'§=‘ 

h. ' ~,.. whim 
#2‘ 

}r.:>_. L-Q 
7.5 JI Wk? 

V‘ ' 
' as 

. 4“ 
2' "7133. 

.\ A . . 

M; 341, r. -. , 

=1?-5-E Ii? 

38' :!.;_; 

1.7""; 

, 
i 
. 

._ 

. 

_\:_ 

in-'.._". 

i.‘-.3. 

:- 

1 » 

1:1 
E. 

="'§- mi xv? 
I 

.':'.'|f" 

;f::',:. 
it .12 
1-.‘ . 3:1 
1"-‘:' .2 
: .1";- L _“' 
, . 

.9‘ 5-5,‘- 

rgg . 
|- n 3 
§?;‘*?‘2 

§.';‘=i‘. 

E"$ 
F€E 
5-1:"'a 

x:‘=i’§ 

§H€ 
1: 

rqfi 
t. ,4 gm 
2%; iv

w 

§. 
-‘=‘?' 

f-"-I 

?3"¥'l:*~"F"T"’.-?- 

.4. 
-. 

E

-

_ 

.--. 
'~=



"§*1§ ' ' _.~ _ 

.» ' 5 Apmnvedf0rRemase:20TW09M1 C06461858 

xyq '$|l\I\TL|Cl| /\UTUR|S|l'lR'l'l:.
_ 

VFRSUCHSANSTAL1‘FUR H 

(.|~.m| |-:|<'r|u|< um; n|.|'rzsu|u'|‘z Wicn, 3... 
J"""°' 1963

_ 

LI HLR DIP! -|N(?., S(.§.'l‘li('llN.l)R.V0l,Kl§R FRITSCII “I, Arficnim Ohjck‘ 3 

Posludrcssc: Wicn, Poslaml 62, Fach 389 
Telcfonz 65 63 73, 44 05 36 
Poslschcck-Komoz Wicn 182.393 

. FRITsun, Wien 1" 

. ueoeléktrische Probleme der ulitzforschung 

uie1Frage,;oD‘und wie der untere Beil der ulitzbahn durch die 
elektriscne Bescharfenheit deS Untergrundes beeinrlunt wird, 
wird in uer ruchlitcrutur scnon iange uiskutiert. Aber erst 
a1é‘modurne geoelektrisché Mefitechnik konnte jene genauen Auf— 
schlfisse fiber die eLektrische"$truktfir deg Untérirhndeé geben; 
die notwendig sind, um auf eine cxakte Grundlage 
zu stellen. ' 

, 

- 
_ :- . 

uer Elektfbteéhhikbr ist im allgemeinen gewohnt mit recht homo-
~ 

gcnen Leitérn zu rechpen. uer,Untcrgrund.ist aber; elektrisch 
Leitérgebilde von meist sehr komplizierter Na- 

tur. Jiderstandsschwankungen um mehrere Zchnerpbtenzen fiber we- 
nige Meter nntfernung sind Reine Qeltenheit. Jaher sind auch 
scharf ausgepragte elektrische_uiskontinuitfitsflfichen vorhanden. 
Man versucht diese Frage dubch statistische Lrhebungen in Ver- 
bindung mit geoelektrischen Bodenuntersuchungcn und durch Mo- 
dellversuche zu klfircn. . 

Um das Problem statistisch eindeutig zu kldren, wfire cs zunfichst 
nétig, ffir jeden Punkt dcr untersuchten Flachc einen Bruch anzu— 
schreiben, der die durch Blitzentladung abgeleitete E1ektrizi- 
tétsmenge pro flécheneinheit angibt. Jiese Angabe wére dann zeit- 
lich auf eine Gewitterperiode, also auf ein Janr, zu beziehen. 

Nehmen wir an, wir hfitten diese Ziffcrn ffir eine grofie Fléche 
und ffir einen genfigend langen Zeitruum, uann ware unsere Frage, 
ob ein Zusammenhang zwischen uer Lntladungsdichte und geoelek- 

ur.Vo1ker FRITJCH, Leiter der staatlich uutor.Versuchsansta1t 
fur Geoelektrik und Blitzschutz und Professor der,H.f.m. 
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trischen Faktoren besteht, aber noch nicht Ohneweiteres zu 
beantworten. uir wissen, dafl die geoelektrische Jtruktur des 
Untergrundes mbglicherweise eine Komponente ist. Ganz sicher 
aber existieren neben ihr noch mindestens zwei weitere: eine 
meteorologische und eine topographische. Jir mfissen daher die 
geoelektrische Komponente isolieren. uarfiber wollen wir nonh 
spéter einiges sagen. Zunachst wollen wir aber untersuchen, 
mit weicher Genauigkeit wir die mntladungsdichte fiberhaupt 
schétzen kUnnen. 

Leider stehen heute, wenn man von einigcn Lfindern absieht, 
nur sehr wenige und luckenhuftc statistiken zur Verfugung. 

Auf den letzten internationalen Ulitzschutzkonferenzen wurde 
die Frage der alitzzéhler diskutiert. mefitechnisch bestehen da 
sicher keine Hindernisse, aber gewisse Probleme, wie zum Beisp. 
die Trennung der LPd*UHd Jolkenblitze, sind noch nicht geklért. 
Auch hat jed§r Blitz gewissermaucn eine “meBreichweite", die 
von der eigenen stromstérke, dem Verlauf der ulitznahn und 

U3. weiteren Eaktoren ebenso abhfingi ist, wic von der MeBempfind— 
lichkeit des Anzeigegerfites. Jdhrend auf dcr einen deite u0ppe1- 
zihlungen kaum zu vermeiden sein weruen, durfteu andere schwéche— 
re minschlége wiedcr Uburhaupt nicht registriert werden. Unter 
diesen Voraussetzungcn wiru mun erst nach vielleicht zennjdhri— 
gen Meuperiouen eiuigurmuflcu ruprdscututivc Vcrg1eichswerte er- 
nalten. Jhhrenu so iuugur beitraumc hnuurn sich aber oft die 
meteoro1ogischen Vuruuvsctzungcn regiunul nicht unbedeutend. 
Ich hube zuhlrciche Leitungsstutistikcn untersucht. mun erkennt 
da sehr deutlich, das die sogenunnten Gewitterstrauen sich 
innerhalb oft recht weiter Grenzen verschieben. Jedes Jahr sind 
andere Abschnitte der von den Jtrauen senkrecht gequerten Lei- 
tungen besonders oft betroffen und daher kann man oft erst nach 
30 Jahren wieder brauchbare Mittel erhalten, aus denen man 
Schlfisse ziehen kann. 

f0rRemase:20TW09M1 C06461"'"
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2 *’ Die topographische Komponente ist konstanter, obwohl, besonders 

im Gebirge, der Einflufi dieser Komponente durch die meteorolo- 
gische mitbestimmt wird. 

Es ist also sowohl die Ermittlung der Zahl dcr Blitzschlfige 
und deren Einschlagstelle, als auch die Trennung der drei wich- 

tigsten Komponenten in einfacher Jeise nicht moglich. Hir mfissen 

zu Untersuchungsmethoden greifen, die viel komplizierter und 
obendrein weniger zuverlfissig sind. 

Betrachten wir einmal die rein physikalischen Voraussetzungen. 
Jenn sich die Vorentladung des Blitzes der srdoberflflche néhert, 

so wéchst ihr bekanntlich aus dieser eine "Gegenentladung" ent- 

gegcn, die auch "flangentladung" genannt wird. Vereinigen sich 

diese beiden, dann ist der ionisierte Kunal geschlossen, in dem 

die Hauptentladung zustundekommt. Fur jenen Punkt der Lrdober— 

fifi flfiche, von dem die Hauptentladung daher ausgeht, ist somit si- 

cher,im hohen Mafie die Entwicklung der Gegenentladung bestimmend. 

Es ist nun aber klar, dufl diese Gegenentladung in erster Linie 

von einer Zone ausgehen wird, in dcr untcr dem uinflufi der vor— 

dringenden Vorentladung ein hoher Potentialgradient cntstchen 

wird. nudurch wird das Problem physikalisch ctwas durchsichti- 

ger, denn man erhfilt Hinweise auf den uinflufi der geoe1ektri- 

schen Struktur und auf die none, in uer diese noch wirksam sein 

kann. 
Die Kquipotentialfléchen des normalen luftelektrischen Feldes 

werden durch die geoelektrische Beschaffenheit selbst eines 
in- 

homogenen Untergrundes, sichcr nicht beeintlunt. nrst, wenn star- 

kere mntladungsstrome flieflen, gewinnen sic bedeutung. Nun 
sind 

die Niderstandsunterschiede im Untergrunde aber oft recht 
bcdeu— 

tend. Im Hochgebirge zum Beispiel, sind solche von mehreren Zeh— 

nerpotenzen fiber sntfernungen von nur wenigen Metern keine.&iten- 

heit. ns ist dann physikaliscn verstandlich und auch durch 
modell- 

éfii _ _
. 

QQF versuche erwlesen, dafi dlc uegenentladungen bcsonders uus schma- 

len gutleitenden minschlfissen hervorquellen. J10 geoelektrischen 

uiskontinuitétszonen unterscheiden sich daher wesentlich von 
ho- 
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mogenen Gebieten. Natfiriicn wird durch die Gegenentladung nur der unterste Teil der Jlitzcntlauung beelnrluat, meist wohl nur die zwei bis drei letzten dtufen der Vorentladung, die zusammen eine Lfinge von ungefdhr 80 bis 150 m im Mittel haben dfirften. Uber diesen Hdhen ist dann der geoelektrische Einflufl des Untergrun— 
des ohne dedeutung fur die Ausbildung der Blitzbahn. Qiese Cher- legung scheint fibrigcns auch vertretbur, wenn man verschiedene 
ulitzphotos néher analysiert.

- 

Betrachten wir zuerst die Mdglichkeit, das Problem auf statisti- scher Basis zu behandelnz Voraussenden mbchte ich, dab nur Sta- 
tistiken einen Wert haben, die sich fiber lange Zeitrfiume erstrek- 
ken. 
die Statistik, die in einigen Léndern gepflegt wird, ist nativ- lich mehr nach wirtschaftlichen als nach wissenschaftlichen Ge- 
sichtspunkten ausgerichtet. In erster Linie steht die meteorolo- 
gische und die Schadenstatistik zur Verfdgung. hritische Verg1ei- che in Csterreich haben gezeigt, daB als einzig sichere dezugs- 
basis die Zahl der jfihrlichen Gewittertage angesehen werden kann. uie Angaben fiber Zahl der Jewitter, oder gar fiber dercn Intensi-_ 
tét, sind zu ungenau. A 

Jie Jchadenstatistik ist in den einzelnen Léndern vcrschieden or- 
ganisiert. In manchen Léndern warden die Daten nicht ver6ffent— 
licht, oder sie sind unvollstandig. In Usterreich gibt es heute 
eine 15-jéhrige, ffir das Bundesgebiet einheitlich organisierte 
Statistik, bei der auch darauf geachtet wurde, daB sie Aussagen 
macht, die auch den Jissenschaftler interessieren. ua in Uster— 
reich das Vcrsicherungswesen durchwcgs in éffentlicher Hand ist, 
so besteht fur die einzelnen Institute, die meist den Lfindern ge; 
hdren, kein Grund, Anguben gehcim zu halten. In jedem der neun 
Bundeslénder gibt es eine "Landesstelle fur drandverhfitung", die 
auch die dlitzstatistik ffihrt. ua praktisch alle wichtigen Ob- 
jekte beobachtet weruen und Uberdies auch alle ulitzschlége be- 
rficksichtigt werden, die irgendwie zur Kenntnis der Landesstel— 
Len gelangen, so ist diese statistik ziemlich umfassend. 
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Gestatten die mir, dafi ich nur einige Zahlen anffihre: Gsterreich 
hat eiue Flache von nur 84.000 kmd. Trotzdem also Osterreich ein 
sehr kleines Land ist, kann uns eine ésterreichische dtatistik 
etwas sagen, denn dieses Land ist topographisch und sied1ungs- 
méflig sehr verschiedenartig. Dsterreich umfabt zunachst alle 
Landschaften, vom uocngebirge, das fast his 4U0O m ansteigt, 
bis zur Tiefebene. us hat ein stark differenziertes nlima. Siede 

lungsmafiig umfabt es alle ninheiten, von der millionenstadt bis 
zu den kleinsten Alpengehbften und schlieblich sind Industrie’ 

und Landwirtschaft fiber bestimmte Zonen verteilt. $0 wird man- 

ches, das man in Usterreich beobachtet hat, vielieicht auch fir 
grfibere Lander interessant sein. 

In Osterreich werden jahriich ungefahr 1000 alitzschlage stati- 

stisch errant, a1so ein nlitzschlag auf ungeranr Bu-iuu kmz . 

Jiese Liiier Liegt natnrlich tief unter uer tatsachlichen. Einen 

Anhaltspunkt crhalt man, wenn man die Verhfiltnisse am Rande von 

lien betruchtet. In dcr staut Jien wurden pro Flacheneinheit un- 

gefahr achtmal, wcnn mun dus dicht vurbautc Gcbict bctrachtct, 

ungefahr zehnmul so vicl Jlitzschlagc bcobachtet als in den un- 

mittclbur angrenzendcn Gubictcn. In der Umgebung von Mum hat 

G. Jruckmann, allerdings auf Grund viel wenigcr zuverlassiger 
Unterlagen, ein Vcrhéltnis 5:1 bcrechnet. Beide Stadte sind un- 

gefahr glcich grofi. uicse oiffercnz ist nur darauf zurUckzuffih- 

ren, dafi in der itadt die Jcobachtungsdichte viel gr6Ber ist als 

in den landwirtschaftlich bosicdelten Gebieten der Umgcbung. Man 

wird daher annehmen dnrfcn, daB ungufahr 95» aller Blitzschlfige 

gar nicht beobachtet worden sind. Unter diesen Umstandcn darf 

man fragen, ob cine solche Statistik fibcrhaupt eine Aussagekraft 

hat. Ich glaube, dafi man diese Frage dennoch positiv beantworten 

darf, wenn man bedenkt, daB die ueobachtungsstellen zwar auf die 

jeweils dicht verbauten Gebiete zusaumengedréngt sind, die viel— 

leicht nur 5-10% der Gesamtflache Usterreichs ausmachen, daB die- 

se aber wicdcr recht gleichmaflig fiber das ganze dtaatsgebiet ver 

teilt sind. Jenn man von Jien und vier weiteren stadten mit unge 
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féhr 100.000 bis 250.000 Einwohnern absieht, verteilen sich 

die deobachtungsstellen auf ungefahr 17.000 5iedlungseinhei— 

ten, die in 79 aezirken zusammengerabt sind. Jir haben nun 

diese uezirke zur urundlage der Jlitzstatistik gewéhlt. die 

sind im Uurchschnitt etwas fiber 1000 km‘ grob, also relativ 

klein, andererseits aber docn so gron, dab durchschnittlich 

auf einen im Jahr 12 beobachtete ulitzschlage fallen, und da 

die Statistik heute fiber 15 Jahre léutt, so ernfilt man fir den 

Bezirk im Durchschnitt fiber 150 beobachtetc dlitzschlage. uie 

ortliche Verteilung eincr solchen Zuhl kann doch schon einiges 

sagen. 
air wollen daher unsere Statistik nicht uuf die Flncheneinheit, 

sondern auf die Zahl der beobachteten Ubjekte beziehen, da nur 

diese exakt erfaubar ist. Us ist, um die Zuverlfissigkeit dieser 

xeduktion beurteilen zu konnen, wieder notwendig, die Vertei- 

lung dieser Ubjekte fiber die einzelnen staatsgebiete zu unter— 

suchen. Nur dann, wenn diese einigermauen homogon ist, wird 

eine auf die Zahl der Ubjekte bezogene dtatistik in den cin- 

zelnen étaatsgebieten vergleichbure nngaben liefern Konnen. 

Im ganzen staatsgebiet entfallen, wenn man die flald-, 1asser- 

und udlandfléchen abzieht, in denen kein ueobachtungsnienst
' 

besteht, durchschnittlicb 23 ubjekte anf den ,uadrutki1ometer. 

uiese Vertcilung ist in ungufnnr G5» dos JtHUtSgUUiUtcs fast 

die gleichc, in 10w der Jebiutsfluche ist sic um 27” und in awn 

der ucbietsflnche um 40» geringer. Ls handclt slcn bei den 

letzten beiden um die Hochgebirgsgebiete in dalzburg und Tirol. 

Man kann also von einer ziemlich homogenen Verteilung der 
Ub- 

jekte fiber das ganze staatsgebiet sprechen. oaher wird eine 
auf 

die Zahl der Objekte bezogene Statistik ausreichend representa- 

tiv sein. Selbst die erwdhnten schwficher besieuelten Geoirgs- 

zonen werden ausreichend statistisch erfafit, denn die 
5iedlun- 

gen sind in diesen Gebieten zwar auf die schmalen Tiler 
be- 

schrfinkt, diese aber sind wieder ziemlich gleichmfiflig fiber die 

gunze Alpengrenze verteilt und sie reichen bis in bedeutende 

Hdhen, bis in die Néhe des Zentralkammes. 
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Jir bilden nun fir die einzelnen Bezirke Quotienten, in deren 
Zéhlcr die jfihrlich beobacntetcn Jlitzschlage und in dcren Nen- 
ner die Zahl der beobachteten Objekte steht.ua dieser Bruch sehr 
klein ist, so wird er mit 10.000 multipliziert. Er gibt also die 
Zahl der Blitzschlége pro 10.000 Objekte an. Nun soll aber noch 
die topographiscne und meteorologische Komponente ausgeschieden 
werden. oer minfluu der ndhenlage wurde genau untersucht;er ist 
kaum nachweisbar und Uberdies nicht systematischcr Natur. die 
meteorologische Aomponente wurde in dur fcise berficksichtigt, 
dab auf die Zahl der jahrlichen Gewittertage, die in dem betref- 
fenden Uezirk beobachtet wurden, bezogen wurde. Es bleibt also 
nur die durch die geophysikalische Bodenbeschaffenheit bedingte 
Komponente fibrig. 

Gestatten die mir nun, dafi ich das mrgebnis dieser langjahrigen 
Statistik vom Standpunkt der Qeoeiektrik aus kurz bespreche: 

Sie sehen im Bilde eine Tabelle, in der ffir das ganze 5taatsge- 
biet die besprochene, auf 10.000 Objekte bezogene Ziffer, 

aild 1. Angabe von Z“ fir die geologischen Zonen 

wir wollen sie uefuhrdungsziffer nennen, angegcben ist. uas 
dtuatsgcbiet wurde zu diescm Zweck in Icilgcbiete zergliedcrt, 
die geologiscn einheitlich beschrieben warden kbnncn. man sieht, 
dafi die Gefuhrdungsziffer ffir die alten gcologischen Eormationen 
besonders fir die archéiscne "dbhmische Masse" wcit hfiher ist 
als ffir die jungen Formationen. man kann eine ziemlich g1eich- 
méfiige Zunahme der Gefahrdungszifrer mit dem geologischen Alter 
feststellen. qiese Vertuilung wurde von mir vor ungcrahr 20 Jah- 
ren auch beobachtet, als ich fur das Lana sachsen die a1itzsta- 
tistik von Lehmann und schneider ausgewertet habe. Auch damals 
waren die alten Eormationcn durch eine besonders hohe d1itzge- 
fahrdung ausgezeichnet. 

uiese ratsache ist nun keincswegs leicht zu erklaren. mine Ar- 
beitshypothese, die jetzt untcrsucht wird, werden wir noch be- 
sprechen. 
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die Statistik zcigt abcr auch, dad es eng begrenzte Zonen, deren 

Blitzgeféhrdung weit fiber jcncr der Umgebung liegt, 
gibt. lch ha- 

be bereits 1954 auf cine kleine Gemeindc Absroth in uordbdhmen 

hinvewiesen, in der die auf urund der Angaben von J.:chwirtlichO 
berechnete dlitzgefhhrdung ungefdhr 140 mal so 

grofi ist wie jene 

der nachsten Bczirke in sachscn. die statistische Auswertung der 

ostcrreichischen statis 
Gemeinden in Kdrnten eindeutig a 

Urtschaft von 150 Hdusern hat der dlitz i 

geschlagen, in der anderen, die 258 Héuscr hat, zwolfmal. Die 

dlitzgeféhrdungsziffcr ist ungeféhr zwolfmal so hoch wie 
jene 

der Umgebung. Unter Annahme einer Poissonverteilung 
hat Bruckmann 

die fiahrscheinlichkeit for diese beiuen 
Ereignisse mit 0,0U0O9 

und 0,0005, sowie die Juhrscheiniichkeit daffir, daB zwei 
Crte 

mit so hoher ulitzgefbnrdung im gleichen 
uczirk cxisticren, mit 

n kunn also von ulitznestern sprechen. 

tik durch Brucnmann hat nun zwei wr.tere 
ls Blitznester erkannt. In einer 

n 6 Jahren zehnmal ein— 

0,0019 berechnet. Ma 

min weiteres Blitznest habe ich auf Grund 
der Angaben des Forst- 

personales in der steiermark konstatiert. die sehen es im néchsten 

dilde. Au! diesem Plan sind die zinschlagstellen 
eingetragen, die 

2. dild. J1itzne§§_Qg}_§g§_§g§§§g 

in den letzten Jahrcn beobachtet wurden. 
Vergleicnt man diese 

Beobachtungen mit der statistik, so crkaunt man Iolgendesz 1m 

nereiche des nlitznestes entfallen ungefuhr 21 
ulitzschlége im 

Jahr auf den quadratkilometer, fur dus uczirksgebiet kann man 

mit 0,5 bis u,5 Qinschlagen pro ;uadratkilometer 
rechnen. Die 

. 
. . =_ h . 

Geféhrdung des ulitzncstcs 1st also 4o b1s ou 
Mal so hoc w1e 

jene dcr Umgeoung. 

Ich babe uieses uebiet auch geoelektrisch 
untersuchen lassen 

und zcige Ihnen das ergebnis im nachsten Jild. 

§;_éi£9;__2222£25£:i§29s-99£2£§2s922s_é99-s2§§22 
Das ge0e1ektriSChe Profil, das mit elner Auslegung von zxzo m 

gemessen wurdc, zeigt cincn Verlauf, wie wir 
inn uber tektoni- 

schen Storuugcu oft ernalten. Lu Qoreiche dos QLitznestes und 
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an seinen Grenzcn sind Widerstundsminimn ausgeprfigt. Auuerhalb dieser Zone steigt der spezifischc Widurstand zu beiden Seiten auf Jerte von ungefuhr 260 Ohm m, die in dieser Gegend als nor- mal zu bezeichnen sind. 
Us handelt sich also um cine ausgeprégte geoelektrische Dis- kontinuitét. 

Neben statistischen Untcrsuchungcn stent die Auswertung von modellversuchen. Jenn ich dercn jrgebnis bespreche, so darf ich eine uemerkung vorausschicmen: as ist V0llkOmmen klar, uab uer Modellversuch niemals die natfirlichen Verhdltnisse rek0n— struieren kann, er wird stets nur Uinweise geuen kdnnen. Diese aber sind wertvoll, wenn man bedenkt, dafi z.B. in Osterreich nach den uesetzen der Nahrscheinlichkeitsrechnung innerhalb eines Zeitraumes von 20 Jahren erst jedes 79.000 Hans dreimal vom Blitz getroffen wird. wollte man also diese Fragen nur ans Naturbeobachtungcn heraus klaren, so mnuten Jahrzehnte vergehen, ehe man die ersten Hinweise ffir die Behandiung aes Problems er- hielte. uagegen gestattet uer modellversuch eine belieoig groue Zahl von Beobachtungen unter uedingungen, die man ebenfalls be- liebig wéhlen kann. man wird auher auf den modellversuch nicht verzichten, sondern seine drgcbnisse sinnvoll mit den Naturbe- 
obachtungen verbinden. 

Mit Schlagweiten von weniger als einem Meter haben u.a. d.Norinder Und 0.5alka in Uppsala gearbeitet. Lin menergennis zeigt das néchste uild. Das vordringende entladungshaupt wird dadurch eine spitzenelektrode ersetzt, die in den mitte fiber einer mit 
5=_9i£9;__I‘:29s££!s:§!2u_!22_1!9ElI!9§B_2;_§e1=13:§ 

Sand bedeckten metallscheiue hfingt. In dieser crxennen wir links eine gutleitendc einlugerung. Nir senen, dafl die hntladung zum 
grbuten Teil nach diesen Einlagerungen hin abgelenkt wird. Nur wenige feilentladungen gleiten nach den Punkten U und C hin ab. Gegen diese Versuche wurde eingcwenuet, dafl in der uatur minia- 
gerungen von der Art, wie sie norinder und dalka verwendet haben, nicnt vorkummen. Ich habe daher diese’Versuche im Hochspannungs- 
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feld der Technischen Universitat uresden wicderholt unu uabei 
naturlicne geologische Leiter — sand, uumus und stark ungef0uCh— 
teten Lehm . verwenuet. Auuerdem habe ich mit Qutladungcn bis 
zu Z m Ldnge gearbeitet. uin mefiergcbnis schen aie im nacnsten 
Jild. uie untlaaungselektrode wurue bei A...u...u...u...4 ange- 

§=_2i£9;__Z2£§22b2_12_z£s§922 
ordnet. Im oberen dild sieht man die Vertcilung der uiuscnlage 
fiber eincn gewachscnen uoden, in dem gutieitunder Lehm einge1a- 
gert ist. uie meisten uinschluge sind fiber uer gutieitunacu Lone 
konzentricrt. Im untercn Iciluiia ist der umgekcnrtc Juli durgu~ 
steilt. uie sChleCht1Citcndu &0ne ist uus ziemlich Lrockenem 
sand gebiluet. in ihr ist nur ein ¢1n§cu;ag zu vcrzeichnen. Qa- 
gegen sind diese an der Jiskontinuitdtsfléche konzentriert. Im 
néchsten Bilu sind alle Qrgebnisse miteinander vcrglichen. 

§=_é££9=__!2£§2sBs_i&-e:2:92& 
Jie Maxima und Minima sind besonders fiber der gutleitendcn Qin- 
lagcrung, bei positivcr Spitze viel stdrkcr ausgcprdgt uls bei 
negativer. 

uas Ergebnis mcincr Untcrsuchungcn deckt sich also gut mit je- 
nem der Versuche von Norinder und Jalka. Auf uer Hochschule fur 
ilektrotechnik in Ilmenau hat K. uopalan Modellmessungcn ge- 
macht, bei denen der Untergrund durch ein Jystem Uhmscher Ji~ 
derstunde ersetzt wurde. die Jntladungslfinge war leidcr nur ge- 
ring, numlich 44 cm. 
A15 Beispiel muchte ich die Analyse dos Mebergcbnisses zcigen, 
das G0pa1un in Tufci 14 seiner Dissertation bringt. Mun sieht, 

21-91l9;--!2£§2sQ2-!92_§9£2Lé§ 
daB fiber der Diskontinuitfitssteile ein bedeutenuer Anstieg der 
Linschlége zu beobacnten ist. Die Verteilungskurve zeigt fiber 
oer rechten Diskontinuitétsstelle einen viermal so hohen wert 
wie uber der linken. uas Jiderstandsverhultnis ist rechts: 1:20, 
links aber nur 1:4. 

Im Zusammenhang damit sind auch Lxperimcnte interessant die 
n. uummer auf der fiochschule fur Elcktrotecnnik in Ilmenau ge- 
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mucht hat. Von diesen will ich zwei dilder zcigcn. Summer hat 
dun Vcrlauf der mntludung in feuchtem sand untersucht, also die 

sog. ulitzrbhren. Im nfichsten Bild ist dcr verlauf einer u1itz- 

rfihre in einem homogenen oundboden dargcstellt. ¢ie verléuft von 
6. Jild. Qiitzrbhru nuch uummer 

der ainschlugstclle ziemlich gerudlinig und ungefdhr senkrecht 

zur uberfléche in ucr xichtung zum drundwasser. Im néchsten 
dildo senen wir dun Vcriuuf in cinem inhomogunen Untergrund. 

uer sand hat wieder einen spezifischen »idcrstund von ungcféhr 
9. dild. alitzréhre nuCh Hummer 

150 Ohm m. Lu beiden Jeiten sind uber gutleitcnde Qinlagerungen 

mit spezifischen Jiucrstfinden von 4 und 13 bhm m angeordnet. 

In diesem Kalle teilt sich die pntladung nuch beiden 4ichtun- 

gen nin und steuert die gutleitenden Zonen an. Jiese Untersu— 

chungen zeigen somit einen dhnlichen Vcrlauf der Jutladungsbahn 

wie er in dcr Luft, nuhc der prdobcrflqche, beubuchtct worden 

ist. 

Jir wollen nun damit die in der Nutur beobachteten prgebnisse 
vergleichen. J18 d00baChtung von 5litz5cn1&5en in ¢nergielei— 

tungen hut vcrschicdcnu nUtUPCH zu verschieucnen Lrkunntnissen 
gefhhrt. Q. Lehmunn, dcr wohi Ubcr die uitustc Qtutistik dicser 

Art vcriugt — sic ist 3» Juhrc ult — xo“mt zu dem uusultat, dqé 

fiber guoclcktrischcn Jiakontiuuithtszoncn muhr “inschl&ge zu 

vcrzeichncn sinu uls ubur guouluktriscu nouugcuuu aunun. ADUCPQ 

4utorcu kommen zu untgugcugesctztcn ¢esu1Lutuu. Jiese Vurschic— 

uunhcit der flrgennisso kbnute ubcr physikaiisch durchaus verstan— 

dun warden, wcnn mun budcnkt, Gav dic cinzclncn nUt0POU gunz ver- 

schicucuc Loituuguu unturnuunt hahuu, numlich solchc fiber homo- 

gencu und inhuuoguuen Untcr@rund. nufiurdem solitc mun bci eincm 

kritischcn Yerglcich nur solchc stutistikun berflcxsichtigen, die 

sich fiber mindcst 5 — 10 Juhrc crstrccken. Jei kdrzeren Mebreihcn 

ist die Jtruuung zu gron und cs k6nucn kaum brauchbare Jurch— 
l schnitte urmitueit warden. 

Ich habe nun much die bcrcits besprochenc Gsterrcichische 
sta- 

Listik in dicscr gichtung unalysicrt. JQS Usterreichische Bun- 
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desgcbiet ist mit eincm Nctz von ungefuhr 1bCbc geoelektrischen Sondierungen Uberzogen, so dafi man die geoelektriscnen gigan- schaften der einzelnen Jcuiete einigcrmaAcn beschreiuen kann. Zunéchst kaun man zeigeu, dun die geoelektrische nomogenitét dur jfingerun geologischen rormutiunen im a1lgemcincn grd$er ist uls jene uer ulten. Die ucrcits gczeigtc Tabclic wnrdc uunn lch- ren, dab die Qlitzgefahrdung mit zunehmenuur nomogcnitfit P Lmmt was auch mit dcm Jrgcunis dur busprocncnen Lodcilversuchc Ubcr- einstimmt. Ich habe nun weitur in Qsterreich zwui Qubiete von unguffihr 50.000 Ubjckten uusguwnhlt, von dcncn nus cine ge0clek- trisch ziemlich homogen, nus andere sehr inh0mOgen ist. uie ata- tistik zeigt nun, dan in der geoeiextrisch inhomogcnen Zone 85” der Bezirke wit extrem hoher qefdhrdungsziirer (mehr als 1~,o) liegen. Jie stfirkere Uefahruung ues inhomogenen Gebietes ist also offensichtlich. Zur nrklurung wird jotzt eine Arbeitshy- pothese untersucht. Im homogenen Gcuiet ist meist auch die 
drundwasservcrteilung einc HOmU6uHU- nundwirtschuftllcue ub- 
jektc sind duhcr nicht an ucatimmtc Zoncn gcbuudcn, nu ucncn 
Nasser vorhunuen ist. Jm ulten, ;e0u1ukLriscn inhumugcucm ¢u— 
Dirge abcr ist Jusser nur ans einzelncn mnchtigcn wus5crfUhreu— 
den dpalten zu gewinnen. die lundwirtschuftlichen Ubjcktc wer- 
den daher meist in deren unmittelnuren Aéhe ungcorunet, an ja Irfiher fur den stundurt einer Landwirtschaft die mbglicnkeit, 
Jasser zu gewinnen, von gr6Lter Acdeutung war. uamit rfic¢en 
aber alle diese tbjewte aucn in G10 mane von ¢unen hoher “lita- 
gefahruung.

_ 

Jenn ich damit meine Ausffihrungun, die Kcinesacgs volistundig 
sind, abschlicfie, so wfirde ich mien wirklich frcuen, wcnn mcin 
Vortrag dazu beigetra5en hfittc, die zu Verglcicuen anzurcgen, 
die die vielleicht lhren eigenen statistiscnen Untcrsucnungen 
entnehmen kdnnen. uerade auf diesem &ebiete ist eine interna- 
tionale Lusammenarbcit notwendig, uenn uie rrobieme liegen nicht einfach. gs ware vieileicht cine uankbare Aufgabe uieser nOnf¢" 
renz, eine einheitlicne statistiscne nrfassung der olitzscnlagc 
anzustreben. '
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J. Alan Chalmers 

Durham University, England 

l. Introduction 

I think I must first apologize for intruding into this discussion 

when I have no theory of my own to put forward; if what I have to say is 

more critical of the theories that have been discussed, rather than con- 

structive suggestions of alternative theories, my excuse may be that it is 

difficult to formulate a new theory before we know what is wrong with the 

old ones. 

2. Requirements of Theorx 

Mason has given a number of facts which must be explained by a 

saiisfactory theory of thunderstorm electriYIcaL1on. However there seems 

to be one case where his remarks can be improved upon, and other require- 

ments which can be added to his list. 

Mason gives the requirement of generating current at the rate of about 

l amp. But this is the requirement just to provide the lightning flashes 

of an average storm, and to this must he added the charges which are used 

in the point-discharge current below a cloud, and the charges used in 

dissipating currents within the cloud. It is probable that a total 

generating current of 3-5 amp is a better estimate, with about l amp 

external current outside the cloud, including lightning flashes to ground, 

and 2-M amp average internal dissipating current, including lightning 

flashes within the cloud. Wormell's (1953) results show that, after a 
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flash, the potential gradient due to the cloud returns towards its previous 
value approximately exponentially, and this indicates the building-up of a 

dissipating current. 

Mason's figures refer to an average storm, but there are storms which 
are much more violent than the average, and if Mason's theory, or any other, 
is to be considered satisfactory, it must be able to account for the 

electrical phenomena in these. Vonnegut and Moore (1958) quote cases 

where there are lO—2O lightning flashes per second, as compared with 
Mason's figure of 1 in 20 seconds. Thus the lightning current must be 
100 amp or more and the charge being separated of the order of 105 C. The 
question then is whether this remains within the bounds of possibility, or 
whether some theory is required in which the relative motion of charges of 
different signs is not limited to that provided by gravitiation. 

" In nimbo-stratus clouds, the total separation of charge is approximately 
measured by the precipitation current at the ground. This seldom reaches a 

value of more than 10 10 amp/m2, so that for an area of 10 km2, corresponding 
to that of a thundercloud, the current is only about lO'3 amp, i.e. less than 
that of the thunder cloud by a factor of over 103. An acceptable theory of 4 

thunderstorm electricity must be able to explain how it is that the process ' 

concerned gives so much smaller electrical effects in the nimbo-stratus than 
in the cumulo—nimbus clouds, although, for example, the amounts of precipita- 
tion show much less difference- - 

‘

Q 

A It has been pointed out several times by Vonnegut and others that the’ 
current carried down by precipitation in the thunder cloud is never more than’ 
a small fraction of the charge separation, though most theories consider

, 

precipitation to be the mechanism by which charge is separated. Even measure- 
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5% ments within the cloud at the Zugspitze (Kuettner, 1950) show that precipita- 
IE5? 

Lion does not carry much charge. It is therefore necessary For a theory 

involving precipitation to be able to explain how the charge leaves the 

- precipitation and becomes attached to cloud droplets. 

Information available at present suggests that the external current, 

above and below the cloud, is probably less than the current of charge 

separation within the cloud and this leads to the conclusion (see Chalmers, 

i951) that the source of the charging current must be within the cloud and 

not, as in Vonnegut‘s theory, outside. 

3“ Discussion of Mason's Theory 

While Mason's theory appears to give an adequate explanation of the 

charges in a normal thunderstorm, it has yet to he shown whether it is able 
We to account for very violent storms and whether it can explain why the nimho- um.’ 4 =¢3 i, 

stratus cloud gives so much less charge generation. And the question of the 

transfer of the charge to the cloud droplets from the precipitation has not 

been discussed in detail though there may be an answer in the splashing that 

occurs at Lenmeratures close to OQC. 

The measurements of Latham and Mason (196lb) on the production of 

charge and of splinters showed good agreement with their theory considering 

the average charge per drop. But the measurements of Mason and Maybank 

(l960) and the more recent measurements of Evans and Hutchinson (1963) have 

shown that some individual drops on 1'1'~313Zir\;1] give much (qreater charges than the 

average and, in Fact, give charges which are quite considerably greater than 

- could be provided by the mechanism suggested by Latham and Mason (l96lb). 

_ 
This forms a serious difficulty for their theory. 
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It seems surprising that Latham and Mason concerned themselves with 

electrical effects of temperature differences in ice, corresponding to the 

Thomson effect in metals and did not consider electrical effects at the 

surface of melting, corresponding to the peltier effect in metals. This is 

the more surprising when it is remembered that Workman and Reynolds (1950) 

have found very large electrical effects on freezing, even though, as Brook 

points out, they themselves no longer consider this as the main agency of 

charge separation in clouds. 

Latham and Mason found that their theory of electrical effects in ice 

at different temperatures was adequate to account for the ice-impact results,‘ 

when there was no water present; they then applied the same theory to riming 

phenomena, neglecting the ice-water boundary, and found it would give enough 

charge for a thunderstorm. But surely the ice-water boundary cannot be 

neglected and there is very likely to be preferential movement of ions across 

this boundary. It may be added that the total "freezing potential" measured 

by Workman and Reynolds (1950) involves not only the ice-water interface but 

also the metal-water and metal-ice interfaces. 

h. Discnssion of Workman-Reynolds Theorie§_ - 

There is at present a very serious discrepancy between the experimental 

results for the amounts of charge separated on ice impact, the results in ' 

New Mexico (Reynolds, Brook and Gourley, l957) giving values greater by a 

factor of 105 than those in England (Latham and Mason l96la, Hutchinson, l960; 

Evans and Hutchinson, 1963). It is to be hoped that each side will attempt to 

repeat the experiments carried out on the other side. - 

The remarks made in regard to Mason's theory in respect of violent storms, 

of nimbo-stratus clouds and of the transfer of the charge to the cloud droplets 

apply also to these theories.
d 
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5. Discussion of Vonnegut’s Theory 

Some of the main arguments put forward for V0nnegut's theory seem to 

be more arguments against the theories that involve precipitation and ice. 

While Yonnegut's theory could more easily satisfy some of the conditions 

stated, such as those of the very violent storms, of the nimbo-stratus clouds 

and of the absence of much charge on precipitation, there still seem to be 

very serious difficulties in the \heory. 

it is difficult to visualise how it is that when negative charge has 

reached the base of the cloud in the down-draught, and there attracts 

positive charge produced by point discharge, it is the positive, rather 

than the negative charge which gets into the up-draught. Similarly, how 

is it that; when positive charge gets to the top QT The Cloud, it is DOE 

this charge but negative from above which gets into the down-draught? N0 

answer can be comtemplaled in terms of the attachment of the charges LO
i 

cloud iroplets or precipitaticn particles, since this would again lead to 

differential motion under gravitation and a return of the problems that 

the theory is trying to avoid. 

Alsn VonneguL‘s iheory is in cpyosition to the results discussed above 

regarding inicrnal and external currents. 

(’\ . 1'55 T.f1'1"H!S 

It seems that the question of warm thunderstorms is a very vital one. 

If it can he confirmed that these do exist and do give the same separation 

of charge as normal thundcrsicrms, then this does seem to give a serious 

blow to those vheories that involve ice as a necessary agent in the generation 

of thunderstorm charge. if, however, it should turn out that the polarity of 

a warm ihUfid€fSTOFm is opposite to that of the normal thunderstorm, this 

might he explained as due to the same process as is normally concerned in 
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the production of the lower positive chargey but acting with sufficient 

effect to produce lightning» 

T. Conclusions 

While there may be substance in some of the arguments against 

precipitation being the mechanism by which charge is separated in clouds, 

it does not seem that Yonnegut‘s theory is wholly satisfactory and up to 

the present there has been no oiher reasonable alternative, and we are left 

with a choice of theories, none of which appears quite satisfactory. 

What appears to be required is a theory which might involve ice, but 

in which The separation in space is achieved not by gravitiation but by some 

other agency. As a tentative suggestion, could there be some sort of 

centrifugal action in the main up-draught, where the electrification process 

occurs, flinging the heavier, negatively charged particles out of the up- 

draught while retaining the smaller positively charges particles to move up- 

wards, giving a speed of u€purutiOn much greater than the differential speed 

under gravity, und hence requiring u smaller conLenL of charge in the cloud. 

The postulation of the up-draught would explain the absence of effects of 

such magnitude in the nimbo-stratus cloud, and allow of larger currents with 

very intense up-draughts. The effect need not be thought of as centrifugal 

action on a large scale, but rather as The throwing off sideways of the 

heavier particles by the turbulence that occurs in the up-draught. It does 

not seem that enough is yet known about the motion in the up-draught to be 

able to make any calculations to put this suggestion to the test. 
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RELATIONS BETWEEN LIGHTNING DISCHARGES AND DIFFERENT 

TYPES OF MUSICAL ATMOSPHERICS 

by 

Harald Norinder 
University of Uppsala 

1. ' Introduction 
- when observing atmospherics at very low and audible frequencies by 

the use of a special amplifier, different types of musical (tonal) quali- 

ty are heard. One type is classified as a usual whistler characterized 

by a steadily decreasing whistling tone from the upper limit of hearing 

and downwards with a frequency which falls first rapidly and then more 

slowly. Unusual musical atmospherics are characterized by irregular and 

shifting frequency variations. 
The first to detect usual whistlers with an amplification set was 

Barkhausen (1) in 1918, and he alleged that the whistlers had connections 

with meteorological phenomena on warm summer days. In 1930 Barkhausen (2) 
indicated lightning discharges as a source of whistlers. 

The first theoretical analysis of whistlers was made in 1925 by 
Eckersley (3). No information was presented of relations between light- 

ning flashes and whistlers, and in 1929 he and Chapman (4) co-ordinated 

whistlers with powerful heard atmospherics. hater, Eckersley (5) cites 

relations observed between visitle nocturnal individual lightning flashes 

and whistlers. Early investigations of whistlers were also carried out by 

Burton and Boardman (6). In Storey's (7) well as experimentally as theo- 

retically comprehensive work a connection is assumed between atmospheric: 

from lightning discharges and whistlers caused by them. 
The theoretical investigations of whistlers stimulated extended ex- 

perimental observations and have obviously influenced the comprehensive 
observation program of whistlers carried out in North America during the 
International Geophysical Year (1957-58). The main objective of this pro- 

gram was to record whistlers on a number of synoptically situated sta- 

tions in North America. Magnetic tape recorders were used and the record- 

ing periods were not less than two minutes each hour round the clock. 

i ' ’ 
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2- Nekivetiee ferrovhiekleerr ieveetriaerlieee eiesvedee 
The lGY program did not include any particular investigations of 

lightning discharges which caused whistlers. Therefore it seemed to be 
of special value to start whistler investigations in Sweden. To some ex- 
tent they could be considered as a complement to the mentioned IGY pro- 
gram. The aim of the new project was to analyse the relations between and 
the variation features of those individual lightning discharges which 
caused whistlers. 

With its northern latitudes Sweden seemed to be well situated for 
whistler investigations. A special circumstance facilitated such a pro- 
ject. For the past few years a number of field stations outside Uppsala 
had been used and operated for simultaneous analysis of electromagnetic 
field variations of lightning discharges. Some of the results are given 
in the following publications (e-11). 

A number of recording cathode-ray oscillographs and direction finders 
were at hand. Therefore the new investigation project only necessitated 
the construction of special whistler recorders. 

Results obtained in the project will in brief be presented here; 
details are given in a number of publications (1?-18). 

3. Observation stationiieguipmentl method of observation and supervision 
In order to avoid man—made noise the whistler station was placed 

77 km east of Uppsala. The geomagnetic coordinates are f 58°4,,4_107°O. 
The following instruments were used: 

(a) Whistler recording equipment, 
(b) CRO recorder for lightning discharges and sferics wave-forms, 
(c) CHO recorder of multiple lightning strokes, 
(<1) Direction finders of CHO type, 
(e) Sonagraph frequency analyser, 
(f) Harmonic frequency analyser. 

The observation of whistler activities was done continuously at the 
station during the summer months June-August. There was a special reason 
for the concentration of the work during these months. It is wel1—known 
that the general occurrence of whistler activity is lower in summer, but 
on the other hand, it is only during this season that it is really pos- 
sible in Sweden to observe thunderstorm activities at such distances as 

5 , ,. , e o serva ion an supervision 
program was carried out during the day, in 1959 both night and day, and 

are necessary for a correlation with whistler phenomena 
Durin two seasons 19§R ano 1960 th b t d 
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2. hotivation for_whistler investigations in_Sweden 

The lGY program did not include any particular investigations of 
lightning discharges which caused whistlers. Therefore it seemed to be 
of special value to start whistler investigations in Sweden. To some ex— . 

tent they could be considered as a complement to the mentioned IGY pro- 
gram. The aim of the new project was to analyse the relations between and 
the variation features of those individual lightning discharges which 
caused whistlers. 

With its northern latitudes Sweden seemed to be well situated for 
whistler investigations. A special circumstance facilitated such a pro- 
ject. For the past few years a number of field stations outside Uppsala 
had been used and operated for simultaneous analysis of electromagnetic 
field variations of lightning discharges. Some of the results are given 
in the following publications (8-11). 

A number of recording cathode—ray osoillographs and direction finders 
were at hand. Therefore the new investigation project only necessitated 
the construction of special whistler recorders. 

Results obtained in the project will in brief be presented here; 
details are given in a number of publications (12-18). 

3- Observation station, equipment} method of observation and supervision 
In order to avoid man—made noise the whistler station was placed 

17 km east of Uppsala. The geomagnetic coordinates are Q 58°4,,Ag107°O. 
The following instruments were used: 

(a) Whistler recording equipment, 
(b) CRO recorder for lightning discharges and sferics wave-forms, 
(0) CHO recorder of multiple lightning strokes, 
(d) Direction finders of CRO type, 
(e) Sonagraph frequency analyser, 
(f) Harmonic frequency analyser.

4 

The observation of whistler activities was done continuously at the 
station during the summer months June-August. There was a special reason 
for the concentration of the work during these months. It is well-known 
that the general occurrence of whistler activity is lower in summer, but 
on the other hand, it is only during this season that it is really pos- 
sible in Sweden to observe thunderstorm activities at such distances as 
are necessary for a correlation with whistler phenomena.

_ 

g 

During two seasons, 1958 and 1960, the observation and supervision 
program was carried out during the day, in 1959 both night and day, and 
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1n 1961 only at nzght 
The supervlslon was carr1en out 1n such a way that the thunderstorm 

actlvltles were observed for 10 m1nutes every half hour Slmultaneously 
the occurrence of whlstler aotzvlty was checked and detalled notes of the 
sltuatlons were made Such notes formed the basls for the comprehension 
of the development of whlstler sltuatlons 

flhen a whistler act1v1ty was ascertalned, the observer elther extend- 
ed the contlnual observatlon or, 1f the whlstler lntenslty seemed hlgh 
enough, started a full recordlng procedure Thls meant that all the men- 
tloned apparatus were set lnto contlnual operatlon untll the actlvlty 
d1sappeared In th1s way the fol1ow1ng data were obtalned 1 the geo- 
graphloal posltlon of the occaslonal llghtnlng dlscharges, (2 the wave- 
forms of the produced atmospher1cs, 3 multlple l1ghtn1ng strokes, thelr 
lntervals and tlme sequences, and (4 tape recordzngs of whlstlers. These 
data w1ll obvlously make pO381bl€ a rather detalled analysls 

4 Observatlons of local 1lbhtn1ng_paths_produc1ng_whlstlers 

es 1ga 1ons 1n 1956, an 
- attempt was made to determlne what d1reot1on of liphtnzng oaths was fol- E‘ 

lowed by whastlers, e g 1f they were only llnked to vertlcal l1ghtn1ng 
vat s or to those 1n other d1rect1ons Th1s was s1n 

At the very beg1nn1ng of the ahlstler 1nv t t 

gly pOSS1b18 by s1mul- 
taneous local observatlons of laghtnlng paths and whlstlers Earller d1- 
rect observat ons from other loca11t1es WhlCh mlght have answered th1s 
problem were not at hand 

Comprehenslve measurements oi llghtnlng dlscharges coublned wlth 
dayl1ght pnotopraphs of llrhtnlng paths durlng the thunderstorm season 
of 1956, when three fleld stat1ons were s1mu1taneous1y operatlng ln the 
v1c1n1ty of the ahlstlez statlon, dld not result 1n any slmultaneous ob 
servatlons On the other hand, 1n 1957, operat1ons of the three statlons 
resulted 1n the most comprehenslve number ol local thunderstorm and 11g - 
nlng flashes ever obtalned More than 100 dayl1ght photographs and 600 
cathode—ray osclllographlc records were obtaaned In spzte of the great number of l1ghtn1ng dlscharges w1th1n the area 1n the numerous thunder- 
storms durlng the season, we succeeded only durlng a slngle day 1n con- 
flrmlng that certaln llghtnlng dlscharges were accompanled by whlstlers 
Thls constltutes a glarlng and permanent proof of how rare and hazardous 
the condltlons must be for whlstlers to develop w1th1n a thunderstorm 
area There must, consequently, be speclal pre-requ1s1te condltlons 1n 
the thunder atmosphere and 1n the layers exlstlng outslde 1n space for 
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" lightning discharge to give rise to whistlers. 
The mentioned occasion during the 1957 thunderstorm season when two 

local thunderstorms were accompanied by whistlers occurred on August 6, with the first thunderstorm between 15.0? and 15.57. In one case it was possible to obtain a daylight picture (see Fig. 1) of a vertical light- ning flash which according to simultaneous observations at the whistler 
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station gave rise to a whistler. The distance from the station to the flash was 18 kilometres. The small distance of the stroke from one of the csoillographic recording stations allowed a calculation of the current in the path which reached a peak value of 7 kiloamperes. A second thunder- storm arrived at 19.15 on the same day. For half an hour the author was able to observe a number of typically vertical lightning paths which were all followed by whistlers. Observations based on the author's forty years’ experience of studying lightning discharges characterized the thunderstorm 
~ observed as having an extraordinary and copious occurrence of vertical lightning strokes. Through the investigations of these two thunderstorms, 
it has accordingly been established that local vertical lightning paths generate whistlers. Oscillograms from the lightning stroke of Fig. 1 show to full evidence that negative charge was transported in the channel to the ground. The results obtained of the dominant role of vertical light- ning strokes is quite in agreement with the current—jet hypothesis of whistler generation by Hoffman (19). 
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5. Occurrence of whistlers ' 

It has been found that whistlers occur in groups during periods of 
time lasting up to several hours. Between these periods, whistlers are 
entirely absent. On going through the routine observations carried out 
every half hour no occasion occurred when the observer only heard isolat— 
ed whistlers. During these periods are observed either cases in which no 
whistlers at all occur, or else cases in which groups of whistlers occur. 
Such situations as are characterized by activity as regards whistlers 
have therefore been designated throughout as "whistler situations". A 
typical survey of a whistler situation during an observation period of 
46 days is exemplified in Fig. 2.
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Fig. 2. General survey of whistler situations. 

The following general conclusions can be drawn: 
(1) Whistlers occur in great numbers during shorter periods of time bet- 

ween which there is a total cessation - this may extend over hours, 
days, and, in isolated cases, even weeks. ' 

(2) Several whistler situations often occur on the same day or on conse- 
cutive days. < 

. 

y A 

(3) A cessation of whistler activity cannot be connected with a general 
cessation of thunder activity. - 

- 

_ _ 

Through the investigation of whistlers and their occurrence carried 
out as described above, it is confirmed that, in addition to lightning 
discharges, there are certain other required, locally manifested, geo- 
physical conditions which are necessary if whistlers are to be generated 
at all. '

A 

6. §ynogtic direction-finder observations related to whistlers
_ 

By the use of a direction finder in combination with records of 
c 1 whistlers, it is obviously possible to obtain and follow synoptical si- 
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vtuations of whistler activities. It has been found that a thunderstormfv 
region located in one direction can be accompanied by whistlers while 
another simultaneous thunderstorm located at the same or at other-die-_ 
tances and in other directions may or may not produce whistlers simulta- 
neously. It is possible to illustrate such varying situations-by_the use 
of a graphic reproduction in which suitable circles provided with time 
and distance indications are used. Thunderstorms are marked in the sec- 
tors in such a way that no blackening represents no whistlers, half_ 
blackening an average number of whistlers, and full blackening a‘high' . 

number. The graphical method is e.g. illustrated according to direction 
finder observations of an interesting thunderstorm situation on 28[7/S8 
reproduced in Fig. 3. Two marked thunderstorm centres exist partly over 
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i Fig. 3. Map with thunder- s____ 
_ 50om“' storm regions related to 

I 
“-“-t-***"“ whistlers 

north-east Sweden and partly over the Gulf of Finland. The development 
of whistlers in these two thunderstorms during the course of the day is 
apparent from the graphic survey of Fig. 4. In this, very weak whistlers 
may be noted from both the thunderstorms during the observation period 
of 13.00. At 13.30 weak whistlers started at the centre in Sweden, and 
stronger whistlers which were very marked for both centres during 14.00- 
14.4O started at the centre in Finland. The whistlers' intensities de- 
creased for both centres at 15.00 and ceased after 15.30. 

According to directicn—finder observations three thunderstorm areas 
appeared on 7/9/59 (see Fig. 5), one situated in southern Sweden, one in 
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Fig. 5. Three simultaneous thunderstorms of which only one, 
located in 

Finland, was followed by whistlers. 

Fig. 6. An extensive thunderstorm front in which whistlers were 
produced 

and located only in the regions of the Ukraine. 

central Finland and one in the Ukraine. The thunderstorm 
area in southern 

Sweden was very intense but in spite of that it yielded no 
whistlers. On- 

ly the arflh in Finland gave whistlers, whilst they 
failed to appear at 

all from the area in the Ukraine. V 

A particularly interesting case occurred in the night of 
19-20/7/59. 

As shown on the map in Fig. 6, there appeared a very 
extensive thunder- 

storm front which stretched from nothern Germany through 
Poland and the 

Ukraine down to the Crimea. The deflection of the direction 
finder alter- 
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nated between 15°C and up to 190°. The closest flashes which were accom- 
panied by the greatest amplitudes, were located in northern Germany at a 
distance of 600 km. These lightning discharges were not followed by any. 
whistlers. On the other hand, lightning discharges located in areas in

i 

the Ukraine at ca. 1300-1700 km and with small field deflections at the 
Uppsala station, yielded clear whistlers. 

Investigations carried out hitherto with the aid of direction find- 
ers cannot result in an accurate determination of the local positions 
within a thunderstorm area where lightning discharges accompanied by 
whistlers occur. This task is by no means easy but a solution is possible 
through the improvement of instrumental equipment. As follows from the 
foregoing, it is almost hopeless to draw conclusions by means of oscillo- 
graphic analysis of local lightning discharges. This depends in the first 
place on the hazardous occurrence of whistlers. Through the development 
of a special direction finder system for locating whistlers this problem 
will obviously be nearer a solution. 

7. Atmospherics producing whistlers 
As has already been pointed out, the activity of whistlers will be 

associated with a limited region in the thunderstorm. It is evident in 
this respect that not all lightning discharges indicated by atmospherics 
give rise to whistlers. In this respect a manifest difference is found 
within different whistler situations. One day, for example, the number of 
observed atmospherics with subsequent whistlers amounted to 85 % of the 
total recorded atmcspherics during an interval of 5 minutes. On other 
days the corresponding number may only amount to 10 % in spite of the 
fact that the lightning discharges emanated from the same area. 

It is of special interest to illustrate how the relation between 
atmospherics, with or without subsequent whistlers, changes if an inten- 
sive whistler situation appears. Such a typical situation developed on 
28/6/58 and lasted for two hours. On account of the high intensity level 
of whistlers that day continuous recording was started and allowed a per- 
centage distribution of atmospherics with or without subsequent whistlers 
during every S-minute interval. The result is given in Fig. 7, where fill- 
ed piles represent atmospherics with subsequent whistlers and empty piles 
atmospherics without subsequent whistlers. The variability of occurrence 
of whistlers is rather striking. ' 

It is evident that employing the direction finding procedure in the 
study of lightning discharges simultaneously combined with accompanied 
whistlers is of greatest value if correlation is to be shown between the 
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Fig. 7. Atmospherics productive of whistlers versus non—productive. ' 

two phenomena. In the first place the method of analysis can be carried 
out after the following principles: 
1. Comparison between the crest values of the electric field force of the 

atmospherics.
4 

2. Comparison between the wave-forms of atmospherics. 
3. Investigation by harmonic analysis. 

8. Electric_field variations of atmospherics in relation to whistlers ' 

_ 

When it is a question of a comparison between the crest values of " 
the electric field force of atmospherics, whether followed by whistlers-~ 
or not, the whistler situation reproduced in Fig. 7 is especially valu-

, 

\ . 

able. It affords valuable material for comparison of the phases of dove-' 
lopment following on each other in whistler situations; The field force 
strength values have been directly determined by measurements from the 
original oscillograms in such a way that the values represent the high- 
est amplitude difference between the two polarities. ‘

l 

The measured field strength values are, for a whistler situation on 
28/6/58, graphically reproduced in Fig. 8, where 5 indicates the first_;' 
period (79 observations) and 2 the second (119 observations). The field ; 

strength in volts/metre accompanied by whistlers is represented by fill-_ 
ed circles and that without whistlers by empty circles. During the first 
half-hour of the whistler situation about 30 % of all oscillographic re- 
cordings gave subsequent whistlers within the actual sector fixed by the 
direction finder. During a later period 85 % gave subsequent whistlers. 
There is in Fig. 8 a very clear tendency to be seen for the relation of 
the field strength values to whistlers. In the area of the lowest field ' 

strength values atmospherics are not accompanied by whistlers. In a ' 

central area of the scale, atmospherics occur with or without whistlers. 
At the higher values on the scale all atmospherics are accompanied by - 
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related to whistlers. ” 

Investigations on other whistler situations resulted in similar re- 
lations as obtained in Fig. 8. Another example of a characteristic situa- 
tion from 2?/6/58 is given in Fig. 9. The predominant occurrence of atmos 
pherics producing whistlers at the groups of higher field-force values 
might to some extent be related to intensified current variations in the 
whistler-generating lightning discharges as compared with those lacking 
vhistlers. 

This indicates that the ionization in the channels when whistlers 
are produced has higher intensity values than in cases where no whistlers 
are produced. This fact is related to the typical preponderance of gene- 
rating whistlers which, as will be demonstrated later, is characteristic 
of multiple lightning strokes. Another circumstance is related to the de- 
pendence cf the transmission coefficient of the ionosphere in the very 
low frequency band from 1 to 5 kc, Wait (20, 21). As will be demonstrat— 
ed further on, the frequencies around 5 kc are characteristic of light- 
ning discharges followed by whistlers, and this must facilitate the 
entrance of the sferic signal through the ionosphere. 

u . 
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9. Wave-forms of atmospherics with or without whistlers 

Evidently an attempt must be made to try to trace the characteristic 
variational quality factor in the lightning discharge which forms the pre- 

requisite conditions for development of whistlers in a thunderstorm region. 
This problem will be treated by analysis of the oscillographic recordings 
of the atmospherics. During the 1958 observation period nearly 700 oscil- 
lograms of atmospherics have been recorded from whistler situations. Due 

to the large number of oscillograms at hand, it appeared especially suit- 
able to divide up the plottable material by the use of the amplitude va- 
lues of the field strength in conjunction with Figs. 8-9. In doing so 
three characteristic groups of amplitude variations of oscillograms from 
atmospherics were obtained: V 

(1) Oscillograms of atmospherics not producing whistlers. 
(2) Oscillograms producing and not producing whistlers. 
(3) Osoillograms of only atmospherics which produced whistlers. 

As it is a question of comparison, the suitable group is the one 
which contains atmospherics both producing and not producing whistlers. 
According to Fig 9 there is such a group from a thunderstorm centre with 

ii? bearing between 400 and 65°_and a mean distance of 450-600 km. 

.m. 
:§. 

Within this observation area a 
V/m ' 

21 195a . . M‘ “"' 
_ 

number of atmospherics not producing 
fi?¢¢f*w'FT\”>>s whistlers were received and are il- 

, 
KVQAIJ zwauwu lustrated in Fig. 10. The oscillograms 

r show typically irregular variational 
-__._._.¢_.__A 

_m§ forms, where particularly regular fre- 
Q} quencies are absent. Another very im-

I 

5 _ portant feature is that the atmosphe- 
-¥——v 

E‘ “fK"F//d/ 2v‘T“‘ rics have in common the fact that they 
1

i 

1 
. have been generated by single light- 

-u3§ ning strokes, which means one must 
Q1; 

5 M . reckon with high resistance in the
\ 

%~‘--~fi:rHW¥3>>—~—~-—-~ lightning path. ' 

E 
/lfll 2o"23“ 59‘ » 

_ _ _ ' 
g 

- From our investigations in other 

_m_ 
* connections it has been found by spo- 

M; _ 
cial oscillographic analysis (22) that 

~_ J 

*\§§ t 

! H lightning discharges without multiple l/“W"””””gVe“'"'"””"“"m 
. . 

z 
m"m“%* channels, as compared with multiple -1 

"Win xmws ones occur only in 10 to 15 % of all 

Fig. 10. Oscillograms of atmospherics not followed by whistlers. 
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lightning discharges.
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_ _ Fig. 11. Oscillogrums of atmospherics followed by whistlers. . 

R. 

In Fig. 11 a number of whistler-producing atnospherics from the ob- 
servation area are illustrated; Except in the initial stages these atmos- 
nherics are characterized by such very regular variational forms that 
they can, without further consideration, be designated as wave—forms, 
where the frequencies most nearly correspond to 5 kilocycles or to bands 
nearest this frequency. 

The oscillograms reproduced in Fig. 11 are characterized by multiple 
discharges obtained by the method given in reference_(11). The time inter- 
vals between the multiple discharges are given in milliseconds. In an 
oscillograu not reproduced in Fig. 11, only one single discharge was ob- 
tained with the same characteristic variational forms as given in that 
figure. Moreover, it is not out of the question that sometimes multiple 
strokes occur which do not appear in the recording because of their low 
amplitudes. 

Multiple discharges which occur very often in the lightning path 
presuppose increased ionisation over that produced by single discharges 
both in the path and in the spaces within the thunderstorm atmosphere 
from which the large quantities of electric charges transformed into the 
the lightning discharges are fed. The consequence on the whole must be a 
smaller resistance in the lightning path than in the oases where the burst
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is characterized only by a single path. 
This marked difference explains why only high-energy sferics appear 

capable of generating sferics, a fact thoroughly discussed by Hoffman 
(10). 

10. Harmonic analysis of atmospherics with and without whistlers 
In different connections, the necessary preponderance of frequencies 

around 5 kc has been mentioned as linked to the generation of whistlers. 
From this point of view it is obviously of special importance to compare 
the harmonic spectrum of lightning discharges followed by whistlers with 
that of discharges without whistlers. An indispensable condition for a 
comparison is that the lightning discharges occur during the same record- 
ing period and not very apart in time. This condition is very well ful- 
filled by an analysis of the oscillograms in Figs. 12-14.
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Results of the harmonic analysis in these figures, where § repre- sents oscillograms of atmospherics not followed by whistlers, and Q oscillograms of atmospherics followed by whistlers. The harmonic analysis shows a striking predominance of frequencies in the region 5 to 8 kc for atmospherics followed by whistlers. Similar results have been obtained for other oscillograms in the same scale region of the field force. From the comparative analysis it follows that lightning discharges are follow- ed by whistlers when the discharge contains a frequency distribution with- in the low frequency band as exemplified above. Evidently, a more exten- __i___ 
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ed by whistlers, A, followed by whistlers, B. 

__ 
sive comparative analysis is necessary, and such an analysis is already 

parison confirms agreement with what has already been shown in the above 
mentioned limited investigation. 
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igf in preparation. A look at obtained frequency spectra of the extended com—



15 

1.1. Relations between multiple lightnin5_discharges and multiple whistlers 

In the previous discussion it was remarked that a lightning only fol- 
lowed by a single discharge does not in general produce whistlers. From 
our observations only about 10-15 % of all lightning strokes consist of 
a single discharge in the path. The reverse is very often true of mul— 
tiple discharges in the path, and this difference is partially ascribed 
to the supposed higher ionisation in the paths of multiple discharges. 
Certainly it would be of special interest to examine more closely the 
occurrence of time differences of multiple whistlers passing in the same 
lightning channel. This is possible by frequency—time analysis using a 
suitable sound-spectrograph. For this purpose a Sonagraph of the Kay 
Electric Co design is especially well fitted. By the use of a narrow 
band filter and a heterodyne oscillator a record is obtained on a sensi- 
tized paper, a so-called sonagram. The frequency is given along the y- 
axis and the time along the x—u1is. For multiple whistlers the time in- 
tervals are obtained on the sonagram. The only inconvenience is certain 
time uncertainties in the records of the sonagrams. This explains the 
time differences in intervals obtained by another more exact method. 

An examination of the time intervals related to multiple whistlers 
can also in an exact way be obtained by simultaneous records on two ca- 
thode ray oscillographs (11, 22). The procedure allows a determination 
of the variational forms of successive discharges in the same channel 
here previously shown. It was also possible to obtain exactly, by cathode 
ray analysis, the time intervals between successive discharges in the

_ 

channel. A comparative analysis of the time intervals of multiple whist-' 
lers is therefore possible. . 
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Fig. 15. Sonagram of a single whistler produced by a 
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single lightning discharge in the channel. 
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In Fig. 15 is reproduced a typical sonagram of a whistler emitted ‘w 

from a lightning discharge which gives no indication by the oscillogram R 

of more than one discharge having passed in the channel. .
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Fig. 16. Oscillogram of 3 multiple lightning dis- 
charges in the channel.
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Fig. 17. Sonagram of 3 whistlers produced by multiple 
discharges in Fig. 16. Only 2 of the whist- 

lers definitely visible. 
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An interesting case of a multiple-whistler situation is reproduced - 
w;w_ 

(' 

:1“ with oscillogram in Fig. 16 and with sonagram in Fig. 17. The differen- 
ces in milliseconds between the oscillographed intervals of the discharges \ 

i~"".‘.fZ‘5‘.€‘.‘ 

r 

_<-.'...:"_-\.~

a 

and the intervals in the sonagrams are ascribed to the mentioned uncer- ii 

tainty in time of the Sonagraph. Noteworthy is the long time intervals i* 

between the two discharges as compared with the third. 
L‘ 

A contrary situation with more concentrated intervals are given in r -x 
..;

. 

:5,’ 

Figs. 18-19. The oscillogram shows 5 multiple discharges. Between two of 
them a very long time difference occurs as compared with the rest. A very 
dense accumulation of whistlers is shown in Fig. 20. This variation can < 

1;. 
g->1 

‘1 

,'~ 

be considered as a transition to the special variational type of c0ndens— " 

ed whistlers which is a typical transition to the form which has been ' 
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Fig. 18. Oscillogram of multiple lightning discharges with the first interval very long as compared with the following ones. 
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called a swish shown in 5. 21.
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The haphazard occurrence of whistlers in local thunderstorms has up to now prevented the observance either vizually or by daylight photographs of lightninv strokes ‘Follow b v - l ed y whistlers in separate channels. Neverthe- less we have during two thunderstorm seasons (10, tions which in several cases show locally separated lightning strokes where the first has initiated the following ones. All strokes were bound 
eriods not exceeding 2 seconds. The occurrence of such locally separated lightning strokes can be accepted as indirect evi- dence that whistl 
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separate propagation ducts. This opinion is supported by daylight photo- 
graphs obtained in an earlier investigation (23). 
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Fig. 21. Sonagram of a swish caused by 7 lightning 
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12. Unusual musical gatmosphericsandptheir relations to ligh;tni_nggdis; 
charges 

In the foregoing, musical atmospherics of the usual whistler type 
have been discussed. Different aural observations have shown that aside 
from usual whistlers other variational forms of musical atmospherics occur 
in great variety, a fact which becomes much more evident when whistler 
time-variations are resolved cf '4 a sound spectrograph. When in the follow- 
ing "variational type of whistlers" is used, it is neant the frequency- 
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time variational type of musical whistlers obtained on sonagrams. Such 
unusual musical whistlers have received several suggestive names more or 
less well defined. Some of the most frequent are tweeks, single or mul- 
tiple risers, hooks, constant frequency type, step type and combined types 
of some of the above mentioned. ‘ 

As far as is known it has up to now only been possible to find a cor- 
relation between lightning discharges and usual whistlers and between 
lightning discharges and tweeks. It has been found to be of special inte- 
rest to try to extend investigations of possible relations between light- 
ning discharges and the quoted irregular variational types of unusual mu- 
sical atmospherics. 

In a publication (17) it was shown that several of the variational 
forms of musical atmospherics occur mainly in the day time. During the 
two thunderstorm seasons of 1958 and 1960 day-time observations of un- 
usual musical atmospherics were carried out at the whistler station and 
about 700 individual observations that could be used as a basis for a 
special analysis (18) were obtained.

u 

To this end during applied recording periods, continuous observations 
were carried out of the simultaneous occurrence of lightning discharges 
by means of the CRO direction finder and of musical atmospherics by the 
whistler-receiving set. Just as a whistler was taped, it was observed and 
noted if a correlation did or did not exist with a practically simulta- 
neously recorded lightning discharge on the direction finder. A similar 
method applied in more southern latitudes with a comparatively high thun- 
derstorm activity would no doubt lead to unreliable results. Because of

_ 

the simultaneous occurrence of a considerable number of lightning dis- 
charges it would lead to some difficulties to correlate a musical atmos- 
pheric with an observed individual lightning discharge. Owing to the oom- 
paratively low thunderstorm activity on the latitude of the station it 
was easy to determine the correlation. Occasionally it happened that a 
limited thunderstorm area could be used for observation of the correla- 
tion for a period of up to 1-2 hours. During such a situation all musical 
atmospherics without exception were found with correlation. In another 
limited thunderstorm situation not one of the musical atmospherics was j 

observed as correlated. To some extent this difference can be explained 
in such a way that only a limited part of the thunderstorm area had ne- 
cessary conditions favourable for production of musical atmospherics. 

The explanation for the occurrence of similar variational types of 
correlated musical atmospherics versus not correlated ones will be dis- 
cussed later on. In the following examples of the variational types ob- 
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26-27, and in Fig. 28 there are exemplified multiple hooks with correla- 
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Fig. 28. Multiple hook variational types , correlated. 
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A nearly constant frequency variational type with or without corre- 
lation is reproduced in Figs. TU ~o -30. A comparatively irregular variation 
al type of frequency is reproduced in 31- - with or without corre- 
lations. Multiple step variational types not correlated are given in 

'1: $4- 0'.‘ 'J> O \u ’\.) 

Fig. 33, and in Figs. 34-35 single step variational types with or with- 
out correlation. Sonetimes combinations of types were obtained, e.g. one 
or two risers preceding usual whistlers both correlated as exemplified 
in Figs. 36- L0 ~o 
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Q? 13. §pecial remarks of variational forms of unusual musical atmospherics. fjg 
‘ The musical atmospberics of unusual types illustrated by Figs. 22-37 Ififi show plainly the most shifting variational aspects and forms. The conc1u- fl? sion must be that within the thunderstorm atmosphere there exist some ve- 5}? 

Ahf ry complicated, special modes of generation of unusual musical atmosphe- E"
_ 

1. 

aim rics. A theoretical explanation of the phenomena will for this reason re- $3 
*.,. il* quire a more extended experimental analysis than has been obtained by the gal results presented here. It can only be confirmed that a theoretical treat- §M% ment of the phenomena will be considerably more intricate compared with gig what was valid for musical atmospherics of the usual type. 
gal It is especially striking that the analysed unusual musical &tm0s- gig pherics with or without correlation result in a conspicuous conformity §§§ in their characteristic variational forms. This shows that the unusual $53 musical atmospherics originate from the same typo of sources within the ;;g thunderstorm atmosphere. The conclusion is near at hand that the non— it? correlated musical atmospherics are also caused by lightning discharges. §t¥ 

.11‘-1.. The problem that non-correlated musical atmospherics have also been do 
i'_:.'|I caused by lightning discharges without having been recorded as correlat- wfg 
'31}; ed hes its explanation in the limitations of the equipment used with re- §§§ gard to distance sensitivity. For determination and recording of wave— fill 
‘I H 
:»:.~"..! forms have been used CHO recorders and for the determination of the dis- Zfifi tances CRO direction finders. The acceptable distances for an accurate 

$_ determination were estimated to be 2000 km at best. It seems quite ac— i%% es; ceptable that musical atmospherics beyond that distance have sufficient Q? propagation to reach the observation station and to be observed and re- QE 
5:511?! corded there as not correlated. °'“ 
‘r. ’1,1._ Anotner explanation of the existence of non—correlated musical at— *“ 
~2- 
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mospherics within the sensitivity limit of the station is possible. In a ’fiI§ 
1.1,: 

thunderstorm region lightning discharges might occur producing musical 
'#g 

.9 

atmospherics characterized by effective propagation qualities. On the gig 

other hand, in spite of their location within the sensitivity limit of 
5&3m 

the station, lightning discharges have sometimes insufficient propaga- Qifi 
F.?§f 
i"'§C~I?? 

tion effectivity to reach the station. This can very well explain why in ,4 

; 
"r . 

special situations musical atmospherics have not been correlated.
; 

» 
x I, 

I. 

Summazz I 

\'§:‘.'.1 

A station for analysis of relations between lightning discharges pg 
,

. 

f~u 
HZ"? 
C. '5‘-I 
:<_ 1.. and musical atmospherics of usual (whistler) and unusual variational 

forms has been operated for some years near Uppsala. he 
Recording cathode-ray oscillographs were used for the analysis of lg 

the lightning discharges whose relations to musical atmospherics were Y} 
1‘

I 

LI: J 

investigated. Cathode-ray oscillographic direction finders placed at two 
~. . 

stations with suitable distances between them made it possible to deter— fig 
>=..'.i1. 

mine the sources of the lightning discharges investigated. 

Through comparative harmonic analyses it was shown that lightning gs 
>4. 

discharges producing musical atmospherics of the usual type — whistlers 
— §§h 

l§;.\ 

were characterized by a preponderance of frequencies around S-8 kc. Mul- n 
I! 

1,12‘- 

tiple lightning discharges were found to be followed by multiple whist- _fi 
I2‘; 

lers. § 
re? 

The recording method of the station allowed also of an investigation 
’ Q

H 

unusual and irregular variational forms. It was found that out of 700 Y 
of correlations between lightning discharges and musical atmospherics of

J 
__.........- 

-...u-can-mwpsva-§:ff,“;3§; 

unusual musical atmospherics about 70 % were correlated to lightning dis- 

charges and about 30 % were not. The striking variational resemblance 

between correlated and non-correlated short-time variational types of un- 

usual musicnl atmospherics indicated that the non-correlated variational 

types must also emanate from lightning discharges. I 
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/§' ~-f grghlems of Fair Weather Electricityi_Introducing_Remarks. 
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' 

by H. Israel, Aachen 4 

/“L-' ‘ _ ._,. -'- 
_ 

.
‘ 

‘v -‘:1 :1“, '
- 

§§Qlf$5$Introduction 1‘-E I >_~ 
‘ 

-' 
> 

-V 
_ _

- 

@;§*1;It is a task of our conference to rev iew our knowledge and to recome 
T fimendifurt 

l 
l I l 

her investigations on the different branches _ _ of atmospheric
_ 

1c electricity. - _i1
‘ 

_ _Q("FwE") I have the feeling that s 

p _p When I try to do this for the field of the "Fair Weather Electricity" 
ome of you may think: 

I " Why still FWE? This is overdone! Moreover the results
r in this field are so complex and so contradictory that 

it seems senseless to continue! 
_ 

, But as scientists, I believe we should hesitate to u se such an argu- 
ment or to resign in view of difficulties. Besides there are quite dif~ 
ferent opinions concerning this question. 
rcritically the today's situation of the FWE. 

Therefore let us examine 

The conception of "FWE" was the result of the old custom to consider 
only the fair weather values. These data seemed to be easier to explain 
than phenomena connected with disturbed weather. Today rather the oppo- 
site is true as we may see, e.g., when we look on the program of the pres» 
ent conference. ~ 

The division of the atmospheric electricity in the two parts; namely, 
the FWE and the "Disturbed-Weather Electricity," was Justified afterwards 
by the dynamic conception of the atmospheric electricity: We have to 
distinguish generation ~ that is the dist urbed weather electricity, or 
more precisely, the thunderstorm electricity, where the charges are separ- 
ated - and consumption - even the FWE, where the separated charges will be 
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neutralized. So the two parts are connected together very closely, having 
the same importance in the explanation of the whole picture." 

If we look now on the fair weather electricity we first remember the 
-fundamental discoveries of the last thirty years: We understand why we 
find everywhere and always an electrical field in the atmosphere charac» 
terized by typical periodical and nonperiodical variations. But these 
results emerge only if they are based on a large quantity of data, while 
for shorter series of observations the average picture is disturbed more 
and more by local conditions and meteorological influences. In other words 
we got a glimatological picture only, based on statistical evaluation. 

However, this method is quite insufficient to relate, for instance, 
the atmospheric electric with the meteorological phenomena. Thus, in my 
opinion investigation in this branch is rather underdone than overdone. 

Ll. Modern Problems in FWE 
1\- I2':_&1;"~_1¥9eP.1E2 

. Let us lock now on the modern problems in BWE. As you know, it is 
one of the most difficult problems in this branch that frequently the 
results are ambiguous because, in general, there are worldwide influences 
superimposed on local effects ~ especially if we evaluate measurements 
near the ground. Therefore, we have to look first for suitable methods 
to separate the two districts of influences“ 

This may be achieved when we try to separate the researches with 
respect to space: We have to distinguish at least two spheres of a quite 
different behavior, the troposphere and the stratosphere/mesosphere. 
Furthermore, we usually divide the troposphere in two regions, a lower 
one which is characterized by the vertical turbulent connection, and an 
upper one which is governed generally by a horizontal movement of the air 

A “““““ ““f0rRebaSeI20TW09H1 CO6461858
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It is evident that the processes and the problems we have to clear 

up are quite different in these three regions, from the meteorological 

point of view as well as from the electrical one: 

The elctric behavior of the stratosphere/mesosphere is governed
_ 

essentially by worldwide steering effects of the main generator and by 

variations of the ionization according to the latitude effect of the 

cosmic radiation only. On the other hand, tropospheric variations of the 

atmospheric electrical behavior are controlled by the influence of the 

"austausch" on the aerosol conditions. 

Thus, I believe we can separate the "targets" of further researches 

in PWE in the two general groups of 

(1) stratospheric researches of the electric field and 

the conductivity and of 
1 » 

(2) tropospheric results of the aerosol conditions. 

let me give some examples: 

If we look on the first group, i.e. the stratospheric problems, we 

need first systematic measurements of the total potential difference V 

between the surface of the earth and the ionosphere and of their variations 

in time. Results of this kind can be obtained only by measurements in . 

higher altitudes and at places not or less effected by the "austausch"! 

So we have there a special task for the aerological method of measurement 

as developed in the last time. -

' 

Two ways seem to be successful: 

(_ a) Integration of field measurements by airplanes or radio~ 

sondes (O.H. Gish, l91+1+; J.F.. Clark, 1956; J.H. Kraakevik, 

1958; }L_\l;__§_‘ischer_, 1962 et al.) 

u-r 
re 

, 

' Approved for Release: 2017/09/11 C06461858
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(b) Direct measurements of V and dV/dt in about ll km altitude ~ 

by airplanes or constant level balloons with radiosondes - 

-"“ Add 
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as proposed by §.W. Kasemiry 1950. 
Measurements of this kind promise a better insight into the mechanism 

of the worldwide atmospheric electrical circuit“ I think there is no doubt 
that our basic hypothesis is correct, but up to now it is based only on 
mean results of a few polar expeditions and on those of the cruises of the 
Carnegie Institution“ We are not able to control this in detail, e.g. to 
find out changes of the thunderstorm activity in different parts of the 
world ~ a target of special interest for the meteorology as well as for 
aviation. There are only first hints in this direction {El Israel and 
E. Theunissen, 1957; H. Israel, 1957). 

The aerological researches may be aided by continuous records of the 
atmospheric elements over the free oceans and at mountain tops“ The first 
one could be done on the "weather ships" fixed now at different places of 
the oceans. Furthermore, I believe we should ask the permanent stations 
in the arctic and antarctic regions for atmospheric electrical records. 

Another urgent question concerns the conductivity in the stratosphere/ 
mesosphere. Here we have only scarce results up to now. The conductivity 
was measured directly, e.g. by radioscndes, up to about 30 km (Ql§l_§ter§ic, 
S-<1 C0-ml“-iti, 1*- "see-Yelo 2.‘1.E' Kore, 2.~.H;...~2s.m%zv and .~l;‘li.He.r.!L1e» 1955; 
B.H. Woessner, HLE; Cobb and §1_QuEn, 1958). Furthermore the behavior of 
electro-magnetic waves in the higher atmosphere allows to measure the 
density of electrons or the conductivity respectively in the ionosphere, 
i.e. for altitudes above 80 km_ In the interval between 30 and 80 km the 
conductivity values were computed (g;_l§ra§l and H.W. Kasemir, l9%9; 
R,E, Bourdeau, E.§, Whipple,_Jr: and {,E,UQlar§) 1959) and measured directly 
only once by a rocket sonde (3:E._§ourdeau et al., 1959)“ 

This first experiment shows already a considerable discrepancy in both 
the computation and the measurement, especially for the region above 50 km 
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T} IQ‘?f§Let us look into g¢me er the most importantl lb’ 2 ‘H~ —' ‘ 

-*. x. 
(a) In the re*ion f O 

pro lems in this fieIdf5*:**? 
5 o 3 km to 70 km the electron concentrati on -' 

' is influenced by the intensity of ionizing radiation, by the 
recombination processes, and by electron detachment and l 

‘attachment rates. To under t ' s and which of these quantities 
prevail in physical processes throu P It 

_ 
necessary to determine the 

_ glout mis region, it is 

chemical, molecular, and atomic 
components and their density, including their change with 

‘ 

altitude . in 

Y (b) In lower altitudes the cond _ 
. . _ uctivity of the atmospheres is ' 

Q — Q -=.~-r 

“ 'i§g§{ Y:'£ '_Q ionosphere the conductivity 
' 

electrons ' 

The Hr I 

, fi{,,§€?,NQ;&¥3,gdeterm1ned by the density of the small ions£Qgfiile§;§fiifie _ \ 
.r ' 

::_§i:.giZ&r'}v;i.!|_.=:51;:;-.'-Y-_ 
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; 

’ .‘ _. _. 
_ _ :_ ~,: ’,: .-14 --1:= - -.*- ~ -- 

_ 
» - - t--L»:-.-4%-»<v..al ' 

. . 

is caused practically by free‘ . 

_ 
1 ;;o . tcansition is to be expected in the region-H 

1 V ‘ _ 
.

. 

;"ye(c) 'More'knowledge of this kind 

(<1)- 11.75
’ 

r ~ f;"_,b€tween 30 and 80 km of height; 
j 

c 
_ 

l 
l 

i.? 51 5 

will give a better understand1ng;‘ 
AW _~ of the lower boundary of the ionosphere. 1 

.
- 

p _ _ 
A Also will yield more information cn the global current 

= circuit of atmos heri 1- t 
2- \ 

p _ c e ec ricity, concerning questions 
such as the height distribut ion of the equalizing current, 
latitude effects, field gradients in h

V 

orizontal directions, 
perhaps daily variations, etc.c

~ 

(e) Finall 

e events solar infl 

y we may find in this region connectionr t _> o geomagnetic 
, uences, aurora and similar phenomena. 

- It is true, measurements of thi 
“ carry out than the usual atmospheric electric 

believe 

a technical and not a principal problem. 

the adaptation of measuring equipment to rockets 

s kind may be much more difficult to ’ 

al measurements; however, I 

and satellites is 
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1 B. The Troposphere 
. 

1. 
- " ~, 

A quite different picture of the electrical behavior we meet in the i 

troposphere; we find a group of problems of another kind. 
__ To characterize the situation we may remember the opinion of Lord Kelvin 
100 years ago - that in the future the forecast of the weather would be done 
with the electrometer. This prediction, of course, was a too optimistical

_ 

one; however, the essential point which provoked that statement is the same 
up to the time being: All meteorological events are accompanied by charac- 
teristical changes of the electric parameters. 

' 

What we have to do is to explain these connections and to classify 
the electric variations. Maybe this is easier to say than to do because at 
the first sight the results up to now seem to give a chaotic picture. We 
remember, e.g., wide ranges of variation spectra of the different elements 
including fluctuations from the annual variations down to the so-called 
"noise," the different combinations of the "electrode effect" with the

~ 

aerosol conditions, the radioactive influences, the movements of air masses, 
etc. Although we know many details in this field, it is hard to find an 
integral view up to now. 

This, I believe, is the reason why some people voiced the opinion it 
would be senseless to continue researches of this kind. But in my opinion 
we have here no more difficulties than in the field of meteorology in 
general. Therefore, rather we should examine our measuring methods if they 
are adequate for the problems arising here. 

As mentioned above in the troposphere we have to distinguish two regions 
of a quite different behavior, i.e. the "Exchange Layer" and the upper tro- 
posphere. In addition to this we have to separate a third region near the 
surface of the earth which is governed by the so-called "electrode effect." 
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The boundaries between these spheres are fluctuating according to the 

specific weather conditions, to the time of day, and to that of the season. 

l. The Electrode Effect 

The electrode effect is caused by the electric field in ionized 

air near the electrodes, i.e. here near the surface of the ground. Con- 

sidering the atmospheric condtions one can compute that this effect will 

be essential up to an altitude of one or at most a few meters. This alti- 

tude is smaller if the content of condensation nuclei in the air is greater 

(J. Scholz, 1931), and the effect is depending on the ionization conditions 

near the ground. They may limit it sometimes to the first decimeters above 

the ground (A.R. Hogg, 1935; J.A. Chalmers, l9h6 et al.) 

Summarizing the results we find only a rough conception of this 

effect. Especially we miss researches of the meteorological influences. 

Therefore, I believe we have to see here a first important problem for our 

future researches. 

How will the electrode effect be influenced by the 

meteorological conditions, the radioactive conditions 

in the ground and in the air near the ground, the 

aerosol conditions etc? 

Moreover the region of the electrode effect is accessible easily for all 

measurements and recordings we need. This enables us to examine the 

meteorologic-electrical connections in a small range, so to speak. 

Of course, the usual measuring methods will be insufficient for 

researches of this kind. We have to measure at least the electrical field 

strength and the conductivity in small regions. Therefore, all kinds of 

disturbances should be avoided as much as possible as they occur due to the 

orographic situation, the installation or the working method, the equipment, 
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etc. It(is true, this will raise the claims for our measurements. However,
\ 

I believe the problems we have to investigate in the region of the tropo- 
sphere require urgently a new effort in our work. ‘ 

2. The Exchange Layer 

In this region of the troposphere we meet in general quite 
similar problems as mentioned before. However, the researches are more 
difficult because this sphere is much more extended in both the horizontal 
and the vertical direction. Therefore, we have to combine measurements 

both near the ground and in the free atmosphere. 

Looking into these problems we have to find out above all the 
numerous influences of the "austausch" on the aerosol conditions. They 
will give us the key to understand most of the meteorological electrical 
relations. 

The next step will be a systematical examination of the effect 
of air mass movements, considering their aerosol conditions, their content 
or radon, thoron, and decay products, maybe the content of fission products, 
etc. 

Although the measuring methods are insufficient here, too, a lot 
of results came out already. I recall your attention, e.g., (1) to the 

explanation of the different types of diurnal variations of the electrical 
elements (J.G. Brown, 1930, 1935; H. isregi, 191.8, 1950, i952); (2) to the 

explanation of the so-called "sunrise effect" (H.W. Kasemir, 1956); (3) to 

the researches of the so-called "brightness effect" (Q. Fries and H. Dolezalek, 
1956); (R) to the "noise" of atmospheric electrical elements (H. Israel, 1958, 

1959); (5) to the steplike variations of the atmospheric electrical elements 
at the upper boundary of the exchange layer (F. Rossmann, 1950; Callahan, 

Coroniti, et al., 1951) and to other ones. 
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However, these results yield with few exceptions, average values, 
describing the climatological behavior. This may be the reason why we miss 
a systematic picture of the connections between the weather and the atmos- 
pheric electricity up to now. Therefore, we have to look for a suitable 
extension of investigation. We shall see that here, too, the usual measur- 
ing customs must be changed. 

"Off-hand-solutions” and "ad-hoc-theories," as they are tried some- 
times, do not help us. They fail today as they failed in the days of F. Exner*. 

3. The Upper Troposphere
. 

The problems arising here may represent the last step in the new 
program for atmospheric electrical researches” A 

Since the aerosol content in the air above the exchange layer in 
general is unimportant, (see, e.g. R.C._Sagalyn and G.A. Faucher, 195%, 1955) 
we can expect to be confronted in this region, first of all, with the influ- 
ences of air masses and their movements, with effects of variations of radio- 
activity, and with stratospheric influences" 

' Researches in this region will be done with airplanes, gliders, 
radiosondes, and constant level balloons. Furthermore, it will be very help- 
ful to record the atmospheric electric parameters at mountain tops of suffi- 
cient altitude.

A 

First, results and important hints for future researches will be 
found, e.g., in the papers of F. Rossmann (1950); R.C. Callahan et al, (1951); 

Sagalyn
9 

R.C. et al, (l95h, 1955); C.G. Stergis et al. (1955); L. Koenigsfeld 
(1955, 1957, 1958); J.F. Clark (1956, 1958); J'.H. Kraakevik (1958); K. Uchikawa 

*) so, e.g., the hypothesis of F.M. Exner (1886/1890) concerning a transport 
5 of charges by evaporation of water, which was refuted by H. Benndorf ( 

**
) 

95) and P. Lenard (l9hb); a revival of this hypothesis by R. Mfihleisen I1 8 was refuted by H. Israel and R. Kno (1962, see also R Knopp 1961) rm rf conducted in l897718% field investigations in Siberia, which demonstrated that the mechanism as suggested by Exner is not verified. 
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' (1961); G. Rflnicke (1963); and other ones. For observations on mountain 

tops see, e.g., the researches of R. gglzer et al. (1955) in California 

and Hawaii and of H. Israel et al. (1957) in the alps. 

III. The Measuring Methods 

The researches proposed above require changes and improvements of the 

measuring methods. 

First of all veghave to look on the#comggrab1lity of the results“ 

For this the following demands must be fulfilled: 

(1) 

(2) 

It is known that the so-called "Reduction on the Free Plane" 

involves a considerable uncertainty, because it is impossible 

to include the influence of the space charges. Therefore the 

necessity to reduce the observed values must be avoided. In 

other words, all measurements near the ground - especially 

those of the electric field ~ should be done on an open plane 

of sufficient size" The rules of §:___13_ve_rln§:o_1;§ (1900, 1906) 

may be used for the critical examination what means "sufficientn" 

This should be applied also to measurements in mountain regions 

where we have to look for planes of sufficient size (plateaus, 

glaciers, etc.). 

Of course by measurements with aircraft, radiosondes, etc., a 

COmputati0n factor concerning the geometrical forms is inevit~ 

able. 

Measuring techniques which disturb the natural conditions should 

be avoided as completely as possible. This concerns first of 

all the use of radioactive collectors for measurements near the 

ground. For airborne equipments the collector may be used pro- 

vided that the aspiration is sufficient. When using radiosondes 

it is important to consider the researches of gl Rfinicke (1962) 

pmovedf0rRemase:20TW09M1 C06461858 

._- .~ 1 
- - ,- .fi&mh§§@ 

:_‘t ,_ fI,!_:§l! 
1'15.‘ ‘I '1 

. 
“I 

'?T2?;@ 
"'12 ' .3. hf.‘-A 

‘ i;3T%fi 
- '1’~=.;:;=;,;’5-gfi? 
'. 1 . 

r‘ 
.' 

‘ 
. 

‘ L, 
' ‘: f 

,. F 3% 
to :-5'1 4‘ vf';:.|;.~. :~w<.l~v g-@'1$§ -¢~"nr 

if pi 
1. 

-v" cs 
2"

. 

L: " ' 

,i¢.i 

:. ' 3’! 

_- -"ft 
~.‘ . ._Jm@

J

Q 

v 

‘ 

'.

. 

s.vr7-‘w 

~.-Q. 

J 
- 

-.»v._ 

A».-a..-.4 

._:»4 

~‘~ 

.- > 

- -\ 

_ 
..i‘ 

. ~ 
,\ " 

'

: 

‘
_

.

= 

P’ 

'_ 

—\Aln 

-.'..’ 

‘.. 
- - '.. 

__ 

-Q‘: 

'-

'

.

,
~ 

" 

4-\

. 

3- 

-

. 

A>xr 

.-;_ 

3' 

t_<, 

:15 

£62"-o 

¥ e ,.. ",“TP'§ 
, --4 

"" 

., 

- 

:;‘-‘ 

“'

.

U 

’ 

‘

I 

1
> 

-.11 

.i... 

:fl.21;;0.l:"IL.'- 

.,\P 

:v;;‘ - . .4 

fi.a. is 
1'?‘ .‘ 

- "E; .,l . 1 VT‘ " 
1: -'~" 

. '3 

. 
.~ ,:~ . 

~ .2 
.-T“ "5'.j-' ‘P’-i 

‘I .§v ..~ 1 
(If 

' 

. 
_ 

. __,_:§{ 

$7 3. ':. 
<

- 

}|_ 
, :_' 

I 
‘J: 

~1_{,.'§;- . pw-:'§ 
'W5‘? nfi 
;.~_ 

‘ [U ’-M: 
t 

‘ 
.4 \,. 

i,.ilr~;.-~- ."¢ V 

4 _v_: 
' 

Y I 
L’. >

~ .’ -‘ .~.» 
. 

IE 

. "1 "1 
, _. . _-. 
., or Q . \. 

.. ._,' ,; 
' 

-; 

s____

. 

'.~I?’v~ 

-“ ‘.1 
>~ 

‘ 

'._§§ 

‘.. 

:5‘.

" 

¢'.Ii."3:4"n.-.."'§:‘>’J 

3"» 

vn.:§§-bwnouq-:5 

~ ',t' 
1 I

'

Q
\ 

|,!

l 

. ’.°%.fd-,3? 

,, , +1 

'*=- ‘ =&'1-"“';_-.‘§' 

I 
>l:-._' V. ._ 

5:1; 
‘ ‘J Ag 

: . 

» -. -:. 

44.". =1-L :=_-.§t.- r’ 

v I F
L a f¢¢'T4. .-;;'f ‘st; svx'~e=§ will w wrvufii



(3) 

0+) 

(5) 

. . ._n.i -_l._ewi,,mWW ,, r"“?wmE% Apmovedf0rRemase:20TW09M1 C06461858 Q 1-~ . 

_ 11 _ 

concerning the mutual influences of the two radioactive 
collectors. 

Different measuring equipments both for measurements near the 
ground and in the free atmosphere should be compared by simul- 
taneous application at the same place and over a longer period 
of time. 

All researches should include simultaneous measurements of 
the three parameters of Ohm's law, i.e. the potential gradient 
(field strength), the conductivity (conductivities), and the 
air-earth current density. 

To avoid misunderstandings concerning the "sign," the remarks 
of H. Israel (1961, 1963) may be mentioned. 

For synoptical researches as proposed by H. Isral-51 (1951+, 1.955, 1961) 
and included in part II, B,2 of this paper the following difficulty should 
be considered. 

(6) Synoptical researches near the ground will be disturbed by 
the electrode effect which may be different at different sta- 
tions. In order to avoid this difficulty it was proposed by 
H. Israel (1962) to measure no more at the ground itself but 
in an altitude of at least two meters. If this proposition 
will be accepted the comparability may be improved. In this 
connection I like to refer to the researches of W.D. Crozier 
(1963). He tested a new method of field measurements which 
works with a minimum of disturbances. 

IV. Some Indications for Practical Applications 
Someone may ask for practical applications, if he thinks of the proposals 

given above for further investigation on Fair Weather Electricity, and the 
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'expense connect 

from this point 

ed with it. It is true, scientific work will not be criticized 

of view; but, I believe we can answer questions of this kind 

also. Let me give some examples. 

(1) At first‘I like to mention here the method of M. Kawano (1958) 

(2) 

(3) 

(‘+) 

to evaluate the "austausch" and its daily variation on the 

basis of atmospheric electrical measurements. Similar researches 

were done by W.B. Milin (1951, 1953, 195%). Researches of this 

kind will be very helpful for both climatological and meteor- 

ological purposes. 

Some results concerning the ionizing effect of artificial 

radioactivity in the air (see e.g., D.L. Harris, 1955; gig; 
Pierce, 1959; c. Kondo, 1959; 1c.n. Stewart, 1960; A. Oster, 1963 

et al.) suggest the application of atmospheric electrical obser- 

vations for watching the fission product content in the air. 

Some years ago was discovered that the atmospheric electrical 

elements ondergo specific variations about l to 2 hours before 

the onset of fog and about 1/2 to 1-1/2 hours before the dissipa- 

tion of fog (see e.g., H. Dolezalek, 1957; G.P. Serbu and ELEL 

Erent, 1958; L.H. Ruhnke, 1961 et al.) The application of this 

results to the forecast of fog and fog dissipation will be of 

special importance for the practical meteorological work 

(H. Dolezalek, 1962). 

Other possibilities for the application of atmospheric electri- 

cal results to practical problems came out from the researches 

of A. Gockel (1915) and others, concerning the prediction of 

thunderstorms; the results of J. Scholz (1935), concerning the 

prediction of blizzards; and the observations of G. Rott (1963) 
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concerning connections between the behavior of the electrode 

effect and the weather development during the day. - In all 

cases the prediction urised from observations during Fair 

Weather many hours before the event in question. 
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ACTION OF RADIOACTIVITY AND OF POLLUTION UPON PARAMTERS 
OF ATMOSPHERIC ELECTRICITY 

by J. BRICARD 

ABSTRACT 

Placing ourselves at an altitude of several meters above the 
ground, in order to avoid the perturbations, we recall the charac- 
teristiclelements of radioactivity and of atmospheric pollution. 
It is shown that their actions are in the first case the formation 
of small ions, in the second case their disappearance and the 
formation of large ions. From that we deduce the ionic density of 
the air under given meteorological conditions, studying separately 
the ions, corresponding to the recoil atoms, which come from radio- 
active disintegrations in the troposphere and in the lower strato- 
sphere. 

Finally we introduce the relations between the radioactivity 
and the other parameters of the atnnspheric electricity, close to 
the ground and in the free atmosphere. 

I. RADIOACTIVITY AN THE INTENSITY OF IONIZATIOQ 
l. Intensity of Ionization. 

We call Intensity of Ionization (or q) the number of small 
ions of each sign (air molecules, having lost or attached an electron) 
created in one cubic centimeter of air per second. It is hence a 
fundamental parameter of the atmospheric electricity. Disregarding 
the action of cosmic rays, which produce continuously about two pairs 
of ions per cm? of air per second at the sea-level, we can practically 
say that at this altitude the natural radioactivity of the air is 
responsible for 80$ of the intensity of ionization. 
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We call one Curie the quantity of a radio-element, producing 

3.7 X 1010 of disintegrations per second. If we know the concentra- 

tion of a given element in the air, expressed in Curies, for instance, 
it is easy to deduce from it the corresponding intensity of ionization 
in the case of a disintegration producing Alpha-Rays. The calcula- 

tion is much more complicated and not always possible in the case 

of disintegration producing Beta- and Gamma-Rays (Section IIZD). 
One Roentgen is the quantity of radiation, which per cm3 of air at 
O0 under the pressure of l atmosphere generates a quantity of elec- 

tricity of each sign equal to l esu or 2.08 X 109 pairs of ions. 
In spite of its importance it does not seem that the 

measuring of q by the nethod of ionization chambers were satis- 

factory as a whole. (Difficulties in measuring the ionization of 
particles a because of the recombination in columns and the absorp- 

tion of radiations by the wall-effect. Necessity to introduce in 

the ionization chanmer not only air, but also the aerosolls it 

contains, responsible for one part of the radiaactivity a, and 
contributing by their charge to the saturation current. Absorp- 

tion of B and J'on the walls of the chanmer, etc.) 
In spite of the.improvements proposed (very thin walls of a 

known absorption £il;7 *, double-cage chanmers Z?EL7v,we know 
but a few direct neasurenents of the intensity of total ionization. 

The instrument we applied for our calculations (double-cage) has 

not given so far sufficiently reliable results to allow us to use 

them at the present moment. 

Thus, we are generally limited to indirect estimates of q, 
at least as far as a are concerned, nnde on the basis of the 

*) Numbers in brackets refer to the list of references. 
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3. 
, , 

content of radioactive products in the air and in the ground. 

2. Intensity of Ionization Several Meters Above the Ground. 
We shall suppose that the total intensity of ionization is on 

the order of lO pairs of ions per cm3 ' and second, 20% of which 
are of c0smic origin. It is then the production of 8 pairs of ions 
per cm3 per second that we attribute to the radioactivity of the 
air and of the ground. 

The radioactivity of the ground is about 3.5 pl/(cm3sec); 
consequently the fraction of intensity of ionization, due to the 
radioactivity of the air, amounts to h.6 pI/(cn§sec). These 
values are divided in the following groups, according to their origin 
(Hess [_3J7; 

T&fleI 
-Radioactive substances of the air: 

Q ...... h.b pI/(cm3sec) 

e 0.03

0 Q 
la

0

‘ 

P-' 

\P\}"- 

P1/(¢n§sec) (min l.h 
(nmx. 13.5 

-Radioactive substances of the surface soil: 

5 0.3 

y......__ 
'¢JL»J 

U

. 
\!'| 

TU 

pI/(cm3sec) (min 2 
(max. 6 

We see that in the case of radioactive substances of the air 
the radiation (1 plays the biggest role, while Y is the most impor- 
tant in the case of radiation from the ground. 
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Above the oceans the total natural radioactivity is reduced 
to a few hundredths of its value above the ground. 

3. Intensity of Ionization in the Altitude. 
a. Radiation from the ground. 

We see (table I) that the natural radioactive radiation 
of the surface soil, almost exclusively of 3/ origin, plays an 
important role in the lower layers. The following table (IsraéL) 
indicates its variation as a function of growing altitude. 

Table II 

Altitude above the ground lm 10m lOOm 500m l,OOOm 
$ of radiation at the ground 97$ 83$ 33$ 2% 0.1% 

We may suppose an exponential law of absorption of this radia- 
tion in function of the thickness of the air-layer traversed. Let 

‘jfllbe the coefficient of absorption, supposed identical for all 
..n radiations. The intensity of iddzation is pro ort' l p 1ona to the inten- 

sity of radiation in one given point. If we call quf its value in 
the immediate vicinity of the ground, we shall have in the altitude 
Z: 

Q12, = am eXp(-/1 =)- (l) 

- -l The coefficient/L(is in the order of 8 X l0 3 m - 

b. Derivates (Daughter-Products) of Radon and Thoron in 
suspension in the air. 

In the case of natural radioactivity the distribution of 
concentration of Tn and Rn (we neglect the presence of Actinon), 

A 

v1.— 

.._._.;_ 

-4 
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. as well as that of their dcrivates, is connected with the state of 
turbulency of the air. Taking a soil with average internal charac- 

‘_(eaQ@¢) 
' _ 

teristics and a coefficient of turbulcntrdiffusion K, independent 
of the altitude, of 8 X 10h cm2 sec'l, we find through calculations 

Zfhéf for Rn and Tn egasd concentrations at the ground level of 
158 x 10'l8 and 17% x 10"l8 c/cm3, respectively. 

Difficulties arise, if we want to calculate the concentrations 
in various altitudes, due to the disintegration of the various 
daughter-products of Tn and Rn (it is necessary to know the state 
of equilibrium mother-daughter products), and due.to the attachment 
of the daughter-products on the aerosols in the air, due to their 
coagulation and to their disappearance with time. 

On the other hand we have to make a distinction between Rn and 
Tn. The first-one, whose half life-period is long (h days), dis- 
integrates slowly as it raises higher, while Tn (half life-period 
10 sec.) and the ThA (period 0.2 Sec) disappear in the vicinity of 
the ground. Thus, in higher levels only ThB remains (half life-period 
10 h). In the altitude Z above the ground the concentrations of Rn 
and ThB in the atmosphere are given respectively by the relations: 

NH-4

N N
P 

\./ 

/\ IX) \-/ 
C,- Co exp (-Z A ' 

where Co represents the concentration of each on the ground level, 
K the coefficient of turbulent diffusion, and 1 the radioactive 
decay constant, either of Radon or of ThB. 

To simplify the reasoning, let us suppose that there exists a 
radioactive balance at any altitude between Radon on one hand and 
ThB on the other, and their daughter-products. This, of course, is 

very approximative, for if there actually exists a radioactive balance 
between Rn and RaA (3+- minutes period), it is not so for the other 
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daughter-products, at least next to the ground. This is shown in 
the studies on the decrease in function of time of disintegration 
products of Radon, captured in the form of ions or aerosols. This 
is generally the case for ThB and ThC.- with the simplification we 
see that every disintegrationcx of Rn carrie" l s a ong simultaneously 
2 Q.(RaA, RaC), and 2/4 and 2‘¥ (RaB, RaC), and that every disinte- 
ation i7 and }J of ThB brings along simultaneously l lland l 

e 
2/ (ThC) and 1o{ (ThC). 

In order to obtain the corresponding value of intensity of ion- 
ization, it is necessary to know the number of pairs of ions, produced 
by each kind of disintegration, and to calculate the total at every 
altitude. This number is well-known for the Q2 , which is monocinetie. 
It is poorly determined, however, for Cl and )7 , whose spectra of 
distribution of energy we know little about at the present time. 
Table III represents the result 
coefficient of turbulent diffusion K = 8 X lOhcm2/sec and supposing 

___ 

\" 

LL... l 

s, indicated by Israel, for a r 

,m a middle-value of 2 X 105 pairs of ions through disintegration >< ‘ “ 

and 2 X 10h pairs of ions through disintegration €§ and Q). These * 

values are supposed the same, independent of the source of radiation. 

Table III 
Altitude km O 0-l 0-5 l 2 I 3 + 5 6 8 10 
q1’romradio- 7.6 5.1 3.8 2.7 1.5 0.9 0.5 0.3 - - activity 

It will be noticed that the values, indicated for the vicinity 
of the ground do not concord perfectly with those of Table I. This 
is explained by the very approximative mode of calculation used. 

c. Lower Stratosphere 

Fig. l represents variations of intensity of total ionization 

A ..... M ¢~ =>~'~YT~?ii2o17/09/11 006461858
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in function of the altitude. He sec that it begins by dccrvaning, 
passes through a minimum at about 3 km, increases again, and above 
several kilometers the effect of the rad ioactivity becomes negligible 
as compared to that of cosmic rays. The effect of cosmic rays, very 
weak in the vicinity of the ground, increases progressively with 
increasing altitude up to about 12 kilometers, passes a maximum and 
decreases then for the higher altitudes. 

In the lower stratosphere, between 10 and 20 km of altitude, 
we find RaD (period 22 years, source of fl and \/) in very low 
quantities én the order of 1O‘l9 c/cm3. We find, in addition, radio- 
active elements originating in the action of cosmic rays upon the 
molecules of the air (principally Ar). Among them are Be? and P32, 
which will be used later. The first one can also originate from 
atomic explosions. We find about 5 X l0-19 local c/cm3 of Be7, and 
5 X 10-21 local c/cm3 of P32. As in the case of RaD, the resulting 
intensities of ionization are negligible as compared to the effects 
of cosmic rays. 

h. Artificial Radioactivity. 

With the exception of quite extraordinary conditions (vicinity 
of an nuclear station, or in the period afternuclearexplosions [f§§;7 

- 8 the average content of artificial products in the air is now 2 X 10 1 
‘.1,

v 

c/cm3 of sources exclusively of fiiand J . This corresponds to inten- 
sities of ionization in the order of 3 X lO_3 pI/(cm3 sec). In other 
vonds it is negligible as compared to natural radiation, except per- 
haps above the ocean, where the latter one is reduced to a few hun- 
dredths of its value above the ground. The situation is the same 
in the stratosphere layers, in spite of the accumulation of disinte- 
gration products manifesting itself there. At about 20 km of altitude 
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, 
'\ we find maximum concentrations [f§;7 of lO and l0 16 c/cm3, the 

average concentrations being 10“ and 103 times weaker. Thus the 
effect is negligible as compared to that of the cosmic rays. 

The situation is not the same, if there is an accumulation 
of these products on the surface of the ground after precipitations, 
sedimentation of dust etc. According to Israel L_ h_7, a rainfall 
of l0 mm containing lO_l3 c/cm3, if all the water remains on the 
ground—surface, would give in its vicinity an intensity of ioniz- 
ation on the order of 75 pI/(cm3 sec). However, this is considerably 
minimized by the disappearance of water in the gr0und,.and the 
effect is partially masked by the decrease of Radon exhalation during 
rainfall. Thus, it generally cannot be observed, yet it could 
become observable on a waterproof ground. 

5. Qualities of Small Ions. 

General Remarks. The small ions are generally present in the 
air in the order of a few hundreds per cm3, the concentration (n') 
of the positive ions being by some 20¢ higher than that (n") of 
the negative ions. Their difference (n' - n") amounts to several 
elementary charges per cm3. The concentration of the small ions, 
which is normally that of 300 to 500 per cm3 next to ground, can 
be reduced to less than lU$ of its value in highly polluted atmospheres 
and in the clouds. It increases with increasing altitude.. 

Physical characteristics of the small ions, whose dimension 
(some lO-8 cm) makes direct observation impossible, are the 
following: 

Mobility. This is the speed the ion has in the atmosphere 
under given conditions of temperature and pressure, if it is exposed 
to an electric field of l V/cm. Under normal conditions the mobility 
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K 9. 

. . . . . . _ - 21 of the positive ions is in the average in the order 01 K‘ - l.h cm / 

. . . _ .. . - - 2, 
(V sec), tnut of the nagative lOHJ a little nigner, h“ — 1.9 cm / 

(V sec). (These are in fact the most probable values, the real 

values being dispersed around these average values). It varies with 

pressure and tcmgcrature according to the relation: 
_ lo 1| 

K<p,@-> ~ ‘=0 <1iOTU> -.- -,- ed) 
1 go 

Electric coniuctivity of the air, more easily accessible for 

direct measurement than thc ionic concentration, is proportional 

to it and to the mtbility of ions. It is fllvun by the followinq 

relation, where c stands For the elementary charge: 

JA\ = (K‘n‘%—K"n") e (3)

/ 

On the ground level it is in the orlcr of 0.5 X lC"1n to 2 X 

l0'l6 £2__l cm°1. Tt uuguncnts generally with increasing altitude 

under conditions depending essentially on mctcorologicai circumstances. 

The figure 2, borrowed from Hfihlcisen, represent several examples 
J; '1] 

of variation (Lxplorer II; Sagalyr and FauchcrQ. According to curve 

I we can consider ~fiL.as notably constant between the ground and PO 1 \,"1 OO 

m (strong turbulence under a marked inversion). This is not so in 

the other cases. 

The density of the vertical conduction current is given by; 

1 = A E '1EK'n‘e + EK"n"e = 1' + 1" (u) 

where E is the electric field strength. 

In good weather the vertical current is directed downwards, and 

we can suppose that its value is notably constant in the troposphere 

and in the lover stratosphere, whatever the spot the measuring has 
1' -2 taken place may be. Its size is on the order of 2 X 10' O A cm . 

The constance of this current permits to bring into connection the 

electric field and the conductivity of the air, which are two quantities 
pmnvedf0rRemase:20TW09M1 C06461858 
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Diffusion Coefficient, Let there be 25% the gradient of ' * e*e "*"** *

z 
concentration of the small ions, positive, for example", following

t 

a direction oz, The-number of small ions traversing per sec. 
l cme normal cross section at oz is equal to D‘ 23' . D‘ stands -

z 
for the coefficient of diffusion of the small positive ions, In- 
principle, the same is valid for the negative 1@ns.~ The coefficient' 
of diffusion and the mobility are connected by the Einstein relation: 

_£<._-e ' 

D KT (5a) 

k being the constant or Boltzman and T the absolute temperature. 
On the average, DY and D" are under normal conditions in the ' 

order of 3.7 X 10'? cm sec'l and 5.1 X l0'2 cm sec'l, respectively [f8
n 

Mean Free Path.“ In molecular dimensions, even if the charges ' 

are elementary, the electrical field produced by a small ion, 
animated by the Brownian movement, is sufficiently strong to polarize 
the neighboring molecules. ‘Its trajectory, which is deviated by 

. s .
. these charges between two succesive collisions, is not.stra1ght, so 

that the results of the cinetic theory cannot be applied to it 
any more._

_ 

If we neglect this effect, we can calculate the mobility and 
the diffusion coefficient in function of the masses m of the ion 
and M of the gas molecules, from the average speed of thermic 
agitation of the ion and of the gas molecules and from a fictitious ' 

, mean free path,A, . Thus we obtain, for instance, the relation 
(lst formula of Lan§evin): _A 

~

’ 

, 

"1 ' 

0.3. F '1 
T

' K 8e )4-J M >(..fi.. <5) 
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ll. 

where k stands for the constant of Boltzmann.
. 

If we take M I m and K = 1.5 cm2/(V sec) (normal conditions of - 

temperature and pression), we find A = 1.3 X lO'6 cm, a value ~ 

notably different from the value, which corresponds to air molecules 
(6.11 X lO'6 cm), under the same conditions [9]. 

Recombination Coefficient. The small positive and negative ions 
recombine after their formation. A number of small ions of both signs 
disappear thus per sec. and per cm3| '

‘ 

a- = a" , <><n' <6> dt dt 

ogstanding for the coefficient of recombination, is given by the 
p

. 

relation: ' 

a 

C!‘ '”i49*J; 
K 1-f; 

51 '(7)l 

at = "F 1»-——oz+ <8> 
_2 1‘ 1 
5 
i 

(3k'l‘2 ' 1 1- 3k'l‘rI'/e2)1 
431 

ZS °H-» 

ii" 
"-\ ~€-5

r 

. 

Q 

2 \2 
4 

"ea ' '2 2 3/8 .82 

(61¢1' /) 
_ L6“-l ‘__6_k1_‘__ 

. ? 
where k is the constant of Boltzmann and X the mean free path, defined 
in 5), and '19‘ is the average speed of thermic agitation. The express- 
ion (9), valid a range of pressures between 102 and l0 5 mb is 
different from that of Thomson L_8_7 and allows us to calculate the - 

coefficient under the various conditions of temperature and pressure. 
Under normal conditions we find L_l5_7 Q(= 1.6 X 10-6 cm3 sec_l. 
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12. 

6. Small Radioactive Ions. '
- 

Every disintegration of Rn, of Tn, and of their daughter-pr0- 

ducts in the atmosphere is accompanied by the appearance of a recoil 

atom. Let C be the concentration of the element considered, expressed 

in Curies per cm3- For Radon, for example, there will appear per 
cm3 and per sec. next to the ground a number of RaA atoms in the 

order of: ‘ 

I 

-

' 

q =‘CRn X 3.7 X l0'lo 3 8 X lO'6 pI/(cm3 sec); (10) 

the same as for the other constituants. A certain number of these. 
atoms is neutral (20% in the ease of RaA), the others with a positive 

unitary charge, constitute the small radioactive ions. ' 

Studying the decrease of these small radioactive ions, as a 

function of the time, properly sampled, we find that they consist 

almost exclusively of RaA, with a very weak fraction of RaB. A more 

profound study allows us to evaluate the life-span of these atoms 

in the atmosphere before they disappear in a process we shall deal 

with further on. This life-span is found to be on the order of 20 

to 60 sec. [10] ['11] ['12]. ' 

It is easy to determine their concentration in the air by
I 

direct capturing, and by measuring the activity of the captured 

sample. we find in the vicinity of the ground that this concentration 

is on the average of lO'u to 2 X lO'h atoms of RaA per cm3. Not having 

more precise results, so far(measurings are being carried out at the 

present time), we shall suppose that their mobility and their diffusion 

coefficient is the same as that of the ordinary small ions. 
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13. 

A study of the products of artificial disintegration, found in 
the lower stratosphere (accumulation zone) would lead us beyond the 
framework of this article. Without getting involved in the details, 
we can say that one part of the products of the explosions exists 
initially in the atomic form, neutral or electrically charged, as 
well as all the products of fissions of cosmic origin. 

Let us take a simple example, that of Be? and P32, generated - 

by the fission of oxygen and nitrogen in the first case, of Argon 
in the second case. The period Of the first (Be7), which changes 
into L17 stable, is 53 days, that of P32, which changes into S32 stable, is lh days. All these are products, which are set free in 
the state of atoms, and they have probably an elementary positive 
charge.

‘ 

' 

Lct us suppose at the altitude of,UO km A IQJ7 the concentration 
of 5 x io"l9 c/cm3 of RG7, and 5 x 1o‘21 C/Cm3 of P32. They remain . 

in the stratosphere for a sufficiently long time so that we can 
suppose that the radioactive equilibrium is reached. According to 
the relation (10), in one cm3 of air and per sec. there will appear ~ 

~10 2 X 10‘b atoms of Be? and as many of Li7, as well as 2 X l0 atoms 
» Qf P32, with as many atoms of 83w. These atoms exist for a certain L. 

time in a free state in the atmosphere before they are attached to 
aerosols, present at this altitude (section II, 1), and‘ it should 
be possible to detect_ them (section III 5 a ). 
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II. AIR POLLUTION AND LARGE IONS 
l.v General Remarks 

Natural aerosols, the aggregate of which constitutes the 
normal atmospheric pollution, are liquid or solid particles, likely . 

soluble in water, neutral oflelectrified, whose constitution is, as 
yet, not well known and to which we will assign a spherical shape. 

_ -I H Their dimensions are included between 7 X 1O 7 and about 10 +mn Tuvlus 
(see Table IV). They are also called condensation nuclei (sec sec- 
tion II, 3). 

'

_ 

Condensation nuclei, appearing at the ground, are carried _§9Qb4 upwards by turbulcnt'diffusion. They coagulate but slightly and 
fall back onto the ground by sedimentation, preferably at night, 
when turbulent conversion is less intensive, or they are collected 
during the fall of precipitations. ' 

They may come from the ocean (sprays), or from human 
activities (combustions), and, owing to their slow falling speed 
with regard to air, they are apt to be carried far from their place 
of crigin. Their chemical composition may vary greatly [fl6_]Z'[fl7_7 
(chlorides, sulphates, nitrates, ammonium salts, sodium, magnesium). 
They are usually mixtures of various matters, since they coagulate,’ 
coming from simple nuclei initially formed. 

_ 
Their concentration ranges about 103 to 105 per cm3 at a 

few meters above the ground. It decreases with the increase of the 
altitude, said decrease being more or less steady (see Large ions, 
electric charge, section II, h). Figure 3, borrowed from Israel 
[fl_7, shows, according to Wigand, [fl8;7 the relative variations of 
atmospheric concentrations in aerosols as the altitude increases 
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(measures made by a balloon). It may be seen that said distribution 
follows an experimental law, with a discontinuity corresponding to 
a temperature inversion. Towards 8,000 m it is reduced to Ii?-of 

A » 

its value at the ground level, and it goes on decreasing as one goes 
up. According to Junge [fl9_7, there would be an increase of the 
concentrations, between 10 and 20 km; the concentration of particles 
averaging about O.lQ/Jzedius, going from 0.01 to 0.1 cm_3, before 
decreasing again. But this concerns rather large particles and it 
does not seem that, at these altitudes, smaller particles have been 
numbered- 

Let us finally mention the case of natural clouds, made 
up of droplets of water of some/L1 in diameter, a few hundreds of 
which may exists in a single cm3. Some authors have mentioned, in 
addition to these droplets, the presence of particles inferior in 
size and much more numerous A 20_7. Above the altitude of 6,000 m, 
clouds are exclusivelyrmmle of ice particles flat or elongated, over 
0.5 mm in diameter. These crystals play an important part in charge 
generation in stormy clouds, but this will not be discussed here. 

A direct observation of natural aerosols offers difficulties 
in particular with respect to their sampling. This is made either 

able to small size particles under 10- cm or about; either by 
means of very fine threads (spider threads), which is possible 
only for liquid particles; either by electric precipitation of part- 
icles charged by corona effects, (particles with dimensions between 
approximately 0.2/Lland 0.8/LL escape more or less to that kind of 
precipitation); either by thermal precipitation (which is only good 
for solid particles); or by means of filters (one may moreover wonder 
how it comes that particles settle on the front surface of the filter 
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and that, as a rule, only a few of them get inside the pores). Oi 
"the other hand, particularly in the field of dimensions unattainable 
to an optical microscope, it will not be possible to use an electronic 
microscope for liquid particles, as long as there are no means avail- 
able to realize supports liable to fix impressions of the droplets 
of these dimensions. In order to study condensation nuclei granul— 

ometry, we are compelled to use indirect methods based on their 
physical properties. 

Their quantitative analysis in bulk in the air may be 
achieved directly by sampling on filters and by chemical analysis, 
or by radioactive computation. This prodeeding, justly crticized 

[fh3_7 on account of the inefficiency of filter sampling in some 

dimensional fields, particularly between 1.5 X 10-6 and lO_5 cm 7 

seems now perfected. It has been controlled thanks to the use of 
extra-thin calibrated aerosols and of large natural ions, the size 
of which were known. Filters with an efficiency of more than 98$ 
may thus be obtained, whatever may be the dimensional field of 
aerosols to be filtered. 

~ 2. Qptical properties 

_ 

Light is diffused by these particles and, at least in 
the case where their constitution is known, (index, reflection ) 

and absorption factors), it is possible to compute a diffusion" 
indicator for particles the dimensions of which are given. Recip- 
rocally, the measurements of the flux diffused by a group of particles, 
allows to figure, at least approximately, the atmospheric concen- 
tration in aerosols; and the measure of the flux diffused by an 
isolated particle, correctly lighted, allows to know its dimensions 
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without changing its constitution. 

This method has been originally used for qualitative mea- 

sures or for pollution detection, has been recently developed so as 

to become quantitative A 20_7, L 2l_7§ It permits the access to 

dimensions bordering on the limit of the separative power of the 

optical microscope and we are now extending it to a field of lower 

dimensions. 

3. Condensation . . 

These particles, in a supersaturated atmosphere, act as' 

condensation germs and give liquid droplets directly observable 

optically. The use of said property permits to determine their 

concentration in the air. 

A droplet thus formed has a radius depending on its 

chemical nature, on the salt concentration or on the mixtures of 

salts of which it is formed and on atmospheric supersaturation. 

By measuring these droplets, under well defined conditions, it is 

possible to determine the primary dimensions of the corresponding 

germs in the air and to form an idea on the air pollution on the 

spot where they have been taken. 

The following granulometric distribution may [22] be 
inferred from this: »' 

dN == C ’(lla) 
d log R R3 

in which dN represents the number of nuclei in a logarithmic 

scale of radius R, and C a constant. This expression seems " 

valid for particles whose dimensions are at least equal to lO—5cm 

(see section II, 6).
i 
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k. Electric Charges 
- These particles can carry charges usually very low, ~ 

(ranging about one or several elementary charges), either by i 

attachment of small ions, or by means of other chemical or thermal 
processes, in order to give large ions. The statistical study shows 

that, on an average, the atmospheric concentrations of large ions 

of both signs are very close, so that the average space charge 

corresponding to them must be low. However, in the course of the 

various operations resulting from human activity (combustion, 

condensation), very important differences between these concen- 

trations, as well as a very pronounced space charge, either posi- 

tive or negative according to circumstances, may appear.
Z 

Under undisturbed circumstances, the proportion --—- 
N'4—N" 

of the total number of nuclei, to that of charged nuclei, is very 

variable, depending on authors [f23_7. it is included between 

1.61 and 5.h. It increases with the number of nuclei; the lowest 

value nearest to that stated by Mme,The1lier [fPh_7, seems to 

correspond to undisturbed average statistical conditions. 

The large ions concentration, proportional to that of 

condensation nuclei, decreases also as the altitude increases, under 

conditions depending on the meteorological situation; and they 

disappear above 3000 or hOOO m. Fig. R, borrowed from Sagalyn and 

Faucher L 25_7, represents examples of their distribution in altitude. 

5. Mobility and Diffusion Coefficient. 

Due to their rather great dimensions, the above mentioned 

particles have mobilities and diffusion coefficients defined in the 

same manner as in the case of small ions, but much smaller. The 
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-2 
maximum values, under normal conditions are, ranging in about 10 

2 '1‘ 2 
I ' cm / (V see) and 3 X l0 em /see, respectively. Phese quantities, 

as in the case of small ions, are interrelated by relation (5a). 

It is known that, in a viscous fluid, the strength needed 

to give a constant speed B to a particle with a radius smaller than 
10-5 cm is expressed as follows (Stokes-Cunningham1.b.w)': 

6 11’ 
F =--E7 (12) 

l"|"b/pR ' 

is the air viscosity (at normal temperature and pressure I? 1' 

1.’? X 10-1* cgs), p is the atmospheric pressure expressed in cm of 

mercury, and b a constant, (b = 0.0006l7); R is the particle radius. 

According to the mobility definition, we may write: 

. l b 
K = 1'18 ( 1+ —- ); (13) 6TB? pR 

e meaning the elementary charge and n the number of charges 'carried 

by the ion, said number being low and usually equal to the unit . 

(see further down). 

The following table IV gives an idea of the large ions 

mobilities and dimensions, derived from formula (8), a unit-charge 

carried by the ion being supposed. 

Table IV 

» 2 _ - _ Smallions 1,0 >1<>0,o1emvlseel 6,6 <R<78x1o8em 
Average large ions 0,01 ) 1< ) 0,001 78 < R ( 250 x 10'8 cm 
Langevin ions 0,001 ) :< > 0,00o25 -250 ( R ( 570 x 10'8 cm 

. \ _ Ultra large ions 1»; < 0,00025 R / 5.7.x 10 6 cm 

l 
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The diffusion coefficient of large ions may be derived from relations (5a) and (13). We then find for n==J4 

D = -—————— l 1- -———
l 

KT 
( b) 

('+) 61TR 
fig pR 

k representing Boltzmann's constant: 
For average large ions, for instance, D, under normal .. .. '6 .-72 -1 

. cond1t1ons,1s included between 10 and i0 cm sec . 

6. Coagilation 

Suppose Z is the total number of nuclei, charged or neutral, per cm3- It is proved that everything happens, with respect to coag- ulation, as it every nucleus was neutral L_ 6 7 5 _/. Smolukowsky's A_26;7 coagulation theor m b y ay e applied to them and we may write: 
.2

F 'g.%$‘rzo 
.(l)) 

with R the average radius, 

y=87.TnR/. 
( ) 16 

D being given by (lh). 
For the large tropospherical atmospheric ions, we find [25]3*=1.6x10'9 3; '1 cm sec , which corresponds to an average radius of nuclei R = 2.3 x 10_6 cm. ' 

The result is that the initial total volume of the nuclei, i.e. product ZR3, keeps a constant value. In the field of small 
, under 10-5 cm (Holl [_ ' _ dimensions 27] and Miihleisen A 28]), we obta in: 
<1N__ -55. .__ C 

(1?)
. R3 

Figure 5 represents, after Holl, the granulometry of natural 
l 
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2'1. 

aerosols, as a whole. The fixation of condensation nuclei by cloud 
droplets may be discussed as a coagulation process; it may yield an 
explanation for the smaller concentration of large ions inside the 
natural clouds than in the surrounding atmosphere. ~ 

7. Radioactive Condensation Nuclei. 
These are particles identf cal to those which have been 

described above, but they differ on account of the fact that they 
attached not small ordinary ions, but small radioactive ions, studied 
in section I-6. Here we shall only study those originated from natural 
radioactivity decay (Ra and Th) ; especially the first one. On these 
we now have a few informations, taken in the vicinity of the ground. 

We have seen that small radioactive ions are, as a rule, 
largely made of RaA atoms. Due to the long stay of the large ions 
near the ground (about l5 minutes according to Renoux' measurements 
L 12] ), those atoms, once attached to the large ions, decay, giving 
birth to daughter-products RaB and RaC. As this stay is not sufficient 
for the radioactive equilibrium to be attained (nearly three hours 
would, as a rule, be necessary), they are therefore constituted by 
accumulation products coming from the Radon, corresponding to 15 to 
20 minutes [fl2_7. ~

A 

Their destination by sampling and activity measurements d 

is unreliable, since it involves information on the duration of that ' 

Stay 0 
. 

. 
'

' 

-4 Let us suppose that the radioactive equilibrium is reached
I

> between the Radon and the RaA, (section I, 3,b), whatever its con-' - 

dition may be (free or attached to aerosols). awe shall write: 

4 

;\ nRn = ;\A ( nA~+ ZA ) 
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in which nA and 2% mean the atmospheric concentrations of small 
ions and nuclei having attached RaA. The concentrations of Radon 
being known (l to 2 X 10-16 c/cm3), we find that nq + Z averages 

1 A 1 to 2 x 1o‘3 atoms r “ 9 o naA/cm , wherefrom the Z“ value is deducted 
_h r _ by difference, i.e., 8 X 10 to l.d X l0 3 particles per cm3 

under normal conditions [flQ47'[_ll_7. 
Their granulometric distribution is as follows: 

Table V 

(1) 
_ (12) 

(3) R 17 1.7 x 1o‘6 cm 1.7 x 10-6 ~\ 10'5 cm R <:'1o'5 cm 
. 55%, 21% 2h% 

/\ : \ 

-5 ' The l0 ' cm limit, actually under study, is not determined 
exactly. It seems well established that the greater part (60 to 70%) of the products responsible for natural radioactivity, is attached 
to the average large inns and on Ianguvin ions L_lld7 L_l3_7-[f39_7 
[fhQQ7. 

Radioactive nuclei generated by the attachment of small 
Raa ions to neutral nuclei, carry a positive charge, but those 
generated by the attachment of RaA neutral atoms to neutral nuclei 
or of RaA positive atoms to negative nuclei are electrically neutral. 
Of the 55% of class (1) nuclei, Qhfl are charged, the remaining 31% are not ZfQ9_7. These proportions are fairly the same as for neutral 
nuclei and for ordinary large ions. 

sfiétocphoricai particles (section II, 1) attach small 
radioactive ions (section I, 6) and it is due to them that the 
atmospheric radioactivity at high altitudes is determined. Furthermore, 

‘ 
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“fi\‘there are solid particles, entirely radioactive, generated directly 
by nuclear explosions. 

8. Attachment of Small Ions to Charged and Neutral Nuclei. 
g Small ions, radioactive or not, sediment on condensation 
nuclei, charged and neutral, by diffusion and by electric action at 
the same time. Let us first suppose that nuclei are constituted by 
a monodispersed medium whose radius is equal to the average radius. 

II The settling speed -if: , -Qn- of the small positive and negative dt 
ions on the totality of nuclei, will be expressed as follows: 

==" 
. s N 0 ° 

; 21~ 11)] (18 
N ," u - in" "nu /60 NO + (fip Nflp +//))3P N5 at ' = 

in which No, N'p, and N"p represent per cm3 the number of neutral 

a 
$1 mm Y». Z + 

‘T18 

first 
*\.A '0 Nd

- + E, 
v 

2:
‘ 

nuclei, large positive and negative ions, respectively, carrying p
I elementary charges. /431 is the attachment coefficient of smallP

I positive ions on nuclei having p positive charges, and /flop the 
corresponding coefficient between the same small ions and nuclei 
having p contrary sign charges, and the same goes for small nega- 
tive ions. 

The only experimental values available as far as for 
attachment coefficients, are those corresponding to neutral nuclei 
and to ions having a single charge (we shall see later how to 
calculate those corresponding to several charges). Let us mention 
the following scale of sizes: 
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_Table VI 

,/ _6 LI p ' X lO 'L,'
" 

6' 0 
4 

c‘ 0 
Scrase [-30] 0.58 

Parkinson [T3l_7' 0.6
l 

Mme Thellier L 2n] 2.6 

Nolan and [f32;7 6.8
V 

de Sachy
_ 

r§._....c . 

. 2h. fq"
1 

-5 .4" 
I -6 ./I _ 3% 

X10 /o’ x10 /7 " X106 
2/21 '21 21 

lnl ' 201+ 

3.2 5.8 

7.6 8.7 

A great dispersion is noted in the above results; in some 
4:‘ .311‘: 

cases it may be due to difficulties in measuring. n§y§ 

In order to simplify, let us first suppose that charges are 

symztrical. We consider a condensation nucleus, having radius R 

charged or not. Let us compute the positive ions flux for instance, 

entering a sphere having radius r, centered on it. It is supposed 

that thelnedium is sufficiently diluted, so that the presence of the 

other possibly charged nuclei has no effect on the value of n‘ and n", 

concentrations in small positive and negative ions, in the vicinity 

of the nucleus considered; and that the nuclei, due to their mass, 

are motionless. The number of small ions, positive for instance 
1' 

‘ P 5 ..,. 
9 1

, 

crossing§by'diffusion and by unit of time, the surface unit of the 

sphere and proceding towards the nucleus, will be D 

the diffusion coefficient of the small ions. 

dn' 
dr , D being 

The number of small ions of the same sign, crossing the 
,5‘; 

same surface, under the same conditons, on account of the electric §§§§ 

the distance r from the nucleus center and K the mobility of the 

small ions; (it is supposed that the diffusion coefficient and the 
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small ions mobility of both signs, have the same common value K 
and D). Under permanent normal conditions, there is no accumulation 
of ions and the ion flow ¢ crossing the sphere is constant and equal 
to the flow settling on the nucleus. Therefore we shall have: 

¢ = h Trra (D -fifl- 1- -in- Kn‘) = Cte; (19)r 

p ha the number of elementary charges e, positive for instance, 
carried by the nuclcus,wh0se surface is supposed to be conductor. 
Keeping into account the image force of the small ion with regard 
to this, we shall write:

‘ 

[P 
./ p ugl = -e /'1 -Q’:-_ + --§_ - 

l dr / rd r3 (Rd - r“) up- 

» ke Let us write r = Rx and 
1? 

. -. The integral of rclatinn (19) UR 
is expressed by: _V .

// 
_/ 1 \. A 1 1 nl = em _ 

‘J 
3-. _ —?-n_§i-, ~. n_—- -T exp -QJL - —1-LT- '~ X 2x (X -1), " DR x X 2 x (X -1) .- \

l 

1 4- B . 
(21) . 

a. without Consideration of Small Ion's Mean Free Path. 
Integration constants are determined by writing that n' is 

zero on the nucleus surface, supposed to be a perfect conductor, and 
that, far from the nucleus, limit densities have the same value no, 
since the medium is supposed wholly neutral,and n" is obtained by 
changing p to -p in relation (21). 

Combination coefficients /é5;p'and../52? of a nucleus carrying 
elementary charges of same sign as that of the small ions and of 
opposed sign, are expressed as follows: 
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d 

J l . , 
= _._. 1, TTDR (32. ) 

1P no <11‘ X4 

1 .. 

: 7; d-Y1 
,

* 

K M 2p no 
L1,. DR (--dr )x:1 V 

(22) 
&‘_, 

\:~
_

Q 

from which/Q LL ‘FDR L‘ F DR 
' : ~ = 
11’ I(R,p) 21> I(R,~P) (23) 

with ck? 

- 1 P 
- 

1 
1% ) I(R;P) ' “'2' exp’? "“" ' -T?“ ‘ix¢ ( 8 

x x
1 

~ 2Xf(x -l)
_ 

Particularly, for neutral nuclei (p 3 0) fzlo and /22¢, 

assume the form: 
5’ : ‘ii = = h7TDR. 21+ 

/Q0 /-10 /,.--20 ( ) 

Such are the expressions obtained independently by Fuchs 

[33] a.nd Bricard ["311]. In fact, for particle sizes in the 

range of large ions ( R 7 5 X 10-7 cm), and neglecting a few hundredths 

we may disregard the action of the electric image (Fuchs L 33_7, L3§;7; 
Nolan and Keefe [-36]), and write (Pluvinage L_3'(_7, Gunn [_38_7) 

i >ep9'l 
< 

>l'e—p'Z <> I ( - ) 
= I ) " : 

7 P pr; 
J 7 P 

pr;
' 

whipple‘s approximation [Thl_7 consists in supposing that 

the quantity of small ions deposited by diffusion, is the same for a
' 

particle with a given radius, whether the latter is charged or not. 

This means to neglect the action of the charge carried by a particle 

on the ionic density in its vicinity, and to write that it follows 

the same distribution law, whether the particle is charged or not. 

A small ion, situated at a distance r from the center of 
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a large ion, carrying an opposed unit charge, will support an attraction 
' 9 Ke force -§- and will proceed towards the large ion at a —-2- speed. r r 

So, for one unit of time, the number of small ions entering a sphere 
whose radius is r, centered on a large ion of contrary sign, by

r h
. electric attraction, is -—%- h Twran = h n KEG. The diff6r€nC8 

A--r /- I‘ 

\( ,A=2l - /7° is therefore equal to h TTKe. By replacing /(jg = 
- 1 

iflo 5‘/620 by value (2h), Junge's relations are obtained [Th2_7. 
-1 

Relations (22) and approximations stated above, which lead 
to fairly concordant results, when R is higher than 10-5 cm, Show, 
if we take for the/(:the values mentioned on Table (VI), the radii - 

R of about 10-6 cm, in full accordance with mobility measurements. 
However, they have been denied by Keefe, Nolan, and Rich [fhh_7, as 
when applied to smaller size nuclei. Keefe, Nolan, and Rich deny 
the validity of the theory, which has just been stated, and offer 
the following explanation: on account of their frequent collisions 
with small ions, condensation nuclei must go back to a state of 
equilibrium with them, as regards_ (at the same time) temperature 
and electric charge. Taking in consideration their electric energy, 
Boltzmann's distribution law can be applied to them. The concentration 
of particles carrying p elementary charges of both signs, may be 
written under the following flarmz 

up = 2N0 exp (—p2e2/ZRTR) (26) 

in which Nb represents the number of neutral particles per unit of 
volume, k the Boltzmann constant and T the absolute temperature. In 
fact, it does not seem that an equilibrium, in the Boltzmann meaning, 
can be established under these conditions and, as shown by Fuchs Lf33_7, 
[:35_7, the expression (26) may be considered as an approximation 
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28. 

to relations (25), when radius R is sufficiently great‘ (section III 
A3). Figure 6 shows a comparison between the various theoretical 
results stated above, according to Keefe, Nolan, and Rich; the 
points marked are their experimental results. It may be seen that 
the concordance is satisfactory when R) 10-5 cm and that no com- 
putation is also satisfactory for the lower values of radius. 

b. Introduction of the Mean Free Path of Small Ions. 
Suppose that Ais the mean free path of small ions, stated 

by relation (5). Suppose that A is the average distance from the 
particle surface, with which the small ion had its last ‘collision. 
It is supposed that everything happens as if said. distance would be 
constant, i.e. as if the collision had taken place at the distance 
R-l-A from the large ion center, and that the thickness shell,A , 
may be considered as a void space. A first approximation, (Arendt 
and Kallmann [_l&5_7) used by Lassen 5&6], consists in taking A: ' 

)\ . In a more accurate way, (Smolukowsky [‘35_7), we shall take 
[_47_7: 

A = 3;/\ (R+/\>3 -1112+/\2)3,/2 ‘R’ <2" 

which gives A = A for very xr/all values of R, and A = -A for Q7261"
2 values . ' 

It may be considered that, in the thickness.zoneA , 
between both surfaces, particles (in this instance small ions), move- 
as in a vacuum and are impelled by thermic agitation speed v. 
Suppose that nR+A is the small ion concentration on the outside 
surface of the shell. The ion flux reaching the particle (large ion 
or nucleus) is: 
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¢R = 'IYR2vnR+A. (23) 

At equilibrium we shall write: 

-1 
¢R '1’ R +4; <29) 

or, according to (19): 

A 2 :1. _<59_ . - 1‘ “(R -v ) dr > R4-A + dr KnR*A _ 7TR2vnR1A. (30) 

._¢ 

In saying that the above relation is satisfied and that, very 
far from the nucleus, ionic densities have the same n value, we getO

\ 

A and B) integration constants Of relation (21). Furthermore, we 

find that attachment coefficients 
1 

and /62;) retain form (23)P 
providing we write: 

()0 

1 P 1 ND 
I : .;§- expq? -;- - “'§-Z-5-:-I; 5 ( 2x x MvR

A 7 *' T 
with: 

P l M=°XP' -—-- --------- -—) A _ 

’(32 7 x 2x2(x2-1)‘X=l+_AK§__ 

If we disregard the electric image, we get a good approximation 

by writing:
_ 

2 2 fl == 7rR2vp ET exp
a 

lp e2 v -pe P*- +-—-- R2 l-exp 
kT 1+1) kT(R—tA) 

77 
2 82 - 

P92 

fig? c“""~ 
,

. 

82 2 2 

\\ KT hp 1: 1' ZR+,g_ 5 

* pproved for Release: 2017/09/11 C06461858 

31 

(2: J.) 

I"_171N'§. 1" ‘ 

21 1 
11.33, =-»="3~.-‘=§ 
" 

.-. 

{iii -‘.» 
>- 

4‘-3 

'-- 
. .L "CAI! 
,. 

1 &=_-re V» A1 : 
:_k~,‘.;_2_\J;‘. Indu- 
1:1 ' 

.;. '19‘ 
I 

"' 
, ~ 

_. t".:'L~'.'§é- 
.. ; .. . ,' 

7. "£15 
:. 'w; 
‘ " 'l"_ ,1." 

;‘-j-Z'.'§.F 
= '1-1!! 

:1 

~ J" 

-7::7$§ 

:31: ,.

H 

I 1 ,-'3 
04- ‘Q 
\;. I 

=* ..'*T“s'

. 

1? 

_I:.".'._;_. 

Xni-o\l::lF>l'_.L"

| 

1'

1 

F
I 

1 L, 
.1..g 

'
- 

1‘ J ~' . _- -.1

r 
'4 

‘ 

. .,._ ‘. 

| 
“ 

r 

‘:15 
i:“ 1:.‘-;." 

. 
.'l“_.'.*.|€ 

I u. .v_
‘ 

1 
‘: '5>1':_2 

'1" T.‘:=.‘ .-1*‘ 
., _;-sf 32 

u ,1 r 
‘e ' 

.4 
..‘: 

I .. p.: 1 ¢_| 
’ 

“ 
.5-.'§1*..€ 

_‘_x_, _¢-J: 
21.1"‘ .=, 35 
---;%:' “H;-. »§ 
e~f~:. ..'fi<: K121 

.. I 

,3 
L $1 ;I 

"::,-1" :_ '1' 

Y; = 1321 
=.'__ ,4:-~ -5*": 
-ta -4 

~' 
gr}; .' 

.§ . .:. .21’- 
l- 

" :7. :".é J” cur; 
* '1 1:1:»*»,::;f'

F 
'!'

_ 

' 

';.~;',_': 

'1 

11.2-x 

ii-.;én'r-R 

"'§'~|.. 

\ ;"?'" 

in 
| '., ii.--k 

_' 
‘- Qdf 

..‘_:.|‘_; 
2 *J'='_" 
,_‘.H,_ _. 1

r 

‘<‘-*“‘.v-is 

ac‘; 

Q~ 

-;1 ":5; 5 

_ 

- 

__, 

' 

<__ 

,.:. 

‘~_j_J\ 

-;'_ 

. 

_ 

_4_ 

.'_'i'-\5»'l~-4'uu 

' W -- 427.‘ 

1 . 
.1‘ 

.2 ".~',-,~'-';‘I" 

.. .', F’ 

P25; :~~» M "5 
_ Z3, ..q._,____,; 

:_':‘ 

".' ':q:':.- -.‘. 
1‘ 

r~ 1"
‘

I 
1....“ 

“L-3‘ _ ;':L_'.! é} 
0.41., .; .-‘ 
a" 

1.- --.1. '4. -,., .---,-1- -. . 4 

.,». 
5-; 

t 
:"§, ...¢ 

‘u 
. .~1~, 
-'¢‘:= =' 

~,7 117- 

‘I 
1:‘ 

_ 
z_|:|i‘4_'4:\-| 

..-Q he’; -A ._ .~-! 

1;." W -1; M 
1 

“A 
'1. 

' 

"Q1", _- : 
'3 

- - ‘;§.._~I\m;f 

2;. 1*"-8" _._.;. -'11 

:_.;gi:- '1.;:.5~ 51 
,,=!¢ >-_.._ 
- :'*';,.t" '! hr 
; 21:.-.~ 

in -§?“ff' <:i}§>I ._; 

4.“ 
V

, 

L...-_,.,~Z'_i' 31:!’ 
’|- fir‘ “"110 

1-"1? 

#1 if!‘-21'-“'?~.E§ 
.. -. -. - .- 

11, 
1 

.1. Qt‘ 3 .. |....|.|. ..-. ‘r '.~ " ,;x ' 5.: .:._:.1:‘.. f:' 

?;h~1zs:-; .11;-,;¢¢ :5 
"= *1 .»;¢.;I11.v" 

F-.71‘. rriflfif 
,=@;j;z;-=¢i;‘:-Y3. 
4 -'-, _,. ;zl



v ,__.,4,,,, x... ..._._., ._, ._. -...»_.-' .--.:. ;_ t. --. W. .r==_;._...»: . 

Apmnvedf0rRemase:ZOTWOQM1 C06461858
Y 

300 

in which k represents always the Boltzmann's constant. 

We find especially for/K65:

2 
9fl‘R v - 

,6; V R2 
- (31+)’ 

l+_-- 
hD R + £3 

We see on figure 6, that the curve marked II, new theory 

calculated from (33) and (3h), confirms the experimental points of 

Keefe, Nolan, and Rich, in a satisfactory way. Another argument in 

their behalf, is that relation (8), concerning the recombination 

coefficient of small iong and equally proved right by experience, 
has been obtained through an argument identical to the above argu- 

ment- 

If r is greater than some lO'6 cm, relations (33) are 

simplified and become identical to those of Lassen [Th6_7. For
1 

example we obtain for 57':
. 

=' o 

/, 1» '1'," DR 
= ---1;-— ' (35) /‘ O l +__12_ )

. 

vR 
-5 

and if R is greater than 10 cm, we obtain relation (2h), save for 

a few hundredths. ' 
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III- ZQNIC EQUILIBRIUM OF HHE ATMOSPHERE. 

We have studied, in chapter I, the radio-active origin of 

small ions and, in chapter II, the pollution characteristics, keeping 

strictly within the purpose of the Atmospheric Electricity viewpoint. 
We intend to study here the combined action of radio-activity and 

pollution, that is small ions versus condensation nuclei. 

The consequences of the relations obtained, which are valid 
through the thickness of the entire atmosphere, will be studied circum- 
stantially in the lower atmosphere, where experimental results are 

comparitively numerous. We shall state, furthermore, what may be 
their possible application to the problems of the higher atmosphere. 

A. Eddy Diffusion is, Disregarded. 

1. Equilibrium'ConditionsL we suppose that the small ions, 

created in the air, disappear solely by fixation on neutral nuclei 
or on large ions having an opposite sign or the same sign; placing 

ourselves in a quiet atmosphere, free from turbulence, we disregard
t 

the nuclei coagulation (section II.6). At a given moment, at first 

we suppose that charges are symmetrical and that all the nuclei have 
the same radius (monodispersed medium), calling "Np" the number of 
nuclei with the charge " 1-pe" (large positive ions); and"Nd'the »- 

number of electrically neutral nuclei.- On account of the symmetry 
of the problem, the number per cm3 of nuclei bearing the charge

' 

"- pe" is also Np. Under these conditions we may write: W 

. 2 X3; 
_ ; ‘5 _ _§£§§l_ 6 

2% 
- =1 f°‘ “w ' “/ * ‘=si(./{Jlp’\'/£)2P ’ “P “ e ‘3 ’ 

.. p = 1 
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32. ' 

,0 
1,60,/(flip, )2p are defined by relations (33»v), In the vicinity of 
the ground, the term depending on the re-combination coefficientog - 

will be disregarded. This would not be allowable in altitudes where
- 

fl , 

quantities N +/3N +/<6,N + ... are much lower. We shall 
/ ° O 1 1 2 2 

also disregard the term Kn ;_d§ . 

dz 

We write for large ions: 

9-_v ' 

E I 

/A . 

___ : I1 N " A/-' N (37) 
at 1,10-1 P-l / up P‘ ' 

We shall state that an equilibrium exists between the large 

ion production and their attachment on the nuclei, consequently: 

.95; = 0 an = 0 (38) 
dt dt 

2. Recluired fflquiljlbrgium Time. 

Let us suppose, in order to simplify, that there are no 

large ions having a charge greater than l elementary charge. I1’ we 

consider the concentration of nuclei and large ions as constant, the 

concentration of the small ions at the time t will be written: 

7 ,4 V. 

n (t) = no exp (./(it) + (q//9’ ) [1 - exp (-',/31)] (39) 

If the total nuclei concentration (i.e. Z) is constant, the 

concentration N of the large ions of both signs will be: 

"(U 5 
Z 

[1 — exp (-911)] + N QXP ('Pt) == 
(V/{Q1/f{))+2 

_ 

o " 

= N00 [1 - EXP (-11%)] -t No exp (-pt); (#0) 

No is the value of N at the time t I O and N the equilibrium 
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concentration.
1 

(1,1) 

, °N@) it/\€]Fql 

represents the average life time of a small ion, in a free state, 

that is the average time elapsing between the moment when it appears 

and the moment when it settles on a condensation nucleus. 

In normal atmospheres, that quantity is included between 

20 and 50 sec. 

The quantity: 

l l 
T - 

2 /' P (/£+ /c0)n 

represents the equilibrium time constant. Under normal conditions, 

it averages a few hundred seconds [fh_7. A direct measure of the 

average age of large radio-active ions, in the vicinity of the grounds 

gives a value averaging 15 minutes. This represents the time of 

contact between large ions and small ions. The result is that in 

this time, as a rule, the ionic equilibrium corresponding to relations 

(38) is nearly reached) a few hundredths still missing. 

3. Ionic Densities. 

According to (36) we shall write to the equilibrium L n9] 
CI) 

q=nfloNO+ 2 up , (n3) 
p=1 

It is easily established, according to (37) and (38), that; 
, . _/\ 

» ,- 

, f /7 9 

/6../“"1 1/’1 -1 
= ° ' ’ P - um 

‘J , 
- 

_ N0 ap 
21 /J22/32p 

wherefrom: 

TM8 E1
. 

’ Z=N° (1+2 (us) 
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3h. 

These are relations whose numeric computation is in progress 

and which permit the determination of the distribution of charges 

in terms of the nucleus." 

, 
We may state that if R does not exceed 2xlO'6 cm, particles 

carrying a double charge do not exceed 1% of those carrying only 

one charge; that particles carrying three charges do not exceed by 

2% in number those carrying a double charge. 

We find the repwtition of charges attached to particles 

with greater than 10'5 Cm in (37) and (38). In particular, it is 

shown, that the maximum charge attached to cloud droplets is in the 

order of a few tens of elementary charges. ’ 

Relation (ht) may be written: 
~. 1 _

- 

P r; "- 
/-1p /‘.21 (J21) 

or, according to (25) 

Z“). 

r~ 

N- Kl TD

\ 

exp1>Q — 1 '
, 

N I N -- exp - Q1 P O -p 

=1 . 

exp (P"/3) - HP (-PWIZ) 
I No -=1 l~~~ sees-~ —*'e/~~s exp (-P29/2).‘ 

P pl; P7) Q Exp-2"-6Xp(--2") 
If R exceeds 1O'5 cm, the quantity 1 *e___e_.cee ~__i_- 

I"? 
is very near the unit, so that we may write (Fuchs [f33_7) for every 

sign: 2 2 - p e 
N 3 N exp ( -awn»-. ), P ° zmer 
The distribution of charges therefore follows, when the 

particles radius is not smaller than 1O'5 cm, or so, a Boltzmannis “ 

for Release: 2lo17)09/11



4u

1

\

z

§

8

K 

_ _ _‘ . ._.‘ ____.___._; :_'_'._“_'::;...i_....;4u:- I 
._.__ 

l _ 
_

. 

Apmpvedf0rRemase:20TW09M1 C06461858 

35- 

law, as regards electrostatic energy, according to the hypothesis ‘ 

expressed by Nolan, Keefe, and Rich [fhh_7, (section II, 8a}, which 
may be considered as an approximation to the results stated above. 

If we disregard particles carrying several charges (i.e. 
-. .‘ d'i‘ S tht =2 'ftth , 1l,__ lp) an 1 we suppo e a (y 21 //L O) , (in ac e 

average of this ratio amounts to 1.7 according to table (VIi))we 
find, according to (Eh) and (h3): 

= 3 = '7 
MTFDR 

.q 
mg/° H“ 

I<R,<>> ’ 

R is the average radius of nuclei. This is Schweidler's formula 
which connects density of small ions and condensation nuclei with 
ionization intensity. 

In a more accurate way, we shall write, according to (H3): 

q = ma/" (#7) 
(“.71 F11 

IA (fill) —+~/Jgflap H 7/‘ DR 
/7 ‘ 

- 

1,2 ap) 
* 2 T75)“ (us) 

v»~1 

Figure 7 represents [_h9_7 the variations of function I (R) 
in terms of R, in the case as expressed by relation (23a) and in the 
case as relations (33) are used. we see then that, except for very 
small values of R, function I (R) is very close to the unit. 

Introducing the atmospheric electric conductivity, relation 
(k7) is written: 

2 q I(R) Ke 2q Ke 
: _1 ,<;§7 ~ ... h ) */\ 1+’1;nRz ' l+'n_DRZ (9 
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Figure 8, borrowed from Sagalyn and Faucher [25__7, rep- 

resents ionic density variations, computed according to the above 

relations. The points marked show the results of measures made in 

the exchange zone, which had a thickness of a few km above the ground, 

Let us now cons-ider the case of a medium whose granule- 

metry follows relation (17). Relation (1:7) is written as follows: 

/"D 
q =_— n /8 r(u) an = C11 2%?) (50)- 

0/0 
C being a r.~.hu.ra.cteri:;tic constant of.‘ the ¢;ru.nu'lomc1;ry for 

a. certain ioni ation intensity, that is for a. certain zstated atmos- 

pheric radioactivity; we shall then write:
1 
2, t - nxZ_3 =Ce, (51) 

an expression which is experimentally proven [27], [-28]. 

1+. Account is Taken of the Inegalities of 1-’o:;,titive und Ne/‘gutive 

Mobilities [311 Z. 

Relations (M7) will be expressed thus: 

l+1TD'nzn' UT D"RZn" q- 
dId(1;i,zh')Z: 

_ 
1): ; (52) 

with ' 

$12.. 25 (53) l+Tfn'Rz 1+'rrn"Rz 

n| D" K‘ 
it results that: -—- .2 -- : -- . (5h) n" DI Kn 

Accordirg to the above relations, the space charge constituted 

* pproved for Release: 2017/09/11 C06461858 
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by small ions, will be written as follows: 

A qe D’ - D" 
§)1"”(“' 'n")=-.r'~ ----— (55) h*@Rz D‘ D" 

in which R is always the average radius oi the large ions. 
This quantity ghl represents a positive space charge; 

for an avera e ionic densit near the "round it uveraucs to SO to L.’ J 

100 elementary charges per cm), in accordance with the results which 
may be computed from direct measures of ionic concentrations of 
both signs. 

As a rule, this represents only one part of the space 
charge, which, while preserving usually a nearéby order of size, may 
be inversed in sign. Norinder's [50] results, valid at 8 or 9 m 
above the ground, show a negative charge (MOO elementary charges per 
cm3). Scrase [f5l_7 finds in case of marked turbulence, a charge 
always positive (under these conditions the electrode effect is 
masked); and negative in the first 5 meters above the ground, if the 
air is quiet; the average value measured ranging about 200 elementary

3 charges per cm . From here it may be inferred that there is a surplus 
of charge born by other particles and especially by large ions in 
excess over that corresponding to small ions; and this may reverse 
the sign of the whole.

_ 

On the other hand, positive and negative conductivities 
are such that: 

AI:KInle‘-vv 
q-K" 

J H]TD‘RZ 

/—-*;_._../ 

DY’

< :9 
“E

\ ll II II = K 11 °~ - (50) 1+'lTn"Rz
_ 
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It results from relation (Sh) that: 

}\' = /\" . K5?) 

According to relations (1+) and (56) we find that the 
corresponding electric field of the earth is really proportional to 
the ‘;3Ol.i'.1'§LJ'.C;Z'l and invert;-:l‘;.' '_;'-rog<)z'"?;i.on.-11 ~l;<_> 

the ionization intensity, which corresponds to the observations 
and permits particularly to explain the field variations related 

to radio-activity, on the ground as well as in altitude A SQJ7. 
Finally, according to (23), (37), and (38): 

| I!
I

I N D = 3.2% = c? _::_p2 at . (58) 
I .v" 

"
_ N Iwl I. 

p_+1 ILIZ, (P+l)] 

Particularly: 

NI
1 3 1 r (59) 

III’ 

l
. 

Relations (5%), (57), (59) confirm usually stated experi- 
mental results. The following table gives a comparison with Mme. 
Thellier's experiments: 

' 

Qheoretical Values E§2crimental Values 
n‘ k" n‘ 
.___ : : 1,35 *1 = l.2h 

nil 

\ I /\- = /\ 
" >\' = 1.1+2 x 10'“; /\" = 1.uo x 10 

N’ N‘
Q 

1 = 1 ....L = 1.03 
" I‘ N 1 N 1 
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According especially to relation (59), the space charge 
born by large ions should be zero, which results seems inconsistent 
with the results recalled above. However, we must not forget (section 

_c¢uilibrium III A, 2) that the ionic ' /is usually reached only to a few 
hundredths. Let us take 5%. It corresponds to a possible excess of 
large ions of the same order. For a slight pollution (2000 large 
ions/cm3), 100 elementary charges born by large ions may result,’ 
this being all the more marked when pollution is higher. We must 
furthermore add that artificial pollution causes important charges 
of a preponderant sign [fC_7, which have no time to be neutralized 
by natural ionization, and whose action, superposing on that of 

.Q:@YLilb*?JU3 natural pollution, alter ioniq /equations. 
5- The Case of Radio-Active Ions. 
a. Qomputation of Concentrations. The following reasoning is 

prevailing and valid whatever the nature of the radioactive body present 
in the atmosphere may be, providing that elements of the range of 
molecular dimensions be present and not aerosols of larger dimensions. 
It will be applied to the particular case of the Radon near the 
ground, which seems to have been the more accurately studied until 
now. 

Supposing that: 

qh 
= 

>\Rn Nhn (60) 
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"'2; is the number of Ran atoms appearing per cm of air and per second 

hRn 
meaning the atmospheric concentration of Radon and )\fin its 

radio-active constant. We will write relation (36): 

*pmnvedf0rRemase:20TW09M1 C06461858 

. - ,‘x 
I\l 

_ _,_v ) |-- I‘: _"'*pi 
"‘1.‘Y§ 

14,-. " J?“- 
~ ;fit .’,_

I 
I _ '.-~ .‘! 

2_:},%.h. 

K. .1-. 

A... 
' 

",§f|:=:: 
-if-."‘.|'§‘( 

?.Qi 
I .‘T'._.7'. . 

41+ ::~t=n-=s.**$ n' Q wet aam@af l.mEfl§§ e‘w'»w§ 
:,:\.;'I '3‘ Ti, 
-'l"Z 1;;-'. . -<1 1!.



_ _v_,_.. 'l‘.A§5-"\)'fv-P _ ._ .- 

Apmpvedf0rRemase:201W09M1 C06461858 

A0. 

A - , - -5- t L Uf.,lp,f,2p, 1'/’)1PM"A.]|Z. (,1) 

p:]_ 0' '

0 

nA is the atmospheric concentration of small RaA ions, and NPA that 
of the nuclei having attached RaA atoms. 

Not knowing the exact value of the diffusion coefficient 
of neutral RaA atoms (mentioned in section (I,6)), which appear when 
the Radon disintegrates, we suppose as a first approximation, that 
every radio-active ion carries a. positive elementary charge. The 
problem is then the same as that of the attachment of ordinary ions 
on condensation nuclei, with the difference that this concerns only 
positive ions. 

Due to the fact that small radio-active ions have the 
same mobility as the small normal ions of the atmosphere, it results 
from relation ('1) that they have also the same recombination coefficient 
as the small negative ions and we may, under normal conditions, dis- 
regard the quantity on nnA. 

The fl have the same meaning as in the previous section and 
the expression PNA takes into account the formation of radio- 
active particles having; a. multiple concentration charge NPA. The 
limit concentration reached at the equilibrium will be given by dn 

Z O; that is, according to notations of section IIIA, 2 dt
. 

and disregarding multiple charges: 

QA 
. 62) -+ 

The qua.ntity@- represents, as in the case of 
'. 
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relation (N1), the average interval of time between the appearance 

of a radio-active atom coming from the Radon, disintegrated or not, 
and its attachment on a particle; it ranges therefore to about 

20 to 50 sec, the same as for small normal ions. 

This is, in fact, the order of magnitude corresponding to 
'

_ Renoux direct measures L l2_7, taken close to the ground (study of 
the decrease of disintegration products of small ions, directly collected 

in the atmosphere during a very short period). RaA atom concentrations, 
corresponding to the conditions of relations (62), are of the same 
kind as those mentioned in secti0n(I.6) for /2-values consistent 

with experience. 

Relation (62) may also be applied to the computation of the 
concentration of stratospheric recoil atoms. At an altitude of 20 km, 
we may suppose for them: D ssl cm2 sec 1; R I 10 5 cm; and Z - 0.1 
per cm3. We find thatig ranges at about lO_5sec'l, the attachment 
time for every present aerosol particle of these liberated atoms 

ranging at about lO5sec., about 3 hours. If we take the case of 

Be? and P32 considered in section I-6, whose period is long com- 

pared with this attachment time, according to (62), corresponding 

concentrations would amount to 2 X lO'3 and 2 X l0'5 of free Be? 
and P32 atoms per cm3 of the atmosphere, respectively. 

' 

b. Neutral Radio-Active Nuclei ZTZQJI The whole of the Radon 

decay products is thus either free, in the form of small ions, 
mainly constituted by RaA, and by RaB and RaC in very small quantities, 
or in the form of radio-active condensation nuclei, electrically 
neutral, (coming from large ions originally negative),_or of.large 
radio-active ions (coming from neutral condensation nuclei), or 
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fixed on dust particles. F 

Radio-active neutral ions can also appear by neutralization 
of large radioactive ions, by small negative ions, and disappear 
by attachment of small ions of every sign. We will disregard, in a 
first approximation, these minor reactions. 

If the disappearance of large radio-active ion and neutral 
nuclei, exclusively of Q4 and NQQ concentration, is exclusively 
attributed to their decay, we will write, for instance for the 
second concentration: kt 

at 
' n“ FAN" ' ’\1\ N6/*5 (63) 

N" is the concentration of large negative ions. The same relation 
will be obtained for N. 

If we suppose that there is an equilibrium: 

--_ - -_--_ . 0). (en 

and supposing a probable atmospheric ion concentration, we find 
for nA = 1.5 X lO'ucm2 (section I.6) that N = 5 X lO_u/ 3' == 

h X lO‘h/cm3. ' 

This corresponds to the experiments (section II.7). E 

However, (secondary reactions mentioned above), large 
negative radio-active ions should appear, originated by attachment 
of small ordinary ions, on neutral radio-active nuclei. In spite 
of all our efforts, we did not succeed in detecting the presence or 
these large negative ions in the atmosphere, which leads us to 
suppose that such a mechanism does not exist. It is, however, possible 
to realize it by the corona effect. An explanation could be the in- 
sufficient contact time between natural aerosol particles and Radon 
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k3. 

products. 

c. Equilibrium Between Radioactive Small and Large Ions. 

A lOQ7, [-1147, L M347. SupposE' that ZA is the concentration 

of RaA atoms, corresponding to these two kinds of particle. Due 

to the small RaA period (3 min.), it may be supposed that the 

radio—active equilibrium is obviously reached between the Radon 

and the Rah resulting from its decay (10 minutes are indeed 

necessary to realize said equilibrium to 10%). We shall there- 

fore write: 

%;JMm=}gm+%n (e) 

and, starting from (62) and (65), we find that: 

zA=% fg (s) 

from which: 

1'1 )A ' 

..;‘*.. = _.__ , (57) 
Z U 
A I

n 
We see that the ratio —-EL is independent of the

Z 
quantity of Radon existing in the Aair. 

Relation (67) shows for the RaA (period 3 min), near the
n 

ground, under normal conditions, (/3 Z h X lO'2sec'l), thflt -Zi- rBn8°5 

at about 10%/which corresponds to the measures. These relations are 

also valid for stratospherical decay products. For Be? and P32 with 

fl 2 l0"5sec'l_, orders of magnitudes 01’ 0.02 and 0.06 are respectively 

found for n/Z. 
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d. Granulometric Distribution of the Activity of hatural Aerosols 
L 1+6], [_“l+9]. First, let us go back to the case of the attach- 
ment of small ions on natural aerosokg but in a polydispersed 
medium. According to (#7) and (#8), we may write: 

Rf R ( ) q(R) = l+TDn f -"'-"" d.R. (68) I(R) 
R0 

d.Z 
f(R)3=?—-—- represents the granulometric distribution of the medium QR 
as given by the relation (17). Function q (R) is represented, in 
relative values, in i’ig.9 for two values: no - 5 x 107 and R0 =“10"5 
cm of minimum radius R, corresponding to inferior limits, reasonable 
for large average ions: the maximum radius was chosen equal to l . 

The distribution, thus computed from relation (68), is practically 
identical with that computed by Lassen [fh6;7 from relation (35) 
fQr R0 = 10'-60m. 

On the same figure, a dotted line shows the distribution 
obtained by making I (R) = Ctc in relation (G8). We may see, 
especially for R0 = 10-6 cm, that the corresponding distribution is 
very similar to the former, and that, due to the accuracy of 
measuring methods now available, this approximation is largely sat- 
isfactory, which justifies Mlihleisen and IIoll's [27], [28] 
arguments [Tl (R) = LQZ. 

We derive from the curves that the average nuclei ( R £5 
2.5 X lO_6cm) attach 78 to 80% in the first case and 83% to 86% in 
the second; the remaining, i.e. about 15 to 20%, being attached by 
particles of larger size. These results define the role of these 
particles, the nature of which has been discussed before [T§h_7l 

Relation (68) is general and applies to small radio- 
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1+5. 

active ions derived from the Radon; for instance, attached to aerosol . 

particles; n is to be replaced by nA and q by qA (R), which represents 
the accrued granulometric distribution of the activity attached to 

natural aerosol particles. Points marked in fig. 9 represent the 

experimental results directly obtained, corresponding to table V. 

we see that categories (l) and (3), table C, are well placed, (points 

marked c and d), with respect to the computed curves in fig. 9. 

The experimental device used in these investigations does 

not pemit to know accurately the value of the radius corresponding l 

to class 2, which may be either a. or b on fig. 9. However, even if 

we take the farthest, we are again in the neighborhood of the computed 

curve. We may then conclude, in consideration of the slight 

quantities measured and of the difficulties encountered in such 

experiments, that the experimental points thus obtained, constitute 

a first checking of the theoretical consideration stated above. They 

are also in agreement with the theoretical distribution foreseen by 
Lassen [__l&6__7, concerning the attachment of Thoron by-products on 

artificial aerosol particles. 

B." Introduction of Eddy Diffusion Coefficient. 
p 

KawanQ's Theory 

[3q][bi]. V 

1. Ionic Density. 

In order to know the vertical distribution of ionic densities, 
we must introduce the eddy diffusion coefficient into the equilibrium 

equations. This allows to determine the distribution of the various 
electric parameters, depending on the altitude. Let n be ‘ire 
concentration of small positive ions, for instance, supposing that, 
as in (36), charges are symmetrical and that K is the eddy diffusion 
coefficient. The rate of variation of n with altitude Z will be 
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1 expressed, on account of eddy diffusion, as follows: ? Q; 
dn = d 

( K dn ).' 6 _. ,5 
dt dz dz ( 9) 5*iiT 
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\¢‘>.p~¥|,,'-H The contribution of ions, coming from lower parts, adds 
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itself to the production of ions by the various ionizing agents, 
considered in chapter I. Let q(z) be the corresponding total ioniz- i1"1 5 

1
. 

-.~_.¢..»~. .,-> ~_' ation intensity. Equations (36) and (38) become, at altitude Z*: 
,3 "wfl 
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4 3 ._' <1 . an _ <1(nE) 2 
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~ Account may be taken of possible variations of K with the 
altitude (Miline A 511]), which complicates the computations. 

u;
5 

» r-‘.2 * -~;! 
will merely consider K as constant (Kawano) and disregard possible lmi

1 
..e‘.~ 

‘ 

, '. 

. 

.4. variations of the conduction current, as well as the small ions recom- ' w 
binations, which lcadsto relation:

, 
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‘§‘~A-P-_b£‘*“QA:."~¥¢:')¢ 1- <17 = R Zr» (71) 

The ionization intensity is the sum of 3 terms: Q» 

qz 
- qzl+ qz2+ QZ3 ' (73) 

‘ 

'.'

1 

The first term)qzl, represents the action of the ;”—radiation 
_ giéé 

%%E from the ground. At z altitude, it is given by relation (1). The rfig 
second term represents the action of radio-active gases and of their , nhgg 
active decay products suspended in the atmosphere. By limiting our- ' 

5Q;

.

1 

_~..' 

.).r:.T-1:. 

selves, in a first approximation,_to the Radon daughter-products and 
*) K is not well known close to the ground. However, we shall suppose, §{,-““fl3 that the value of K as well as that of dn/dz is much smaller at ground ”~- ;§;s level than in some height. This justifies the equations (37) and (38). 
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by reverting to the reference level h, we will write, according 
to (2): 

q2(z)4 = @131 exp — Ii‘/J? (Z - h)]- (73) 

where A is the Radon radio-active constant. (It would be easy 
to take into account the other radio-active bodies, possibly present. 
They would reveal themselves through a sum of term 

type} 

s of the above 

Relation (?T»will then be written under the form mentioned 
by Kawano: 

- Zn; ‘ 

(71+) 

q is the cosmic radiation contribution, supposed constant, in3 
terms of the altitude. 

The integration of the above relation has been made by 
KANANO, in the case when product f3Z is constant with the altitude. 
It is evident that this condition is in contradiction with the other 
conditions brought in relation (Yh), (other characteristics variable 
with the altitude), as well as with experience, (section II,l). 
Therefore, the expression or n thus obtained can only be very 
approximative and would most probably be improved if'Z would be 
given an exponential form. However, with the following limit con- 
ditions: l 

n 3 nh at z = h 
n=I1 atz:QO 

*pmovedf0rRemase:20TW09M1 C06461858 

den 
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CE: (z-h) 4- = -- h dza lo ; - 

qah \- K <13 B z 11 , (7 ) 
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we obtain: ' q q T" <1 

n : n - —— 1h— - <— qgg-I-— - ~3— exp -[_LiL- (z-h) {— lh 

z - 1:/1? 32 K h J32-A B . 

’ Bz-) 

exp -N? (Z-11)]-+~ _B:Z/‘L2 
exp (-/1Z)+éig’J— - (75)" 

This expression allows numerical calculation of the ionic density 

with these simplifying hypotheses and according to (3), the conduc- 

tivity, resistivity, etc., at various altitudes. _ 

2. Other Electrical Parameters. 

By calling E the earth's electric field supposed vertical 

and g the charge density at altitude: 

.512. = - Mfg (16) 
dz 

or, according to (11): 

- 1 df\ 
Q - 

h,[rA-I 
1 (77) 

i is the density of the vertical conduction current. 

Starting from (3), (Y5), (T6), and (77), we may therefore 

bring in the pollution and radio-activity on all other atmospheric 

electricity parameters, and especially on the space charge and the 

electric field. Let us write 1120-1» q3 
= <12 and/.41: 0, which means 

to disregard ground. radiation absorption (table III). Noting that 

A = 2.09 X l0"6sec-1 is negligible compared with BZ (whose order 
of magnitude under low pollution is nearingl0"2sec'1), we obtain, 

according to (75), (76), and (77), a relation between the electric 

field E and space charge density at the height h, which is written 
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50. 

IV CONCLUSIONS 

Although the relations established in the course of this 

report are general, their application to prohle ms of atmospheric 

electricity is restricted, as regards the equilibrium between small 

ions and natural aerosols, at altitudes higher than a few km. Above, 

ionization intensity of radio-active origin and atmospheric pollution 

play a negligible part, compared with ionization intensity of cosmic 

origin and re-combination between small ions. In other words, relations 

(70) and (72) remain valid, providing all other terms besides q_3 
and 

cxn2 are disregarded even in the stratospheric accumulation zone. 

We have shown that ionic equilibrium conditions may also 

be applied to the attachment of ions or radio-active atoms on natural 

aerosol particles. Although their concentrations are extremely low, 

compared with those of large and small natural ions, their experimental 

study is already well in progress, in the neighborhood of the ground. 

It present: an interest in the exchange layer where pollution and radio- 

activity are still noticeable, but seems useless between the latter 

and the tropopause. On the contrary, in the accumulation zone, 

towards 20 km in height, where exist at the same time, radio-active 

atoms (fission and artificial radio-activity) and an appreciable 

quantity of pollution, it presents certainly an interest and could 

constitute a new stage in the study of the atmospheric radio-activity. 
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Generation oi Electric Charges Outside 'l'hundcr010\1ds 

by 

J. Alan Chalmers, M.A-, Ph.D., F. Inst.P., 

Reader in Physics, 

Durham C0110.-gm; in the llniv':r:=ity of Durham, England. 

l. Introduction 

It can scarcely be denied that the most uuporuint processes of electri- 

fication in the lower atmosphere are those within thunderclouds, but never- 

theless there are many other electrical processes at work in various regions 

of the atmonplnere that 1 been '1 i:u:ov~~red and that will lmvc: mall or 

large‘ M’ 1’ ctta on the clvrv'l.rI-'ul :1!-IN-v of the nuu~.-::p||\-1--. 

lt in hoped thut, at the Huh 01‘ bv-cumin;-z an nu-re ¢-umlou-um. mm»-I.hIn|< 

can be mid about most of thcasc prcvcsccs, thmq-1); rmtumlly lhv-re will he 

more that can be discussed about sane man about others- 

As in the thunderstorm, it is possible to distinguish vetween two stages 

in the generation of charge, first the actual separation of the tvo charges 

of opposite sign tram previously neutral matter and, second, the segregation 

of these tvo charges in such a vuy um. they reach oirrr.-r-mt places. In 

acne of the prom-uses discussed, lhc :;t'pul'l\\.'i4rIl in Ihat which prodxlccs the 

natural‘ ¢0|v1\h‘l.lvll.,y 0|’ Um nlmnuphrrr, umm-Iy Ihr lm:l~:.nl.l~.m wl‘ the alumn- 

phcrn by ltnnmlc myn and Ivy rmllcmrhlvlly. Anal In umw p|'-~'nmu-n Hue nv-|I,rv-v,nI.lun 

1| by the ordinary procvsnu of ¢~lvvl.rl\' ='0|rl|u:l.Ion In the eh-cI.rl~: Hold tlmt In 

prenent, moving charges of opposite sign ln oppoulte tllrcctlonn. 

2. Point Discharge 

Point discharge can be considered as a generator 0!‘ chergeysince the 

breakdown separates charges from neutral matter and the electric field segre- 

gites them- 

, When an earth-connected point exists above the surface 0|‘ the 1.-llt'Ul, the 

lines of electric force in the utumzplwre concezntrute: on the point and the loch]. 

field strength ilvflelter than that ‘é the earth's In the simple case 

of an isolated point, this local field strength would depend on the 
potential 

difference between the point and its surroundings, i.e- the free atmosphere

~ 
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at the same level, and so on the height 0:’ the point and the potential 

gradient in the atmosphere; for a point which is one of a number at can- 

pereble heights, the other points modify this simple approach. 

Waen the potential gradient in the atnoqhere reaches e certain value, 

the field strength near the point becomes sufficiently large for local 

breakdown, luvolving lonirntion by collision, to occur, mul, 11.3 the potential 

5:-udlt-nv. incr~~u:,-rs, hr-a|\-town can occur ow-r \Il\1~:l.‘ volum.-n and for mm‘-: 

1=01n'.u. The local larvnltdovn mm: 1-otnta has neon lat-all-.-41 under laboratory 

counlltlnxas as "comm dim-nargv.~", but the d.<~ta'lls_nned not concern w: here. 
The reuult of tn-.~ local breakdown is to produce tom: 0!‘ both signs; those 

of the sense sign as the potential gradient move quickly Into the point and 

form a curmnt to earth, while those of the opposite sign remain in the 

atu-c.-sphere and form a space charge, ultimately moving upwards to the cloud 

\ml*lx is the OX'i§Y,i:x -\I‘ tn»: |-uv',~xn.ml grndhrnt. 'l'h-- p:‘v‘m2!|f've ut‘ t.h~.- !~:'prt<:t: 

~'hm'|»'.\: luau‘ U;-~ point -Hxn\nl:2!n.~:: m» avllml l‘i~-hi :-'|'\-n|,'_I.n at l.l|~~ |-~:\I|l- and 

un-h.'I‘ nulwbluz \:|rv.:=un:~.:mm~;; Um <l1;:~-hvn'|-',c may um.'m' in ‘ml 1:--1:; =|'I'.'l'u|.',‘lIul, 

c'f\'\'l'l$ mm!‘ |n'riv:»lu 0|‘ Llmv 1-mg -~-xn|-urn! -.u1.n I.l|~- pul;.ce, 1'. In --uzaj; to 

new l.l|nl., In sat;-ndy \:mullt.l~-nu, th»-r-: will I»: an w1Ju::l:n¢.-ut. L" sglwr 1| ::f.~~auLy 

current uwl uyww: clmrgo, the lorul *‘umlH.ln||8 near uw point providing, Juan. 
sufficient current for the purpose; it is then mmecesanry to discuss 

details of the actual processes at work near the point, Just es, ln an 

uxnlogous case of the lmnanuir-Child lav for thermionic -emission, the 

details of the emission process nev-d not he diacussvd. 

Ulth u particular point uwl om: value of '.lu: pot~.-ntlul gmdleent, ll. 

follows Lhui. the marrmxl. would he ulu:r~-cl only If we :x]-wrv v'har|I.I2 1:: 

ulu-rr-'1, and Uuh; In vwhlcvvd only by vlml r~~m0vln|,z H. l‘rc=m I.h~- nnluhlmurlmud 

of the point. An upprnx hunte l.h~.~oro.~Ilv:al mlcnlntlnn of Llu: rurr:-nt in its 

depend:-nee on potent lul gradient and wind apv--ad for nn isolated point tum recently 

been made (Chalmers, 1962) and work is progressing on an attempt to carry out 

a more accurate couxpututlcm vith. a computer. The theoretical problem of a. 

point which is not isolated, but one ox‘ n. number similarly or differently 

situated. rennin: to tn: tackled. 

On the 1*)!-1\l:l‘1IIM:!ll&Al tiidv, the earlier rm:a::\|rcment:= of the rvlntlon 

between palm.-di:;churg,~* current and potential gradient did not rec°0.-2"!-W-= 
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the part played by wind, but the more recent vork has shown that this must 
be included and the results are in fair agrei-ment with the approximate 
theoretical caleu.l.atlonu- 

The work so fnr discussed has been curried out by simply erecting a 
metal point in the atmosphere and connecting it to earth through a measuring 
instrument; this, therefore, does not give a great deal of infonnetion about 
the effect of natural point discharge, which must take place largely through 
tree's. The problem th~:r~;»fore arises as to how closely a metal point and a 

tree COl‘r¢:ipo|ad in I'eg:|:‘\l to point-dlxzclnnrpp curn.-nta. 
~ _3¢'hou.Iun~i (117228) --ut elmm u huuh, typical of the: |u:I|g,hhuurh0o1l, muunlml 

it on iumaiutors and m-.:m;ur-.~~1 the currv-nt through It; while this mm an 
uppruurh to natural condltlc-nzx, it dld not r¢_-pro-lu\:<- Um cond itionn ul‘ 0. 

living tree. More recently, Maund and Chalmers (1960) attempted to measure 
~the current through a tn-e, not directly but by meuznu-ing the effect of the 
space charge on the potential gradient downwind; the results suggested that 

a tree in Leaf‘ gives lean current than n point at the sum: l'|cip,\|t- Mllner 

and (fhaI|||u|-;; (mu!) lI|:lt'l'l.v°l| rvlvctrmlv-u Int» n l.|'vv, my nu tn uhnrl.-0lru'ult. 

llw *!lll'l'\'l\|. ul-mu lhn Lmu llu-nu|.~,l\ n uulmmw-1.:-r mu! fumul umnllv-r vurrq-nl.n 

than for I\ |w~lM- Quito t":\'~~I|lly, with Llw umnm In;-pnml.nu, iflmlav-rn (Why) 
found'thu1., at the time v.vt$'Jo=:c llg.|\tnln¢: flash, Um tree and n nelghlnourlug 
metal point gnve appreciably different currents, shoving that the tree does 

not behave like a simple conductor. It would be very desirable 11’ such 

measurements could be attempted in the parts of the world where thunderstorms 

are frequent.
_ 

The question of the effect of Ihe prevmace or aboence of neighbouring 
points on Um curn-ul. l.ln‘0u|_:)| time pm-tlculnr pnlnt lu another uhich requirma 
fur!-lwr hnvcntmntlmn. (fhlplnnlmr (l9'00) nml (‘hnlnmru and Mnplcuon (l9‘)‘)), 

uuimg nntural |-nun. 'llm:hnrg1-, fouml that the total current through in number: 

of puinlm clone t.ngo2!.hcr who loam than ll‘ they were replaced. by Q alugle " 

point, but lielin (19%), in u laboratory experiment, found um each pom. 
of a group gpve the same current whether the others were present or not.
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3. Non-Storngy Ruin and Snow Clouds 
Although the electrical effects in non-stony clouds are less than those 

of thunderclouds, they are still appreciable, and sale processes of charge 
separation must be present. 

One oi‘ the important problems in this field is the discussion as to 
vhcther the charge-separation processes in non~utor|ny clouds are the same as 
in thundcrclouds or not. I1‘ they are the some processes, thcn the problem 
is why the magnitude oi‘ the charge separation is so different, what are the 
conditions in ihe thundercloud that mks the processes so much more efficient 
there than in the non-stormy cloud? It should perhaps be pointed out that the 
di1'i‘erencc is much greater than the mere difference in intensity of precipita- 
tion. Ii’, on the other hand, clmrge separation in the non-storluy cloud takes 
place by totally dii'i‘erent processes, t!ll:n~Y-heme processes must be such that they 
are not much |mgnii‘h~d by the chan4:,e frtn non-stormy to IN-0!‘l!\Y conditions, and, 
further, the processes in vhc thundercloud mum; be such that they cannot 
operate significantly in the non-storugy cloud. These considerations are n strong 
Justification for increased study oi‘ nonstonw cloud electrification, particularly 
when it is realised that such clouds are much more frequent in many parts of the 
world than thunderclouds and conditions are much steudier and more amenable to 
an:u:\urcm'nt.~ 

In this conncvtimn. an impnrlnnl. principle hnn lwecn nucd, mnely that of 
the quasi-st:-uoy state, so that one can unnume that thc total vertical electric 
current is the same at all levels. This aanumes that there is no differential 
horizontal electric current at any level, and it might be profitable to consider 
this question in more detail, pu.rticu1arly' in the case of warm-front clouds 
where the movement of the air is much more horizontal than vertical. 

An important result in the measurements of the effects of non-storlw 
clouds is the dii'fen.~ncc of both potential gradients and precipitation 
currents nu lmlvncn rnln mul snow. llnlcentl lhvrs are effects at the enl'lh'u 
mnrfncc, or near m it, this ravrmo to imll--um Lml. Ll|1\I‘r! must l-0 I*Iru':l.|'h:c\l_ 

cffc-:ta in tho process oi‘ melting, since moat vi‘ the prwoipllntlon concerned 
has started as ice particles and, if finally falling an rnln, has melted later- 
The simple discussion of the quasi-steady state lends to the conclusion that 

the potential gradient above a cloud vouid alter in sign when the precipitation 

* pproved for Release: 2017/09/11 C06461858
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charge it carries is that which it has received in ti; 

not to be considered 

5. changes from rain to snow or vice verse; it would be most desirable ii‘ this 
conclusion could be confirmed or refuted by actual observations above the 
clouds. 

1; . Non- Ru in ing Cl ouds 
The charges in warm clouds which ure not precipitating have been 

measured by a number of workers end, although there is sane disagreement, 
the general results appear to be that the larger droplets more often carry 
positive charges and the smaller negative, the actual charges being only a 
few electronic units. '

' 

1* ounc Laboratory exp-.~ri.rncnt:1 by Barklic, Vhitlock and Hnberfielri (1955) 
have uhuwn that Uu_-he charge-U are directly related to the presence of iunn 
and this in in accord with theor:_-tlcul work by Gun’: (!')ji'j). 

Though the-cc effects provide the only uepurution 01' charge in clouds 
of this type, it seems unlikely that similar processes could be appreciable, 
cqnpsred with others, in clouds which give precipitation. 

Another effect in non-ruining clouds is that which is termed the "traffic- 
Jam effect". Since the conductivity within a cloud is less than that outside, 
in order to maintain continuity of current across a cloud boundary, there must 
be a greater potentinl gradient within the cloud than outside, and this, in 
turn, neunu n region of Spam: charge ut the boundary. 

5. Precipitation 
Precipitation, as it reaches the ground, is usually charged; if the 

e cloud, then this is 
separately from the problems of charge generation within 

the cloud; but if the char e on th 1 

then the processes by which this occurs must be consider 

g e prec pitation has been altered as it falls, 
ed as an-pamte. If 

precipitation is an important factor in charge generation in thunder clouds, 
then there muut be u large change of charge during full, since it is certain 
that the precipitation current rvu hi c ng the ground in much umnller than it 
would be in the charge-generating region of the cloud. 

When precipitation leaves the doud, the only ways by which it would seem 
possible that it could acquire char d ge woul be 1) melting 2) capture of ions and .. 
5) shattering. 

o
" 
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t that the charges and the potential gradients during snowfall 
differ from those during rainfall (see, for example, Chalmers 1956), show 
that it is likely that something occurs during melting and it is very 
desirable that more should be found out b t a ou this, both by observations 
during precipitation and ii‘ possible '0' lab , , j OTB tory M683 L1X‘E!I18l’l C 5: 

The "inverse-rvlatic.-n" between precipitation current and point-discharge 
current (Simpson 191:9) can be explained Li‘ Um _pr‘€*C1plQii.10n acquires charge l 

frun the pr.-int-riiuch ~
I 

(Chalmers 19-,1) has uhuun mi 1' 1,1-r or 
ruin L'lu're1|L with ]\oi.eni.inl gmdlunl. when i,h~.-re is n 

nrgv unu umi n more liuinlllrd cumzldr-ration vi‘ Lhiu 
r _/ nu .4 unto:-y n.-uultn. For the zrorrulnlziun 

u point dinchargc, Lnv: 
matter dues not tippuur so simple and further work is required. At; the time 
this is being vritt * en, work -3 in progress on the measurement of rain current 
simultaneously at the t and 1‘ t 1’ 6 op oo o a 0-root tower; results and conclusions 
my be available by the time of the Conference. 

Kelvin (1360) and Chauveau (1900) have found a change of sign of the 
potential gradient at the top and foot oi‘ a Lover on certain occasions duri "8 
rain, and this requires a negative t‘-p£J.I:C' charge in the air below the Lop of 
the lover; mrnuurrmcllta of vhur ml duo L -‘

1 5 o .4» unhing uumot r.-ntlrt-‘ly EX-l’lu1'] 
these results and it might he Lhnl. .1 mu:-1 

reg ion. 

-\ l1\ 1 ng oi‘ min drops occuru in vhiu 

6. The Electrode Effect 
It is perhaps questionable whether the electrode effect should be 

included as a char e- i g geuerat ng process, since the actual charges concerned 
are only the ions produced by cosmic mys and radioactivity. Hut recent work. 
has u\|@f,c0f-Cd that the cicctrcxie rei'1‘eci., and i.ht'QCI)llV¢'CL1UI| of Um charges 
separated by it, are of appreciable importance in the uiJilOB]|her(:. 

I ‘Rae electrode effect cunpriseu n spuce charge near an electrode, in
A

0
4

-

a

4 

the case of the atmosphere the earth's surface, and arises because there can 
normally be no ions leaving the electrode, so that the conductivity at the 
surface of the electrode is due to ions of one sign only. _In nonnal fine- 
weather conditions, the electrode effect would iv i i

I g e a pos t ve space charge 
near Lhe em-thbs sur!‘uce~ this is in fact found only in n ciul diti 
e. g. over 

I 
_ _, . , , pe con ons,» 

the Greenland ice-<-up _(Ruhnke, 1962) or over water (Milhleizsen, 1961); 
in other cases it. is rcducwi or ubzmnl, l\~.~r::u1nc oi‘ higher ionization close to 
the earth. 
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_ _ __ T. Other ihtural Sources of Charge 
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_ There are several oiher natural phenomena which give rise to charges 
> _

- 

1;; ._ ~-4-'_¢,§,;-=~ .- in the atmosphere. . - V 
, ~; . |..-_-» ~, . - 

: '_ -'92”?- - » 1, * -'» q,é§;.1:'_:»+»j-_ ' 

<' > - ”\-.,-;, -1- \:A“_‘,f—“5‘5‘:-f,:‘J’€f~".,: 
» "~' v w,4\\ ~f-' -4' »~ 1 

, V4 _ 
In blizzards, there are charges generated by, p!'eBum£1b]Q', the impact of 

-v_ - -= .~.. ~ 
.

. -1‘ Z?-11==~,-, ='ZI5f~,=£3;5;- -‘ ,2-_3-J ,'» 1 ' 
1 A . 

-‘ 

*3 ' snow particle; on one enoLher and on the snow on the ground (Simpson 1919) and 
51' xv-"1,-"v-11-'Q“7";?':5"fii%$<f?~ 4‘~~:~'. " 

‘w_>,;‘; ‘4_gi:;~cébia§hif=g'of. water, 18.8. at vaterfalls (Lenard, 1892); Mllhleiuen (1958) has 

*2

5 
4-‘ ,_'- 

_‘ ..,. 

- 

er ~24’ H’,-;. I :"-iiizzi. .\~ “n 2;. , a - '-~ ;~ .'=x:J';£"'.-‘--$1--1'-:>é? ' 

7': "‘£#*'~‘.‘*-_‘ "'1 
54' - 

' 

1 #7 < 

‘t$§’?a 

;’i- 1- -Bf-"'< ‘Q .v 

- *:.'1 " ‘i ‘ 
.;-1, 

__;‘ 
the same occurs in drifung :;I10\J- Obstacles such us wires b4:C(.Im: charged in 

.. 
- 

V 
'~-~ 

v : . 
i

. _:*$ 3 
‘ 

, 4 

a b1i:.1.nrd (mu-xé, 19-,5). 

. 
» ‘r 

_ 

’ ' 

~; ;'2'~~4..;,#*~=',-' ,w1§;_)_»-7».-.1’.-_1 . llusi.-utorms givu riuu L0 quite large <-ix.-clmic pun-nl,iui g,rmiicnLu 121;’ ,.'@'l,5 '7": 14* ' 

-'-I- 
' ' ' 5 -. -~. jet‘ -'~'-‘Y-1%" 

5.5 ;_¢;.__~;_,11;;:,’;i§:_(’:2_;scxueLime:: even giving ligixinixlg (Budge, 1011»), umi vuicanos 15.100 give 
"1 =3-4%? i{1;'"T= 3,. ~ ZR” I »"€E>é~:;£,~=»»? '*“ < ;'-

~ '*-t.'=:-J;-“ »r‘.!;:' _~‘-1'.;.T3§.:,-;»v; -,-fr. 
_ _:v'_4- 4 

_

‘ 
1'!" 

~:+i-:‘j~.;f_;3 '~.*f.‘; i$Z_:¢;consideruble effects L0 be ascribed to frictional c-i'i‘ec1,s u! the ash .1. ";Y)-\»'l . .~.._.=-‘--- 
.< -,.,__$ a-»!_1»¢.:,-:3. _ ~._""‘~'\ ,. 4 

-_ (Hatekayama and Uchikawa, 1951). . 

f'P§‘!' .3i.rfis'. '%"?'.l= »._-4. . 1

- ,;"__ .<_-., »'~4; \,_»_. .‘ ..\_ , - 

_ 
r. n $3» ,7. 

V 

GA _ 
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8. Artificial Sources oi‘ Charge 
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Chalmers, (1952) found that neguuvc clmrguu can be liberated into the 
atmosphere from high- uznsion cables in condiiions of high humidity when Lhe 
insulation partially breaks down; sufficient charge is liberated to produce 
negative potexatial gradients several km. d0\mvind.Y- 1 
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Another example of an artificial source of charge is the observation of 
Moore, Vonnegut, Semonin, Bullock and Bradley (1962) who found positive space 
charge downwind of e. television tower in fine weather; this they explained 
as due to the removal by wind of a space charge formed at the top of the 
Cover by the electrode effect. 

Deliiaerate attempts to produce space charges in the atmosphere by 
electric discnarge have been xmcie by Vonnegut and Moore (1958), Vonnegut, 
Maynard, Sykes, and Eoore (1961) and Vonnegut, Moore, Stout, Staggs, Bullock 
and Bradley (1962)- 
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Proceedings ui‘ Lhe 2nd ul'llLHUr'..h Conference, Muy 1958" (ed. L.G. Smith, 
New York: Pergmnon Press). 
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pp 161$-18}. 
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- cannon can-:RA'r1ou xu mmnsnsmms 
By B.J. Mason 

(Imperial College, London) 

Introduction 

It is proposed that the principal nechaniss of thunderstorm 

electrification involves the accretion, freezing and splintering of 

supercooled droplets on pellets of soft hail. Gravitational separation 

of the snall positively-charged ice splinters and the such heavier 

negatively-charged hail pellets then produces an electric field of 

the observed polarity. 

Evidence in support of this theory cones fros: (i)| observation 

of the disposition of electric charges and fields in thunderclouds; 

(ii), observed correlations between the appearance of soft hail and 

strong electric fields; (iii), laboratory observations that riding 

elesents acquire a negative charge as positively-charged splinters 

are ejected fros freezing drops; (iv), the discovery that this 

separation of charge arises fros a basic property of ice, viz a 

protonic thenso-electric effect which has been investigated experiment- 

ally and theoretically in sose detail; (v), application of the 

laboratory results on the rate of charging of artificial hail pellets 

to a sodel thunderstors which reveals that the proposed sechaniss is 

capable of producing and separating charge at the rate required by 

observations on lightning flashes while other sechanisss appear to 

work such too slowly. These argusents will now be presented in " 

sore detail, but first it seess worthwhile to list the more isportant 

and relatively undisputed features of the thunderstors with which any 

satisfactory theory of electrification nust be consistent- 

~ 11 

2. Rsquiresents of s satisfactory theory of thunderstorm electrification 

The theory lust explain guantitatively how electric charge is 

generated and separated in s thundercloud at a rate equivalent to that 

at which it is dissipated in lightning flashes. It sust account for 

A ' pproved for Release: 2017/09/11 C06461858
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the observed polarity of the thunderstorm and be consistent with what 
is known about the electrical and dynamical structure of the storm, 
the nature of the electrical field changes accompanying lightning, the 
size and duration of the storm, and the nature, scale and intensity of 
the precipitation processes which are generally considered to be 
closely correlated with the electrical activity. More specifically, 
the theory must be consistent with the following facts: 

(i) The average duration of precipitation and lightning from a 
typical single thunderatonm cell is about 30 min. 

(ii) The average electric moment destroyed in a lightning flash is 
about 100 C.km, the corresponding charge being 20~3O C. A typical 
cell produces flashes at intervals of about 20 sec so the average 
lightning current is about l amp- 

(iii) The magnitude of the charge which is being separated immediately 
after a flash, by virtue of the falling speed of the precipitation 
elements, is of order 1,0006. 

(iv) in a typical cell this charge is generated and separated in a 
volume bounded by the 0 and -40°C levels and having a typical radius of 
2 km and therefore a volume of about 50 km}. 

(v) The negative charge is centred near the -500 level, while the 
main positive charge is situated some kilometres higher up; a 

subsidiary positive charge often exists near cloud base where the 
temperature is usually a little warmer than 0°C. 

(v9 Sufficient charge must be generated and separated to supply the 
first lightning flash within 10-20 min. of the first appearance of 
precipitation particles large enough to produce a radar echo. 

In round figures, the requirement is to generate about 1000 C of 
charge in . volume 51' about so x-3 in a period of about 20 min. 1.1». at 
an average rate of 1 C/km}/min. 

3. Observational evidence fer an ice flgchlnig 

(i) Lightning is usually accompanied by heavy precipitation although, 
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in warm, dry climates, this may not reach the ground. Host theories 

on the origin of the electric charge have assumed that the precipitation 

plays an important role, and as the main charge centres appear at 

levels in the cloud where the temperature is below 0°C, it is natural 

to associate that generation with the presence of supercooled water 

and/or the ice phase. 

(ii) Kuettner (1950), from observations made inside thundercloude 

capping the Zugapitze in Germany, reported that solid precipitation 

elements were predominant in the greater part of the thundercloud and 

were present on 93% of the occasions. Snow pellets and pellets of 

soft hail were the most frequent form of hydrometsor being present on 

75% of occasions but large hail was relatively rare. 

(iii) Fitzgerald and Byers (1962), using aircraft fitted with 

electric-field meters, have reported that the actively building regions 

of thunderstorms are regions of excess negative charge. The strongest 

fields, of up to 2300 V/cm, were associated with regions of heavy 

precipitation. In particular, a large hail shaft produced a strong, 

smoothly increasing field indicating a negative charge on the hail. 

(iv) Halan and Schonland (1951, a, b) find that, in South African 

storms, the negative charge is often distributed in a nearly vertical 

column which say extend up to but not beyond the -#006 level. This 

is consistent with the charge being generated by growing hail pellets 

because supercooled droplets exist at temperatures down to, but not 

below -50°C. 

5. The charging of rise deposits 

In recent years, several workers have reported that when super- 

cooled water droplets ispinge and freeze on an ice surface, the 

resulting layer of rime acquires a substantial charge. The expsrissntal 

results, which have been reviewed by Hason (1957). may be summarized 

as follows. 

Findeisen (l9#O, 1943) formed a riled layer by spraying water
1 

droplets on to a cold metal surface and found that it acquired a 
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positive charge. The charging ceased if the surface became smooth 

and glassy, as was the case if the drops froze slowly, or if it 

became wet. Rather stronger charging was obtained with a natural 

supercooled cloud than with an artificial spray, the difference being 

ascribed to more rapid freezing of the saaller cloud droplets. The 

rate of charging in the cloud was 3 x l0-13 C cm-2 s-l. 

In a later investigation, Kramer (l9%8) found the rigs deposit 

acquired a negative charge which increased in proportion to the 

impact velocity of the droplets. With a velocity of 0.5 m a-1 

the charging rate was 2 x l0'l“ C cm'2 5-1 and, for a velocity of 

S I s_1, ten times larger. 

Lueder (1951 a,h) made experiments in natural supercooled clouds - 

on a mountain top in order that the contaminants in the water should 

be those occurring in nature. He states that the growing rime deposit 

acquired a negative charged, an equal positive charge being communicate 
-» to the air, probably on the parts of the drops which were flung off~
- 

-v l\ 
_,-.;_»L--. 
“R1 - r 

-;;.-'

- 
’ without freezing. Unfortunately, it is difficult to interpret his 

experiments and to deduce the actual rate of charging. 

Meinhold (1951) measured the electric field strength at the 

surface of the fuselage of an aircraft flying at 80 m s'1 through a 

supercooled cuaulus congestus cloud. The deposition of rime was 

accomyanied by a rapid rise in the field strength in a sense which 

indicated that the aircraft was acquiring a negative charge, and the 

rats of charging was calculated to be 5 x 10-12 C CI-2 I-1. 

The charging of a rims deposit on a cold metal surface was also 

studied by Heickmann & aufn Kanps (1950). Hater droplets in the 

diameter range 5 to lOefswere sprayed at velocities varying from 

5 to 15 m s_1 on to a metal rod of 5 mm diameter in a cold room kept at 

either -5 or -12°C; they were therefore slightly supercooled on 

reaching the rod. The rate of charging, which was not sensitive to 

the presence of dissolved salts, increased with increasing velocity of 

the air stream, and for a velocity of 15 I s-} attained a value of , 
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5 X 10-12 C Cm_2 3-1. When water at tem;eratures slightly above 

0°C was sprayed on to the rod it acquired a slight positive charge. 

Later the authors indicated that the results of these experiments 

may have been seriously affected by electrification associated with 

the production of the spray. 

The balance of the evidence from all these experiments points 

to the acquisition of u negative charge by a growing layer of rime, 

Findeisen's result being an outstanding contradiction. In light 

eras“-—-— 

-— 

»<----qr

_ 

I§¢-Q11} 

-_~_ 

of the recent experiments of Lothum and Mason (1961), described below 

it now appears that some of the differences between the results of 

different workers may be ascribed to the use of differing drop sizes, 

temperatures, and impact velocisies, while spurious effects may arise 

from initial charging of the spray droplets and electrification 

pr0duCvd by the splashing of droplets on the ice surface. 

5. The splintering and electrification of freezing wuter drops. 

Some evidence for the production of charged splinters by a 

growing rime deposit was obtained by Kramer (IQQB), and their 

production during the freezing of individual water drops was 

investigated in detail by Mason and Maybank (1960). 

Nucleation of a water drop, at temgerature -TOG, is followed 

by raydd solidification of a fraction T/80 of its mass in the forl 

of an ice nhull. Subsequent fruezing of the liquid interior now 

proceeds at u rate detexminud by tho dissipation of the latent heat 

to the surroundings. The expansion which accompanies this freezing 

sets up stresses in the ice shell which may disintegrate to produce 

a number of ice splinters. Mason and Maybank found that, for drops 

suspended in still air, the number of splinters produced was almost 

independent of the drop diameter in the range 0.1 to 2 mm but that 

for drops of diameter < 60* , sylinter production was much reduced 

They also measured the charges on the residues of fragmenting dropl 

If only a minor fraction of the drop was blown off the residue was 

invariably negatively charged. Typically, a drop of 1 mm diameter 
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freezing at -506 produced about 20 splinters and acquired e 
negative charge of about_l0_h e.s.u.; e similar drop freezing at 
-l5DC produced about 5 splinters and acquired a charge of about 
3 x 10-5 e.a.u. The average positive charge per splinter was 
therefore 5 x l0_6 e.s.u. These experiments suggested an explanation 
for the electrification of growing rime deposits and that a similar 
mechanism operating during the growth of hail pellets might be an 
important factor in the electrification and ice-crystal economy of 
clouds. 

6. Charging associated_with the growth of soft hail_gellets. 
Latham and Mason (1961) measured the electrification of artificial 

pellets of soft hail as they grew by the accretion of supercooled water 
droplets, and detenmined how this varied with the temperature, size 
and impact velocity of the drops. 

The experiments were conducted in a cold room, at air temperatures 
ranging from 0°C to -17°C, with the apparatus shown in Fig. l. 

The hniletone, simulated by a 5 mm diameter, electrically 
insulated,copper sphere coated within a i mm layer of ice, was 
suspended in the centre of an earthed vertical brass tube through 
which the air stream cnrrying the droplets could be drawn at velocities 
ranging from O to 30 m n-1. Hater drops of unifonm diameter in the 
range 20 to 9Qr- produced by the spinning-top upqnratuo of wcltou & 

Prewett (l9#9), or rather larger drops produced by an atomizer, were 
allowed to fall several feet in the cold room where they became super- 
cooled to very near the air temperature before reaching the hailetone 
target. For a given droplet size and air—stream velocity, the flux 
of droplets hitting the target was determined by allowing them to strike, 
for a given tine, a Fonmver-coated glass sphere of the some dimensions, 
and counting the droplet impressions under the microscope. The 

impaction and freezing of the droplets was accompanied by the ejection 
of ice particles from the target surface; their number and sizee were 
determined by inserting Formvar-coated slides just beneath the hailotone 

Approved for Release: 2017/09/11 C06461858 

-_..-~.-__r 

-__,.-4-;,;.,;'.;_,_= 

ru-

L

f 
I

» 

... 

‘Q;-5-.11-t.1>#m4‘BIi&&".<TRIJ~"‘~=Z

e

1

. 

,__|vy»<pq,—__t;— 

;;~—_~_|»vv\--_—.-4: 

»~,<“..

1
1

fi
1 

3‘

I 

_. 

._. 

____ 

._.._...._,...-_. 

.~._.__..._.--.~..-_.-...

4-



.- 

P11 

-vs-m 

'~<-vv-nr1w-- 

v- 

-w 

we-1-M

I 

‘».~u.< 

vvnvrzuuwuu-1 

u-ran-=.-4.>.~_..~ 

"~41... 

§l@‘ 

u 
u 

-.-v-< 

...-u 

>-...» 

Plow! 

a----urn 

r“l\4-rervnao-do 

005541

1

. 

E

a
.

3 

Iybqewlly 

_u'f‘-' 

u-.1

1

r

1

\

EI 

'9"L-‘vftrr 

'7."

a

$. 

5 1 _‘ 
kl 

1-.»- 

we
, 

Approved for Release: 2017/09/11 C06461858 

-7- 

and later examining the plastic replicas of the crystals. 

The electric charge accumulating on the hail pellet during the 

freezing of droplets on its surface was measured by a Vibroa 

vibrating~reed electrometer of resistance l0l2I1 and time constant 

ZOO s. The minimum detectable charge was about 5 x 10'“ e.s.u. 

The surface temperature of the target, measured by a thermo- 

couple, was higher than that of the surrounding air because of the 

latent heat released by the freezing drops and could be raised 

artificially by irradiating the surface with the beam of a 50 V 

tungsten lump. 

The experimental operations, which could be gcrformed from 

outside the cold room, consisted of setting the cold room (air) 

temperature, the air—strcum velocity and the drop size and reading 

the electrometer after the target had been exposed to the droplets 

fora known time, usually 10 s. Then the effect, on the rate of 

charging, of raising the surface temperature of the hailstone (this 

being previously calibrated in terms of the air speed and the current 

supplied to the lump) was invcutlguted. Meanwhile, slides for 

collecting the ice crystals shed by the target were inserted at 

regular intervals. The whole procedure was then repeated for a 

different set of conditions. 

The freezing of droplets of distilled water on the surface of 

the hailstone caused it to become negatively charged and was accou- 

panied by the ejection of small ice splinters. The lanner in which 

the average charge und number of splinters produced per drop varied 

with the drop diameter, imynct velocity and air temperature is shown 

in figures 2, 3 and h- 

In a typical experiment, with the air temperature at -1506 and 

the air stream moving at l0 m s_l, 10“ drops of diameter 8df~ struck 

the hailstone within 10 a and produced a total charge of Q x 10 2 e.s.u., 

i.e. an average charge of 3 x 10 6 e.s.u. per drop. On average, each 

droplet produced 12 ice splinters; their mean diameter on collection 
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was 2gp. but they were probably smaller on ejection and had grown 

in the meantime. 

Droplets of d < 3Q/~ produced few splinters and little charging. 

Figure 2 shows that the production of both was enhanced as the droplet 

diameter was increased to about 50/~ , remained fairly constant for 

diameters between 50 and 8qr., and fell again for still larger 

drops. These results are in fairly good agreement with those 

which Mason and Maybank (1960) obtained for individual droplets 

suspended on fibres except that they did not observe a reduction in 

splintering for large drops. lhin tendency, in the present ex]eri- 

ments, may he explained by the Iuct that, in impinging at several 

metres gar second, the larger drops shattered before freezing and 

that splashing communicated a positive charge to the ice target in 

the manner observed originally by Faraday and more recently by Gill 

& Alfrey (1952). Positive charging of the target at high impact 

velocities is shown in figure 3; this occurred although there was 

still a considerable ymoduction of splinters. 

As shown in figure 5, the rates of charge and splinter production 

are almost independent of the nir temperature in the range -6 to -17°C 

but both fall off rapidly at higher temgnrnturea nnd, in our experiments 

were no longer detectable at -2°C. The explanation is as follows. 

The impacting droplets can be frozen only at a rate determined by 

the rate of dissipation of their latent heat to the environment; at 

air temperatures close to 0°C the rate of freezing was slow and 

consequently the hailstone surface became wet and, as the replicas 

showed, considerable splashing occurred as the drops struck it. 

A number of tests were carried out to make sure that charging of 

the hailstone was due entirely to the collision and freezing of the 

droplets. No detectable charging occurred when the air stream 

carried no droplets and when droplets, impacting at very low velocity, 

froze on the surface without producing splinters. The parallelism 

_ _ _ Approved for Release: 2017/09/11 C06461858 
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between the curves of charge and splinter production in figuree 2 

to b is, perhaps, the strongest evidence for the one being a 

consequence of the other. 

Irradiation of the hailstone by the lamp caused a reduction in 

the rate of charging. For example, with the air temperature at -12°C, 

raising the surface temperature of the hailetone by :00 reduced the 

rate of charging by about 20%; when the surface was warmed by 5°C, 

the charge production was halved; but, in both cases, the rate of 

splinter production was not appreciably altered. 

When the impinging water droplets were contaminated with sodium 

chloride in concentration corresponding to the average found in cloud 

water (5.6 mg/1.), the rate of charging was decreased by about 20%. 

These experiments appear conclusive in showing that the negative 

charging of the hailstone is caused by the ejection of small splinters 

of ice during the freezing of droplets on its surface. The influence 

of droplet size and the presence of salt are in fair agreement with 

the observations of Mason and Maybank apart from the effects which 

were produced by splashing of large drops. 

In a later paper, Lathan and Mason (1962) reported that when the 

above experiments were repeated in the presence of an external electric 

field the charging rates of the hailetonea were altered by only about 

10 per cent by application of fields of-J 1000 V cm_1. The inference 

is that the charging of hailstoncs will not be greatly accelerated by 

the cumulative build—up of polarizing fields in thunderstorms. 

7. Application of laborstorl results to computation of the 

production of charges and electric fields in a model thundercloud. 

We consider a thunderstorm in which above a level Z0 the 

updraught U contains an exgonentiel size spectrum of hniletonee euch 

that the concentration or etonee within the radius interval R to R + dR is 

~(e) M = N; e=7»(‘J\“) ‘*4’ (‘J 

where No and 4*» are constants indepdndent of position in the updraught. 
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Since splinters and charge are produced only by the freezing 

of droplets on the surfaces of hailstonea which remain Q51, we write 

the fractional volume FD(z) swept out per unit time by the dry hail 

at level 2 as 
(‘(1) 

F997 = i ma” v(P~,1) H01) -*R- M 
where V’ is the hailetone fallspeed and gz(Z) is the critical radius 

at which a hailstone becomes wet at level z. he now assume that this 
flux of dry hail encounters u concentration n(z) of augercooled drop- 
lets of radii greater than 25r.; smaller droplets.produco few splinters 
and little charge. Since these droplets are continually being swept 
up by the entire spectrum of hailstones, their concentration will 

decrease with increasing height according to
Z 

41(1) = /nu Q1) dz), (5) 
1, 0(1) 

whuru no is the concentration of dropu ut zo nnd F(Z) rofera to the 

entire hail spectra. 

The total rate of charge production between levela zo and z owing 

to the impaction, freezing and splintering of large cloud droplets on 

dry hail is then given by I Z 
¢_@ = Antqif FL1)e~f(-J 55’) 42) "L1, (‘J 
ac ’ 

I 11(1) Q , 

whore A ia the mean croua—aectional area of the updraught and V‘ in 
the uvernge charge produced by the freezing of a drop 0! r.? 25/“- 

He have seen that a typical aingle—cell s'orm generates about 

1000 coulumhu of charge in about 20 min., i.e. at an average rntc of 
9 10 2 about l amp. Putting Qg = l amp = 3 x 10 e.s.u., A = 91f x 10 cm 

at 
( a mean radius of 5km for the cell), qd = Q x 10 6 e.s.u. (Latham 

and Mason 1961), and values of FD and F based on the observations of 
Atlas and ludlam (1961) for a stonm having an updraught increasing 

linearly with height according to U(z) n 5(z—l) m sec_l with z 

measured in km and a liquid water content of 3 gm_3, we find no = 5 cm-3. 
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This does not seem an unreasonable value since droplets of r ) 2?/n 

have been found in concentrations exceeding l cm 5 in rather small 

cumulus (Durbin 1956), while concentrations of 5 cu-3 in Cb have 

been observed by Heicxmann and aufm Kampe (195)). 

The corresponding concentration of splinters, assuming a freezing 

drop to produce on average, 10 splinters, is calculated to be 

about 1 cm 5 between the -80°C and -50°C levels (Browning and Mason, 

196)). This, too, seems u reasonable figure. 

The rate of building of the vertical electric field E by separation 

of the hail pellets and ice splinters is given by 

1» _ 2 
2“ + /1 4; = -;,11»»%z 1r~(a) re‘ v‘(r<) (‘J 
dc’ M-' 

= _37r(F/F;)(Y/R.) (F-) 

where /5 represents the leakage of charge through point-discharge 

and conduction currents, p the precipitation intensity, the 

average density of the ice particles, V and R are respectively 

weighted mean values for the fall speed and mean radius of the hail- 

stones. For particles sizes ranging from R 1 0.1 mm to 1.0 mm, 
__. V/Q = const ’ 8500. If we assume that the precipitation 

intensity increases rather rapidly with time at first, and then 

levels off at .-.\ value pmwhich is maintained for several minutee,we 

may write l:>= Fm (1 
- Z“) and Bq 5(a) becomes 

._ - ,1 

= wow), (‘*1 

where J‘ ‘ _ “Ur X 950° ,(n%‘) /pm I 

The solution of (6) with the conditions E = O and 45/44' = O 

when t = O is 

5 = 61% *<,;:>( :1 “lie W 
— _ .- 

Taking /G 
= 2 x 10 3 e.s.u. and fin - 5 cm hr 1, n 0.5 g cn 3 

-3 -6 
i = 6004., nu = l cm and lb 1 14 x l0 e.s.u.) Eq (6) predicts 

that the field will reach a value of 9‘-00 V cud’ within 10 min Of the 

appearance of precipitation elements. but, before largs-scale 

fields of this magnitude are reached, lightning discharges w'ill allost 
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certainly occur and deatroy the field. however, it appears that 

the accretion, freezing and aplintering of supercooled droplets on 

hail pellets can readily account both for the production of charge 

in thunderstorms and for the generation of large-scale fields of 

several thousand volts per cm during periods of about 10 min. 

If the field were destroyed by a lightning flash but the soft 

hail continued to fall at a steady rate BL , the field would 

recover at a rate given by 

QUE as = J‘ (U 
21 *”>1~ 

or E: 1/‘(E-lg"-/—;1)+_/j_‘:€"/3L_ (8) 

With /3 and (F taking the same valuea as above, the field would 

build up again to 5000 V cm 1 in 30 s, which is about the average 

interval between lightning flashes from a modest single-cell storm. 

The basic mechanism of charge-eeyarntion during the freezingiand 

sglintering of droplets. 

The fundamental problem is to explain how the electric charge can 

be separated during the bursting of a freezing drop and why the 

splinters are ejected with a positive charge leaving a negative 

charge on the hailstone. Mason and Latham (1961 ) have }r0pOB¢d 

thut this is a manifestation of a protnnic thermo—electric effect 

in ice by which the hydrogen und hydroxyl ions formed by the 

dissociation of a small fraction of the ice molecules become separated 

under the influence of a temperature gradient. 

The {recess depends essentially on two facts. One is that the 

concentrations of positive and negative ions increase quite rapidly 

with increasing temperature; the other, that the hydrogen ion (proton) 

diffuses much more rapidly through the ice crystal than does the 

hydroxyl ion (Bigen and de Maeyer, 1958). Thus, if we imagine a 

steady tem;nrnture difference maintained acrogg 5 ;iecQ of ice, the 

warmer end will initially yoaeees higher concentrations of both 
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ynsitive and negative ions. The more rapid diffusion of H‘ ions 
down this concentration gradient leads to a separation of charge, 
with a net excess of positive charge in the colder part of the ice. 
A detailed theoretical treatment by Mason end=£u$tumr(l$6T) leads 
to the following expression for the potential V produced by a 

temperature difference T across the ends of an ice specimen 

\/ = i= Q’;/2.-.:')[i_+|} AT (9) .2_c (o.,L,_,.|) |¢_1 

= I-54, AT millivolts 
where Lt ,kL are respectively the mobilities of the H+ and OH‘ ions, 

U7@_ = 10, e the electronic charge, k Boltzmann's constant, 

¢ = l.2eV the activation energy for dissociation in ice and T is 
the absolute temperature. Latham and Mason (1961) have measured the 
potential differences across specimens of pure ice and find excellent 
agreement with Eq. (9). Moreover, the potentials are not markedly 
affected by the presence of dissolved salts and gases in the ice. 

ihen two pieces of ice at different temperatures are brought into 
temporary contact and separated, the wanmer piece acquires n negative 
charge and the colder one an equal positive charge . Theory indicates 
that there should be u maximum churge separation of j x ]0_5[§ T e.u.u. 
between each cmz of contacting surface when the surfaces are separated 
after about 0.01 sec. If they are left in contact for longer times, 
the charge separation will be decreased as the two pieces of ice become 
more nearly equal in temperature. These conclusions have been 
confirmed by experimental measurements that show that very little charge 
separation occurs if the contact period exceeds 0.5 sec. 

The electrification of freezing water droplets is explained by the 
preferential migration of protons down the temperature gradient 
established across the ice shell. During the early stages of freezing, 
s radial temperature gradient is established across the ice shell, the 
inner surface being held at 0°C by the water that is still liquid inside, 
the outer surface cooling towards the air temperature. According to 
the above theory, protons will migrate preferentially down this 
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temperature gradient and produce an excess positive space charge 

in the outer layers of the ice. When the droplet bursts by the 

expansion of the centre as it freezes, splinters ejected from 

the outer layer will tend to carry away a positive charge and leave 

the remainder of the drop negatively charged. This is in accord 

with the experimental observations. 

It is difficult to calculate the temperature gradient across the 

ice shell, which varies with time, and therefore the space charge 

density in the outer layers at the time of rupture. During the 

fonmation of the initial shell, the temperature of the drop is 

everywhere 0°C; as freezing of the interior proceeds, a temperature 

gradient is built up; when freezing is completed the droplet finally 

assumes the air temperature everywhere and again the temperature 

gradient disappears. However, near the end of the freezing process, 

when the centre of the drop is still 0°C and the temperature of the 

outer surface close to that of the air, we may take the average 

temperature gradient across the ice to be Z/4’. In fact, shattering 

usually occurs before this late stage but we may use this value of 

the gradient to CnlCU1n!e a minimal value for the segurated charge. 

According to liq. (9), this will be 417?‘. I-I0-r 7:.-[’Y' n=u.u. If 

T1 = -l$°C and r = 50/“ , this becomes Q x 10“5 e.o.u. If r n O.§ mm,
1 

the Charge becomes 5 x 10 
. e.s.u. fhus the measured charges of 

5 x 10-6 e.s.u. and 5 x 10-5 e.s.u. could be accounted for by the 

fragmentation of one—tenth of the surface area of the drops. 

The Reyn0lds—Brook Charging Mechanism 

Reynolds (1955), Reynolds, Brook and Gourley (1957), have 

attributed the negative charging of hailstones not to the freezing 

und splintering of dropletu but to collisions bctleen the hailstones 

and much smaller ice crystals. Laboratory exjeriments in which an 

ice sphere was rotated in a mixed cloud of ice crystals and super- 

cooled droplets showed that the spLere acquired a negative charge; 
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but if the cloud wun com;osed entirely of droplets or entirely of 

crystals, there was negligible charging. 

Reynolds believed that charging was caused by rubbing contact 

between the simulated hail pellet and the ice crystals which bounced 

off with a positive charge, and that the sole function of the 

freezing droplets was to warm the rimed surface and to create 

a temperature difference between it and the colliding crystals. 

It was estminated that, with a temperature difference of e few 

degrees, the average charge carried away by a crystal of radius 

50/r was 5 x 10-“ e.s.u. 

Following up these ideas, Reynolds, Brook and Gourley (195?) 

investigated the electrification which resulted from rubbing contact 

between two rods of ice of different temperatures. When both pieces 

of ice were formed from distilled water, their resistivity being about 

108 IL cm, the wsnmer became negative after rubbing. If, however, 

one of the ice specimens was made from a 10'“ molar solution of NaCl 

it became negative even though it was 25°C colder than the ‘pure’ ice. 

This reversal of potential was attributed to the formation of a liquid 

layer during rubbing and, on refreezing, a selective incorporation of 
Cl‘ ions into the colder ice. Later, Brook (1958) investigated the 

potentials developed when two pieces of ice of different temyeratures 

are brought into temporary contact and separated with a minimum of 

frictional contact. The sign of the charging was related to that 

of the temperature gradient, for both ‘pure’ and 'salty' ice, in the 

same manner as before, but the potentials were an order of magnitude 

smaller than those developed during rubbing contact. 

These phenomena have been re-investigated by Latham and Mason 

(1961, a, b). They found, in agreement with Reynolds et al, that 

when two pieces of highly purified ice were brought into teiporary 

contact (with minimum friction) and separated, the wunmer acquired 

a negative charge. A theoretical calculation based on the protonic 

thermo-electric effect, indicated that a maximum charge transfer of 

3 x 10-3 £5 T e.s.u. cm-2 should occur with a contact time of about 
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1/100 sec. and that it should thereafter decline as the two 
pieces become more nearly equal in temperature. The theoretical 
value for the charge developed for a contact time of- l/100 sec. 
was well confirmed by experiments which also showed that very 
little charge separation occurred if the contact period exceeded 

Q sec. Contamination of the ice with CO2, HF, and NsCl in 

concentrations of up to F0 times that normally present in rain- 
water, did not greatly influence the electrification. 

Latham and Mason also investigated the charging of a simulated 
hailstone by collisions with ice crystals. In order to eliminate 
charging by the freezing of sugercooled droplets, these were 

rigidly excluded from the cloud, and the surface temperature of the 
hailetone was controlled by an internnl electric heater or by 
irradiating its surface. Charging of the hnilatone by the 
colliding crystals was measured as a function of their temperature 
diixerence, and of the size and impact velocity of the crystals. 
The sign of the charging was directly proportional to the temperature 
difference but rather insensitive to the size (diameter ranging frol 

20f» to 50/e) und imynct velocity (1 to )0 m nec_l) of the cryutuls. 
with u tum|0ruturo dlffnrrHCG of SOC, n rebounding crystal of diameter 

50/~ produced. on average, a charge of 5 x lO_9 e.s.u. 

This is five orders of magnitude smaller than Reyno1d'a value 
of 5 x 10'“ e.s.u.2 

Reynolds‘ value may be questioned on two grounds. First, the 

field produced by such a charge at the crystal surface would exceed 

10,000 V cm_l; surely n discharge would occur between the pointed 

crystal and the huil }ollet before the charge on the crystal could 
build up to this vnlue. 

Secondly, the charge of 5 1 10-“ e.s.u. is about l00O times 
greater than that of all the charged carriers that would be present 
in the ice crystal if this were pure ice! Additional carriers 
might be produced as the result of local frictional healing of the 
ice at the points of contact but even if the whole ice crystal 
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fall in a vertical electric field and collide with the much smaller 

cloud-droplets that they overtake. The raindrop will be electrically 

polarized by the field; in a downwardly directed field such as 

exists in the atmosphere in fine weather, the lower half of the drop 

will carry a positive charge and the upper half an equal negative 

charge. Elster and Geitel suggested that, after collision, some 

of the cloud particles would rebound from the underside of the rain- 

drop, curry away some of its positive charge, and leave the raindrop 

with s net negative charge. The falling drops, in carrying their 

negative charge towards the base of the cloud, would enhance the 

original field, and so the whole electrification process would build 

up rapidly. A detailed mathematical treatment of the problem shows 

that if only one per cent of the cloud droplets striking the lower 

half of the raindrops were to bounce off, and if this percentage 

were independent of the electric field strenrth, the field would 

grow exponentially with time and, in a cloud producing ruin at the 

rute of l cm/h, would reach MXXO times its initiul fine—weuther value 

in only 10 minutes. 

Now llborutory experiments indicate thnt, in the ubHunC0 of an 

electric field, the fraction of cloud droplets that actually rebound 

after striking raindrops is small; the great majority of collisionfi 

result in coalescence. However, no experiment sufficiently accurate 

to detect non-coalescence to the extent of only a few get Cent has 

yet been performed. This problem, which becomes com}licated further 

by the presence of electric fleldn nnd of free charges on the drops, 

is now being studied by tho author. 1 hen been found that although 

droplvtn of K%JtKv,dinmuter may rebound ufter striking an uncontum1n~ 

stud ]JunQ surface of wuter or u much larger drop, they can always be 

made to coalesce by applying vertical fields of only about 10 volts 

per cu. The droplets become distorted as they approach the water 

surface, small protuberances develop at their ends in the direction 

of the field, and complete coalescence occurs, probably because small 

electric discharges occur at the protuherances and cause rupture of 
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the intervening air film. This suggests, gerhaps, that once fields 

of about 10 V/cm are establiahed in the cloud, coalescence between 

colliding cloud droplets and raindrops is assured. In this case 

the Elster-Geitel charging mechanism will cease long before fields 

strong enough to initiate lightning are produced. 

At the present time we are unable to suggest a mechanism that 

would convincingly account for the origin of lightning in clouds 

consisting wholly of liquid water. But there is strong evidence 

in favour of the riming-hailstone mechanism being the dominant 

one in the typical large thunderstorm. 
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SESSION 7.1 

THE THEORY OF LIGHTNING 

D_J, Malan 
Bernard Price Institute of Geophysical Research 

Johannesburg, 

The title of this discussion covers a very wide 
field since a discussion on any aspect whatsoever of the 
lightning discharge or its manifestations involves a certain 
amount of theorizing. 

I shall confine this talk firstly to the theory 
Of the stepped leader, and shall then discuss discharge 
processes taking place inside and above the cloud, 

Experimental data on tho latter processes are 
oxtremely scanty so that the suggested mechanisms are 
mostly speculative and as such fall in the realm of theory, 

THE THEORY OP THE STEPPED LEADER‘ 
Very little new information based on photography 

of the stepped leader of a lightning flash has materialized 
since its discovery about thirty years ago. Photographic 
studies of laboratory sparks on the other hand have yielded 
a large amount of new information but difficulties arise 
when attempts are made to apply the knowledge gained to 
the leader of a lightning stroke, A case in point is the 
recent work of Stekolnikov and Shkilyov (1962) who used an 
image converter tube to photograph negative rod-to—plane 
sparks. They state that the bright steps they photographed 

'- lI‘9 [aorta
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are impulse corona discharges and are not preceded by a 
pilot streamer, from which they conclude that the leader 
process in laboratory sparks is different from that of 
natural stepped leaders, 

Apart from the observation that the bright step 
is not accompanied by a pronounced steplike electrostatic 
field change, electrical studies of lightning have given 
little information which can be usefully applied to stepped 
leader theory, 

In studying the radiation fields of flashes in 
the distance range of 50 km,, both Clarence and Malan 
(1957) and Kitagawa (1957) found that when the stepped 
leader approaches the ground, radiation pulses follow one 
another at intervals of the order of 1Q/‘sec. Kitagawa 
ascribes these pulses to short interval leader steps, 
Clarence and Malan, however, conclude that since the radiation 
field comes from the whole lightning channel, intracloud 
streamers which take part in supplying current to the 
advancing leader also contribute to the radiation pulses, 
The evidence for this conclusion is based on the observation 
that of the numerous stepped leaders photographed by us, 
none except perhaps the last step, show intervals as short 
as l0/4sec between steps. Furthermore, we also argued that 
because exactly similar short interval pulses are often 
observed to precede strokes subsequent to the first, it is 
evident that all the pulses need not necessarily originate 
in a stepped leader process, 

The question now arises: which explanation of the 

profiwe 

_. for Release: 2017/09/11 C06461_ - _ 

_... 

-- 

-_._--.-._... 

-__._ 

-q-v----n-<~ 

.‘.. 

...,,._. 

,,=-1-w.‘-u-saq¢|;-p»;-_;‘-n-q;v=;“ 

_q 

Jypxqpn 

11"}?!-’;:_:;'37q-'



‘“ “ ""'""'“"""”'“"'“Approved for Release: 2017/09/11 c06461s5s 

.--.-.“n...>n-..-‘.4-. 

311‘?-!l'E. 

:21?! 

-an 

rr:.|1.-.nur|::n.:w-/um-van 

F.'_"Z£}'Y'..' 

':"r.g~:-'7-_: 

_r~.~§~_j 

1r;:>2:-1*‘-'~v 

-3 

,, 

,. T 
L;

n 

‘r

K 
5:-=1 
- ‘:1 

§: 

E : 

‘-

L 

4i
1

v

l 

'.n°:7' s§£ 
‘i 113' 

3. 

profuse radiation pulses is the correct one? The answer 

to this question is important from the point of view of 

stepped leader theory. It is especially necessary to have 

conclusive evidence showing whether dart leaders are prop- 

agated by short steps or continuously. 

The latest attempt to formulate a stepped leader 

theory known to the speaker is that of Wagner and Hileman. 

The theory of these authors is a sort of combination of the 

well—known earlier theories of Schonland, Bruce and 

Komelkov, Wagner and Hileman distinguish between the 

channel which consists of a 2 mm, diameter highly conducting 

arc plasma and a surrounding corona sheath of diameter about 

30 m, When the channel is arrested a space charge develops 

in front of it)being fed by a multitude of filamentary 

streamers. At some instant the current in one of the 

filaments reaches a critical value of l ampere when an arc 

plasma begins to develop from the tip of the channel, This 

filament now robs the other space charge filaments of their 

charge and emerges as the new channel (or step), 

According to Wagner and Hiloman the intensity of 

the current at any point along the advancing step rises 

suddenly when the tip of the newly formed arc plasma reaches 

that point and thereafter remains constant until the tip 

has reached its maximum extension. The current which 

remains at about 1 ampere at the starting point of the step 

increases uniformly along the new channel to reach a maximum 

value of about 7000 amperes at the tip of the fully 

developed /,,.., 
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developed step, At any point the product of current and 

duration of current flow is constant during the advance of 

the step, 
The assumption that the current which flows in 

the plasma channel during step formation is mainly derived 

from the surrounding space charge can explain why the 

bright step produces practically no sudden electrostatic 

field change although it carries a heavy average current, 

THE POSSIBQE EFFECT OF HEAVY RAIN ON THQ STEYPED 

L§§Q§E_fflOCESS, 
It has been postulated that the preliminary 

electrical breakdown in the base of the cloud takes place 

by the mechanism of filament formation on large water drops, 

In a heavy thundershorer the base of the cloud virtually 

extends down to groud level, The question now arises as 

to what extent, if any, heavy rain is likely to affect the 

stepped leader breakdown to earth, 

Let us first consider the information available 

from the radiation fields occurring immediately before 

first strokes of flashes to ground, When using very high 

amplification, radiation pulses which may be ascribed to 

stepped 1eaders,cen be detected in practically all cases, 

For a very large percentage of flashes the radiation pulses 

are surprisingly small, however. Does thin indicate that 

the breakdown process for flashes in rain is a hybrid 

between the ordinary stepped process and the filamentary 

process, or can the effect be wholly attributed to the low 

radiation /,,,, , 
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so 

radiation propensities 0F stepped leaders in general, or 
as first suggested by Pierce, are stepped leaders totally 
absent ?

v 

Let us now consider the photographic evidence, 
Under favourable conditions for photography all flashes 
show stepped leaders. By favourable conditions it is meant 
that the flash is not obscured by rain or that the stray 
light scattered from rain has not caused overall blackening 
of the picture, It is obviously almost impossible to 
photograph a faint stepped leader in heavy rain, except 
perhaps when the flash is very near indeed. 

Berger has taken many pictures of flashes in close 
proximity but has only obtained pictures of stepped leaders 
on very few occasions, It will be interesting to hear 
from professor Berger whether the absence of stepped leaders 
on so many of his photographs bears any relation to the 
intensity of rainfall while taking the photographs, 

THE MECHANISM or IN'1‘§lA-VCLOUD _DIS_CHARGESL 

It can be confidently concluded that intra-cloud 
discharges are not propagated by a stepped leader process 
because these discharges do not emit the radiation pulses 

which are characteristic of stepped leaders, 
In regions near the base of the cloud where there 

are large water drops, the discharge can be propagated by 
the process of filament formation when the field reaches 
10 kV/cm, provided that the diameters of the drops exceed 
2 mm, At high altitudes in the cloud where its content 

my / .. 
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)1 

may consist of ice particles and droplets smaller than 2 mm., 
or of ice particles alone, this process can no longer take 
part in propagating the discharge. The following is a 

tentative explanation of the mechanism of the discharge 
process at high levels, 

The droplets and also ice particles, as Chalmers 
(1947) has shown, will become polarized in the electric 
field, when the field between a neighbouring pair of 
droplets or ice particles reaches a value of about 60 kV/cm 
(the exact value depending on the pressure), electrical 
breakdown occurs, The discharge is subsequently carried 
forward from particle to particle, probably in a channel 

of large cross-section, 
The presence of discrete pockets of high charge 

density in fairly close proximity to each other will cause 
the tip field to increase rapidly with the advance of the 
streamer so that it is not arrested as in the case of the 
stopped leader to ground, Furthermore, if this is the case 

it may not be necessary for the tip field to build up to 
so kV/cm which, according to Schonland, is the field required 
to produce the thermal ionization required for the progress 
of a stepped loader. 

'11 (,9 r\ [ROCESS ._ J_()_N'l‘RIBU'l‘ING T0 INTE_{lS'IfRQKl; FIl=§II1__QHAI1GESL 

There are several factors which can contribute to 
the change of electric field as observed at ground level 
during the intervals between the strokes of a flash to 
ground, 

Effect 
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Effect of space charge below the cloud. 
A re-arrangement of space charge between the base 

of the cloud and the ground will influence the field in 
close proximity to the flash, However, since the conduct- 
ivity of the air near ground level is small the relaxation 
time is long which makes it unlikely that this effect will 
contribute noticeably to the field changes observed during 
the short time intervals between the successive strokes of 
a flash, 

Effect of transient changes in the char5ing_process‘ 
The separation of charge in the cloud under the 

influence of gravity is also relatively slow, It is bound 
to be profoundly affected during the development of the 
discharge, but to what extent is difficult to judge owing 
to the lack of experimental data, Moore, Vonnegut et al, 
(lwG2) found by Radar observations that the large drops 
responsible Ior gushes of rain following after lightning flashes 
were not present prior to the electrical discharge. They 
suggest that after a return stroke the droplets in the 
streamer channels and the surrounding droplets are oppositely 
charged so that coalescence takes place by electrostatic 
attraction. This observation will have to be taken into 
account when formulating a theory relating to the transient 
effect of a lightning flash on the normal separation of 
charge in a cloud, 

The J process, 
The interstroke J process is considered to be a 

positive streamer discharge progressing mainly upwards from 

the /..... 
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the upper regions of the previous return stroke channel, 
It was feud that at distances nearer than 5 km interstroke 
field changes were nearly always negative in sign, whereas 
at distances between 12 and 20 km there were very few 
negative field changes, about 2/3 of them being positive 
and l/3 zero . 

In the intermediate range between 5 and 12 kms 
distance the tendency was for the initial interstroke field 
changes of a flash to be positive changing to negative 
between the later strokes, 

The above distribution of sign of interstroke field 
changes at short range are in support of the suggested 

,¢i mechanism.of the J process, ,.i 
CY'.'~;-13 _J. 

Effect of continuous discharge to grgundl 
A continuous discharge to ground during the intervals 

between the intermittent strokes of a flash brings negative 
charge to earth and will thus contribute a positive component 
to the interstroke field change at all distances, 

Brook, Kitagcwa and Workman (1962) have carried 
out a detailed study of continuing currents by simultaneous 
electrical and photographic observations in New Mexico. 
They find that a continuing current flows to ground in 
about 25% of interstroke intervals. 

was IN'I‘ERSTROI§E FD3_I_.D ycmmsss um; TO DISTANT FLAs1-1Esj_ 

At distances beyond 20 km, J field changes although 
small should be positive so that it would have been expected 
that most of the interstroke field changes in this range 

ll 0 a c 0 
~31.- 
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would be positive. Such is not the case, however. 

In England,Pierce (1955) found that only 25% of 

such interstroke intervals showed positive field changes 

whilst in the remainder no field changes could be detected, 

The above percentage of positive field changes agrees with 

the frequency of occurrence of continuing currents in New 

Mexico, so that it may be assumed that large positive 

intorstroke field changes observed at great distances are 

mainly caused by continuing currents in the channel to 

ground, The contribution by the J process may be so small 

as to be undetectable. 
At Johannesburg the distribution of sign is somewhat 

different, At distances between 25 and 100 km, 19% of 

interstroke field changes are positive, Here too, these 

field changes may be ascribed to continuing.currents. Of 

the remaining field changes, however, 37% are zero and 44% 

negative, Fig. 1 shows three examples of field 

changes of flashes in the 50 km rango, In (Q) a positive 

intoratroke field change is followed by 4 negative interstroks 

field changes, All the field changes are relatively small 

compared with those due to the preceding return strokes, 

The sequence of sign in this type of flash is not random 

but follows in the order positive, zero, negative, except 

for the occasional random occurrence of an exceptionally 

large positive field change which is obviously due to 

continuing current, 
Of far less common occurrence are the field changes 

shown in (B) and (¢) where negative interstroke field changes 

are comparable in amplitude with, and may even surpass, the 

preceding return stroke field changes, The occurrence at 

large [Q0000 
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10, 

large distances of negative interstroke field changes at 
Johannesburg and not in England is possibly connected with 

the large vertical extent of thunderclouds at the former 
locality which is situated on an extensive plateau 1800 

metros above MSL, 
As outlined above, the basic data on which to base 

a theory for explaining the negative field changes are 
scanty but it appears that the effect can be explained in 

terms of a readjustment of space charge above the top of 
the cloud, A possible theory will now be briefly outlined. 

THEOREQTICAL efruoy or S_»PACE caaacg armors‘ 
Consider unit volume of air above a thundercloud 

at an altitude 3, above the ground, 
Let the conduction current be i , the 

potential q) , field E , conductivity <r and 

density of charge f , 

if the field is not too high 

1' = oa¢nuo0000aIOI4 

since 
Vzqo = -luff 

and 
E = - gradzf 

it follows that 
Vzq’ = - div(;'/a-) 

giving 

,mf> = ('/¢)cl~'v + (grad '/<r). ( 

for steady state conditions, div i = Q so that 

/I I I O O 
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I 
Gish (1944) has shown experimentally that in fair weather /'7 
t/¢ can be empirically expressed as the sum of three 

exponential terms, Two of these can be neglected at high 

altitudes, so that for the region above the cloud his

J

I 

5' -0413 ‘ 

/_/' y,,- = 0-376 x /0" ohm. cm, 3 being in Mn, 
- 

—'Ia1I4w1'- 

equation may be written 

;i 

_4__-:-—-.e-4..

1
1 

, If it is assumed that the thundercloud does not alter the 
' conductivity of the air above it (Gish and Wait 1950), 

equation (2) becomes 

0'17. 

F : '- ‘-If IOIOIIIIIIIOQ 1 

A similar expression was derived in a rather more lengthy
1 way by Holzer and Saxon (1952) 

It follows then that the space charge density at 

a point in the air above the cloud is proportional to the 

electric field at that point. 

Using equation (3) it is possible to obtain an 

approximate estimate of the distribution of space charge in 

I1 

-i -~ -,_ - . 
, 
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a vertical column above the cloud and to Calculate the field 
change produced at a point on the ground by the relaxation 
of space charge after the occurrence of a stroke to ground, 

Tamura (1954) expanded the theory of Holzer and 
Saxon to provo that the difference in the recovery curves 
after an intra-cloud discharge for near and distant flashes 

s 
' 

< could be explained by taking into account the readjustment 

of space charge above the cloud after the occurrence of a 

flash, Tamura's expressions for the field component of 
1' the space charge will also be used in what follows, 

The interstroke field change due to the space 

charge effect will be called the U field change, A 

stroke to ground removes negative charge from the cloud so 

F 
that E3 of equation (3) becomes more positive and the 

U field change will consequently be negative at all distances. 
To circumvent the uncertainty in estimating the 

magnitudes of the charges involved in the discharge processes, 

Lhn ratio LVJ of Lhu rnupnctlvo field changes was calculated 

assuming arbitrary values for the charges, Furthermore, 

It was assumed that the ratio U/J is unity at a distance of 

20 km, Justification for this assumption depends on the 

experimental observation that at distances up to about 

20 km the interstroke field changes correspond in sign with 
the expected J field changes whereas at larger distances 

this is no longer the case, 
The variations of the ratio U/J with distance, 

starting from 20 km, are shown in figs, 2 and 3, 
In fig, 2 the J process advances from 4 to 5 km. 

altitude and in fig, 3 from 7 to 8 km, The former thus 

represents conditions at the commencement and the latter 

‘; those at the end of a flash with several strokes. 
Curves /,,,,, 
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Curves A have been calculated on the simple 

assumption that the U charge disappears from the top of the 
cloud at 12 km altitude as first tentatively suggested by 
Malan and Schonland (1951), Since these curves are 

approximately parallel to the abscissae they show that 

removal of charge from such a low altitude does not account 

for negative interstroke field changes, 
Curves B were calculated by the simplified method 

outlined above and represent the effect of the adjustment 

of space charge in a column reaching from 20 to 60 km 

altitude and taking place after a stroke. 

Curve C was calculated from'Pamura's equations 

which assume that the space charge is distributed from the 

top of the cloud to infinite height, 
The difference between curves B and C is not 

significant except in the range 20 to 50 km where curve B 

seems to fit the experimental observations somewhat better, 

Both curves show that at large distances the neg- 

ative U field change can be much larger than the positive 

J field change, 

E3 of equation (5) increases in a steplike 

fashion after each partial discharge with the result that 

the U field change also increases. This can account for 

the observation that the interstroke field change is often 

positive or zero after the initial strokes and becomes 

negative after the inter strokes of a flash. 

As Brook, Kitagawa and Workman have pointed out 
the J field changes become very small at a distance of 50 km 

from /,,,, 
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from which it follows that the curves of figs. 2 and 5 

do not account quantitatively for the relatively large 
negative field changes shown in fig, l (B) and (8), 

It is possible that the field above the cloud 

occasionally becomes so large that equation (1) is not 

valid and the outlined theory breaks down. This may 

conceivably happen in a cloud of large vertical extent 

where the main positive and negative centres are widely 
separated so that flashes to ground are more frequent than 

intra-cloud flashes, When the records shown in f1g,l 

B and C were obtained)f1ashes to ground were 2 to 5 times more 

frequent than cloud flashes, 
In the extreme case, the field above the cloud 

may become high enough to initiate a glow discharge between 
the space charge and the ionosphere (Helen 1937), In this 

case the conductivity of Lhn air above the cloud will increase 

and cause a decrease in the relaxation time thus giving 

large and rapid U field changes, 
It will be interesting to determine whether - 

the rare large negative field changes have any connection 
with solar flares whichcause increased ionization in the 
D layer of the ionosphere, 
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Introduction 

The mechanism of lightning discharge can best be studied by the 
simultaneous measurement using photographic and electric-field record- 
ing technique. Lately in New Mexico lightning measurements on this 
line with improved technique have been done extensively. The result 
thus obtained have revealed new aspects of lightning discharges as 
well as the detailed structure of the discharge mechanism. (Kitagawa, 
Brook and Workman, 1962; Brook, Kitagawa and Workman, l962) 

Based mainly upon these results, the author will try to depict 
the picture of the lightning, pointing the accompanying unsolved 
problems at the same time. 

Termifio l=e 51 
’_ 

The author adopusthe terminology of Shonland (1956) in describing 
the various processes in the lightning discharge. A flash is a light- 
ning discharge in its totality. A stroke is a partial dischange con- 
sisting of downward-moving return streamer. A flash may consist of 
a single stroke or a series of strokes in the same or an adjacent 
channel. A H component is a sudden enhancement of the continuing 
luminosity which occasionally follows a stroke in the channel (Malan 

and fihonland, 194?). The M components are not preceded by leaders. 

Long-continuing luminosity is arbitrarily defined as luminosity 
which persists in the channel for a time longer than 40 msec i.e., 

luminosity which lasts as long as or longer than the usual stroke 
- 1 _ 
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interval. A stroke followed by such luminosity will be called a long- 

continuing stroke. Occasionally a stroke is followed by continuing 

luminosity which lasts less than 40 msec; such a stroke will be called 

a short continuing stroke. A stroke whose luminosity decays abruptly 

will be called a discrete stroke. A K change is a small, rapid elec- 

tric field change which occurs in the intervals between and after the 
strokes of a multiple stroke flash ( Kitagawa, 1957; Kitagawa and Brook 

1960 ). The K changes are generally associated with streamer activity 
within the cloud. There is a slow electric field change which occurs 

during the interval of continuing luminosity, this will be referred to 

as a continuing or C change to distinguish it from the junction or J 

change which occurs without the accompanying channel luminosity between 

.fi§ or after the strokes. 

In analogy with the difinitions given by Malan (1954), a lighting 

flash which involves one or more continuing strokes is called a hybrid 

flash. A flash which involves discrete strokes or short continuing 

strokes is called a discrete flash. Cloud—to-Ground, in-cloud and 

cloud-to~cloud discharges will be referred to by the symbols, C-G, 

I-C and C-C discharges respectively. A cloud-to-clearair flash is 

called a air discharge. 

General nature of C16 discharggs_ 
As a result of New Mexico lightning neasurements it has been found 

that hybrid flashes i.e. flashes involving one or more long continuing 

strokes are found to be observed very connonly in G-G discharges. 
-2- 
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In multiple flashes which constitute 86 per cent of all CZG'discharges, 

the occurrence rate of discrete and hybrid flashes is about fifty to 

fifty. The percentage of single flashes with long continuing luminos- 

ity is exceptionally low (only 2 of 193). The long continuing strokes 

does not either occur as the initial stroke of a multiple flash. 

Figure l is a comparison of the luminous events of a discrete and a 

hybrid flash as recorded by the moving-film camera and by the electric 

field and electric field-change records. In the schematic represen- 

tation of the luminous events, a straight, vertically oriented channel 

is assumed. The electric field record represents the actual varia- 

tion of electric field, whereas the electric field—change record 

emphasizes the rapid components through the use of an antenna with a 

short time constant and n high amplification. Both of the flashes 

are about 20 km distant from the recording station. It can be noted 

in Figure 1 that the magnitude of slow electric field changes (J changes) 

is very small or practically zero during the intervals of non-luminosity 

between strokes of both discrete and hybrid flashes. On the contrary, 

it has been found that a large positive, slow electric field change 

(C change) is always associated with a continuing luminosity on the 

photographic record. The average mbnber or strokes per flash in 

both discrete and hybrid flashes is 7. If we include the single 

flashes, the average number of stroke per flash is 6. Thus the num- 

ber of strokes per flash has foundrbe appreciably larger than the sta- 

tistics by Schonland (1956) based upon electric field-change records. 
It is not uncommon to find several strokes which produce field-changes 

_ 3 _ 
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of 1/10 to l/20 of the field change caused by the largest stroke. 
Without the positive identification of the leader—return combinations 
on the high speed photographs, it is highly probable that R changes of 
such small magnitude might have been interpreted as K changes or over- 
looked. 

Malan (1954) found that the large slow field change of the Bale 
nature as defined C change here, often occurs as a final stage of a 
multiple flash which involves fewer stroke elements. In New Mexico 
measurements such a hybrid flash found to be observed more frequently 
that its earlier stage is very simmillar to that described by Malan 
but involves one or more stroke elements of very small R changes in 
its very late stage. 

In England Pierce (1955 a) sometimes recorded S(B) field change. 
The field change of this type can reasonably interpreted as a conti- 
nuing current field change in which the stroke field change initiating 
the C change is barely discernible on the electric field record. 
It is because of the occurrence of such small stroke field changes that 
the number of strokes per flash appears to be less when counted on the 
electric field records than when measured on the high speed photographs 

Ihile the duration of long continuing luminosity varies widely 
as shown in Figure 3, the duration of the no-luminous interval i.e., 

04 I/u ppondvv--'1 '-"vie 
the interval from the end of the luminosityflto the following stroke 
tends to fall in certain limited range around 80 msec (from 50 to 200 
msec). Though the duration of a no-luminous interval appears to be 
longer than a usual stroke interval, the value still lies within the 

- 4 -
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range of discrete or short stroke intervals (5 to 180 msec). 

The methods and assumptions used in calculating value for the 

charge which is brought to earth by individual discharge elements of 

a flash are described and discussed in detail by Brook, Kitagawa and 

Workman (1962). Here the method will be outlined. The electric 

field change due to a lightning stroke measured at the surface of 

the earth is given by 

L 15 = 70 _._..___9B.@.”R 
(D; g ’_fRL)'l/_! 

where .AE is in volts/cm, QR is in coulombs and Hg_ and D are in km. 

D is the horizontal distance from the field meter to the flash and 

HR is the vertical height to the assumed center of chadge Qg . 

The hight HR is determined by 

fly == ’7 fr//FF 

Where h is cloud base hight, tg is the total duration of the dart 

leader measured on electric field change records and tp is the time 

for the dart leader to travel from the cloud base to ground determined 

by photographic records. From the first equation, with the measured 

value of H R , D and ‘>8, the charge Q’; can be written 
-— 1 1 3/1 

Q _ /JELD*iht€/t|>):l 
R e 

e___ 
180 hte/fp 

The above emthod is also applicable to the continuing current intervals 

Let H1 and HZ be the heights determined for tlo successive strokes 

between which a continuing current to ground was evidenced on both the 

electric field records and the photographs. The charge QC is assumed 

_ 5 - 
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to be centered at Hf , a distance midway between the tops of the two 
return stroke channels; i.e., 

tqc = _5_L 14, + l"il) 

The corresponding slow electric field change z\E is then measured, 
and the charge Q9 is calculated. 

The negative charge (no strokes carrying positive charge to earth 
were observed) lowered by individual stroke is shown in Figure 2(a) 
and 2(b) in two histograms showing the number of occurrences of strokes 
in which charge was (a) lowered by strokes which were preceded by 
stepped leaders and (b) lowered by strokes preceded by dart leaders. 
A striking contrast is seen to exist between the two types of strokes. 
The minimum charge lowered by the strokes associated with stepped 
leaders is 3.0 coul; for the others a minimum value is 0.21 coul. 
Both of the histograms exhibit a sharp cut-off at their minimum end. 
The most frequent value of charge brought down by first strokes lies 
between 3 and 4 coul;for subsequent strokes the most frequent value 
lies between 0.5 and l coul. For single flahses the average value 
of the charge lowered was calculated to be 4.6 coul. The charge 
lowered by the continuing current is shown in Figure 3 as a plot vs. 
its duration. The maximum duration of a continuing currned interval 
was found to be 300 msec. The greatest amount of charge lowered 
during one of these long intervals was 31.2 coul. Though both the 
amount of charge and the duration vary widely, the plot shows that 
the average current i.e.,the charge devided by the duration tends to 
be far less variable from current to current. It rangesfrom 38.4 

- 6 - 
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_ to 130 amp around the mean value of 79 2 amp Thus the cont1nu1ng 
current turns out to be very eff1c1ent agent for carry1ng the cloud 
charge to earth Because of th1s agent the total charge lowered by 
a hybrld flash 1s remarkably larger than that lowered by a dlscrete 
flash The calculatlon shows that the average values for a dlscrete 
and a hybr1d flashes are 20 and 34 coul respectlvely 

The result of the calculatlon of the charge center hlght for each 
stroke element 1s shown 1n F1gure 4 as a plot vs the stroke order 
The f1gure shows the defxnlte tendency that the hlght of charge center 
exactly speaklng, the length of the stroke channel lncreases from 
stroke to stroke The most frequent helght d1fference for the d1s- 
crete flash 1s 0 3 km The value for the d1screte 1nterva1s of the 
hybr1d flash 1s also O 3 km The cont1nu1ng-current lntervals are 
most frequently assoc1ated wxth a value of 0 9 to 1 6 km F1gure 4 

suggests that hybrld flashes usually involve greater cloud volumes 
than do dxscrete flashts 

Qont1nu1ng_gurrentsand the Junct19n Process 
Wlth the reallwatlon that the contlnulng currents to earth often 

occupy the Jntervals between strokes prevlously asslgned to 1n-cloud 

processes alone (1.e. J changes), 1t 1s des1rab1e that we reexamlne 
the 1nterpretat1on of the lnter stroke fleld changes, as d1BCU889d by 
Malan and Schonland (1951 b), Walan (1955) and P1erce (1955 8 b) 

Table 1 shows the electrlc moment change ZHQ assoclated wlth a 

flash, a stroke, a long contlnulng current and a J process, obta1ned 

f0rRemase 20TW09H1 C06461
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C 
in the present measurement. J change, identified by the absence of 

Table l Electric Moment Change Associated with a Flash, 
a Long Continuing Current and a J process 

Discharge Electric Moment Change 2HQ (coul km)

I

i

1

¥ 

O0 

-1-0104 

mans. 

Q 

-»-.<--..-->< 

.0»..- 

...~ 

ah...-.... 

-we-¢- 

9*‘ 

M 

,, 

Flash 248 (average) 

Stroke 22 (average) 
Long Continuing Current 135 (average) 

Junction Process 1.62 (maximum observed value) 

a continuing channel luminosity on the photographs turns out to be 

remarkably small. Asshown in Table 1 the maximum change was found 
to be 1.62 coul km. Large slow field changes does-occur, but 

invariably the photographs show these to be associated with continu- 
ing current to ground. When we consider the average change in 
moment associated with the flashes in this study is 248 coul km 
(Table 1), it is not surprising to find that the J-change moment, 
having values much less than 1.6 coul km, are not detectable. 

Taking the maximum value as 2 coul km, we see that the J process 
produces a change in moment which is about 10 per cent of the average 
change in moment for strokes (22 coul km), and about l per cent of the 

-8- 
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average change in moment for continuing currents (135 coul km). It 

is now clear that the value ZHQ = 50 coul km used by Pierce (1951 b) 

for the J change in moment is really to be associated with the C change 

We shall assume that the most favorable conditions of noise allow 

the measurement of slow field changes of magnitude 10-3 of the earth's 

fair weather field, i.e., of magnitude 10'] volt/cm. Using the value 

1.6 coul km for the upper limit of the J change in moment, we calculate 

that the maximum distance at which a J change will produce an electric 

field change of 10" volt/cm is 52 km. Since only a c field change 

is expected to be detected as a slow electric field change on the rec- 

ord beyond this distance, it is highly probable that most of the J 

changes reported by Pierce (1955 a) for distances between 50 and 90 

km were produced by continuing currents to ground. He was able to 

measure slow field change in approximately 25 per cent of the inter- 

vals between strokes and for the remainder no variation in field could 

be detected. This figure of 25 per cent is reasonably consistent 

with our own statistics for the occurrence of continuing currents in 

lightning discharges. These statistics also reinforce the conclu- 

sions that C changes, and not J changes, are detectable for distances 

beyond 50 km. A new process involving a discharge from the cloud 

top to the high conducting layers was postulated by Malan and Schonland 

(1951 b) and Malan (1955) to explain the apparent absence of J changes 

in the measurements of Pierce (1955 a) and Malan (1955) for distant 

storms (20 to 150 km). Since we now see that the absence of J 

change is actually to be expected for distances beyond 50 km, the com- 

- 9 - 
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pensating process (a discharge to the upper air) is unnecessary. 

Also, it appears that it is not nesessary to postulate a difference 

between thunderclouds in England and in South Africa (Pierce and 

Wormell, 1953). \ 

During the interval between successive strokes of a multiple 

flash, there found to be two different stages of channel conditions, . 

a continuing luminosity stage and a non-luminosity stage. We have 1 

done some experimental approach to the luminous conditions, but the 

channel condition during no-luminous intervals remains entirely un- 

known. A number of problems concerning this channel condition . 

should be the subjectsof future studies. For instances, what is 

the amount of the dark current in the channel? How the J process 

is connected to the ground? How such a conductive condition is 

maintained in the channel that allows the dart leader of a subsequent - 

stroke to follow the same channel.‘ ' 

M componentsand K changes 

During the continuing luminosity M components are found to be 

associated with field changes similar to K changes on electric field- ‘ 

change records as can be seen in Figure l. Seperations of H compo-
1 

nents are very small and tend to increase very rapidly with elapsed ' 

time within the first l5 msec from the return stroke. »

, 

Later on this tendency desappears and M-component intervals exhibit 

no dependence on the elapsed time. Figure 5 (Q) 5hQI5 the frequency 

histogram of M-component intervals in this later stage of continuing ' 

- 10 -
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luminosity. For the comparison the frequency histograms for K changes 

in discrete intervals of G-C discharges (b) and for K changes in I-C 

discharges (c) are shown in the figure. 

So far the luminosity continues in the channel, streamers connected 

to the Channel keep developing within the cloud into the flash charged 

region. The N components is the presentation of the current surge 

in the luminous channel produced by the momentary increase of the 

cloud charge supply. Thus, the occasional appearance of M components 

in a continuing current is considered to be the reflection of the non- 

uniform distribution of charge in the cloud. The similarity in 

three histograms (a),(b) and (c) in Figure 5 also suggests that M- 

component intervals and K-change intervals both in discrete stroke 

intervals of C-G discharge and in later stages of I-C discharges are 

all controlled by the same conditions, by the conditions attributable 

to the cloud structure, not by the conditions of the discharge process. 

Ogawa (1962) calculated the average developing velocity for the stream- 

ers associated with the long continuing current to be 1.6 x l0‘5 cm/sec. 

This value, combined with the most frequent M-component interval of 

6 msec, gnves (ho linenr dimension of I00 M for the spucing of the 

densely charged regions in the cloud. This dimension can be com- 

pared reasonably well with that of the unit cell of the convection 

suggested by Reynolds (1954) i.e., the microstructure in the so-called 

cloud cell, evidenced by the radar echoes of the strom or by the visual 

observation of cumulus towers and striation in the rain sheet. 

The K change is a rapid luminous small scale discharge within 

_ 11 _ 
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the cloud. Usually the duration is less than l msec and the moment 

change involved varies from a few hundredth to about l coul kn. 

Ogawa's (1962) analysis based on New Mexico measurements shows that 

the main discharge process which constitutes the K change is the rapid 

flow of the cloud negative charge into an already existing channel. 

Comparing the discharge processes associated with N components with 

those produces K changes, there seem to be no essential difference in 

the way of the streamer developflment within the cloud. A junction 

or J process described by Malan and Schonland (1951 b) is now reason- 

ably interpreted as a whole series of K-change discharges involeved 

in a Stroke interval. The J change turns out to be the smoothed 

trace of the electric field record which actually consits of a number 

of very small K-change steps during the non-luminosity interval of a 

multiple C-G flashes. 

Nature of I-C discharge 

Figure 6 shows a typical example of electric field and electric 

field-change records of a I-C discharges. The records is usually 

devided into two different portions; the earlier active portion and 

the later portion. The later portion of field and field-change 

records are very similar to those between strokes of a C-G discharge 

i.e., J or C field changes; K changes follow each other on the electric 

field-change record with the identical time intervals with those of 

K changes and M components in C-G discharges (Figure 5). 

During the earlier portion pulse activity is much higher; amplitudes 

- 13 - 
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of some of pulses are much larger and pulses are spaced so densely 

that quiescent intervals are seldom recorded. Occasionally an 

earlier active portion may be preceded by a less active portion, 

called an initial portion, which is characterized by pulsations of 

high repetition rate and of relatively small amplitude. The rate 

of the moment change estimated on electric field record is generally 

higher during active portions than during later portions. 

The electric field and electric field-change records of a later portion 

obviously show that the discharge mechanism is essentially the same 

as that of discharge processes which take place in the cloud during 

the intervals of a multiple C-G discharge. Though there is no strict 

distinction between the discharge of the M-component type and of the 

K-change type in the case of a I~C discharge, the discharge mechanism 

is considered to be closer to that of the continuing current interval 

of a C-G discharge, because the moment change in this portion is gen- 

erally larger than that in the discret stroke intervals (i.e. J field 

change). And it is highly probable that continuing channels of con- 

sidarable length are usually established in a later stage of a cloud 

discharge as occasionally evidenced on moving camera records of C_C 

or Air discharges. Occasionally a moment variation in a K change is 

appreciably larger compared with that in C_G discharges. 

A measurement by Ogawa (1962) shows that for the I-C discharge the 

average moment change associated with the K change is about 6 coul km 

and the charge involved is estimated to be 2 coul. The average 

current during the change is 2000 amp. 

_ 13 - 
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A very frequent occurrence of pulses in an active portion appar- 

entry suggests that a number of different streamer channels developf 

in the cloud at the same time or with slightly different time phases. 

Sometimes the development of relatively small scale streamers is 

repeated for the duration of some 50 to 100 msec before the burst of 

larger streamers takes place (an initial portion). At present quan~ 

tative informations about streamer processes in an initial or in an 

active period of the I-C discharge are not available. However, we 

can point out one aspect of the initial stage of the I»C discharges. 

Regardless the discharge starts with an initial portion or immediately 

with an active portion, the pulse activity is much more irregular than 

that recorded in the very beginning stage of the leader field change of 

C-G discharge, both length of pulse intervals and pulse amplitude tend 
huir.1'.( fr/r‘ d'~. 

to be larger and more variable in the first several I000 compared with 

those in the later stage. Still the regularity in both period and 

amplitude well reflects the step-wise development of stepped leader 

streamers. In fact the pulse intervals during this stage lies in the 

range from 10 to 150 )Asec. On the contrary for corresponding initial 

stage of the field change of a l-C discharge, pulse intervals spread 

over the extremely wide range from 10 fisec to several msec. Pulse 

intervals along with much irregular pulse shapes indicate that the 

mechanisn of the associated discharge is entirely different. While 

the initial breakdown of a C-G discharge takes place in the water 

droplets region of a cloud, the initiation of a I-C discharge starts 

at much higher altitude where the cloud consists of ice particles and 
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A very frequent occurrence of pulses in an active portion appar- 

entry suggests that a number of different streamer channels developf 

in the cloud at the same time or with slightly different time phases. 

Sometimes the development of relatively small scale streamers is 

repeated for the duration of some 50 to 100 msec before the burst of 

larger streamers takes place (an initial portion). At present quan- 

tative informations about streamer processes in an initial or in an 

active period of the I-C discharge are not available. However, we 

can point out one aspect of the initial stage of the l-C discharges. 

Regardless the discharge starts with an initial portion or immediately 

with an active portion, the pulse activity is much more irregular than 

that recorded in the very beginning stage of the leader field change of 

C-G discharge, both length of pulse intervals and pulse amplitude tend 
Mu KIA qr /1/0' d '-. 

to be larger and more variable in the first several noes compared with 

those in the later stage. Still the regularity in both period and 

amplitude well reflects the step-wise development of stepped leader 

streamers. In fact the pulse intervals during this stage lies in the 

range from 10 to 150 ;\sec. On the contrary for corresponding initial 

stage of the field change of a l-C discharge, pulse intervals spread 

over the extremely wide range from 10 f&8QC to several msec. Pulse 

intervals along with much irregular pulse shapes indicate that the 

mechanism of the associated discharge is entirely different. While 

the initial breakdown of a C-G discharge takes place in the water 

droplets region of a cloud, the initiation of a I-C discharge starts 

at much higher altitude where the cloud consists of ice particles and 
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super-cooled droplets of very small size. The author suggested that 

the difference between the two initial breakdown processes is attrib- 

table to the difference in the breakdown impedance affected by the 

above two different enviromental conditions i.e., the difference in 

the relative populations of water drops and ice particles in the cloud 

(Kitagawa and Brook, 1960). In addition to the difference in the 

breakdown impedance, it is probable that the kind of breakdown stream- 

ers, positive streamers mostly, not negative streamers and the config— 

uration of channels, extensively branched or separated into a number 
0{ the ¢3~itio@ 

of channels will account for the different character £n—the-¥ePy~early 
bY¢qkd0urn pvbcess 

stage of the»¥ield~ehange~of I-C discharges. 

We have tried to depict the nature of the I-C discharge in the 

comparison with the C—G discharge. As to discharge processes, 

however, which take place entirely in the cloud, we have very little 

quantative informations. For the further study of the lighting 

discharge, quontative measurements of these grccesses are desired, e.g. 

nn initial breakdown streamer grocess, u streamer pr;cess in en active 

portion. a K-chunée yroccsa and u streamer prucess ef continuing luminosity- 

Lne oyproech For these till be simultaneous measurements by field meters 

cf high t;me-resolution at several stations on the surface. 

-15.. 

* pproved for Release: 2017/09/11 C06461858 

...----uni 

-~ 

w»

. 

a. 

- 

u-...'_-.¢\----1-»\1-v.-can-,u:rs¢~: 

Qun-y

I

2

1



' 

».¢---.... 

» 

-._-¢. 

4.1. 

~ 

»<-'-.-»a..

~

\
1 

n- .-, _,;..
=~ 

J1 
-3. :1,’ 

zrj; 

Apmpvedf0rRemase:20TW09M1 C06461858 

References 

Brook, M., N. Kitagawa, and E. J. Workman, Quantative Study of strokes 
and continuing currents in lightning discharges to ground, 
J. Geophys. Research, Q1, 649-659,l962. 

Kitagawa, N., On the mechanism of cloud flash and junction or final 
process in flash to ground, Papers Meteorol. and Geophys. Tokyo, 
3, 415-424,195?. 

Kitagawa, N., and M. Brook, A comparison of intracloud and c1oud—to- 
ground lightning discharges, J. Geophys. Research, Qj, 1189-1201, 
1960. 

Kitagawa, N., M. Brook, and E. J. Workman, Continuing currents in 
cloud-to-ground lightning discharges, J. Geophys. Research, §Z, 
637-647, 1962. 

Malan, D. J., Les decharges orgeuses intermittentes et continues de 
la colonne de charge negative, Ann. geophys., 19, 271-28l,l954. 

Nalan, D. J., Les decharges lumineuses dans les nuages orageux, Ann. 
ge0phys., 1;, 427-434, 1955. 

Malan, D. J., and B. F. J, Shonland, Progressive lightning, 7, 
Directly-correlated photographic and electrical studies of lightning 
from near thunderstorms. Proc. Roy. Soc. London A, 191, 485-503, 
1947. 

Malan, D. J., and B. F. J. Shonland, The distribution of electicity 
in thunderclouds, Proc. Roy. Soc. London A, 209, 158-177, 19518. 

Malan, D. J., and B. F. J. Shonland, The electrical processes in the 
intervals between the strokes of a lightning discharge, Proc. Roy. 
Soc. London A, 209, 158-17?, 1951b. 

Ogawa, T. Private communication, 1962. 

Pierce, E. T., and T. W. Wormell, Field changes due to lightning 
discharges, in Thunderstorm Electricity, edited by H. R. Byers, 
University of Chicago Press, 1953. 

Pierce, E. T., Electrostatic field changes due to lightning discharges, 
Quart. J. Roy. Meteorol. Soc., §l, 211-228, 1955a. 

Pierce, E. T., The development of lightning discharges, Quart. J. Roy. 
Heteorol. Soc., §l, 229-239, 1955b. 

_ 15 - 

*pmovedf0rRemase:20TW09M1 C06461858

k
n

é 

--qw---an 

-,-»\- 

qpflvul-1'\\iIL\( 

11.211‘!-KlZ‘l&¢_'§;!_3k 

~.>- 

2 
-.

t

\ 

-.__<_4...-._...._ 

.__ 

_._. 

.__.-....._.



v

J 
-r

1 

JV

I 

Approved for Release: 2017/09/11 C06461858 

Reynolds, 5. E., Compendium of Thunderstorm Electicity, (Signal Corp 
Project, 172-B), New Mexico Institute of Mining and Technology, 
Socorro, New Mexico, 1954. 

Schonland, B, F. J., The lightning discharge, Handbuch der Physik, 
gg, 576-641, 1956. 

- 17 - 

* pproved for Release: 2017/09/11 C06461858 

_....-_----Q. 

r@u-\¢-0100!; 

‘Inn 

-. 

nan!-44 

z.- 

—.v~n:1.-—vvr\eww-'.rau.-.::..=auu=—7,ug\;,¢¢,_¢;¢..,q,.,._

. 

..__._..;._ 

I
I

<
1

1



v 

'11‘ 

Yluanwun 

en 

-0

r 

M‘ ‘ '“ 
Approved for Release 2017/09/11006461858 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

-?7-S-,<u'~'i'- 

3- 

..

- 

C-'..._\'~.}._"==|_ 

,___~ 

'- 

Lxst of F1gures 

-II-=a=~v~ 

-w-=1 

~ 

rfiw 

u-»u~,-an--:u~n:u~ 

rm... 

-r"'rL-S‘-I‘ 

11.1’:-3‘ 

r'_1.':1e,._-_ 

Examples of s1mu1taneous photographxc, elect1c fleld 
and electlc field-change records of dxscrete and hybr1d 
flashes. Pos1t1ve deflectlons are upward 
Frequency hlstograms of (a) charge lowered by strokes 
preceded by a stepped leader, and (b) charge lowered by 
strokes preceded by a dart leader 

Graph of charge vs duratlon for the contlnuxng current 
Apparent h1ght vs stroke order for strokes 1n dxscrete 
and hybr1d flashes 

Frequency h1stogtams of (a) H-component 1ntervals 1n 
continulng lumlnoslty (b) K-change lntervals 1n discrete 
xntervals of C-G d1scharges, and (c) K-change lntervals 
1n later port1ons of I-C dzscharges 
bxauples of s1multaneous electrlc fxeld-change (above) 
and electr1c f1eld (below) records of a I C dlscharge 
Pos1t1ve deflect1ons are upward 

_._~. 

-Q-A

I

I

5

I

I

i
1 

-f0rRemase 20TW09M1 C06



I 

I 

-.4, 

.--_.....--..-..

. 

--. 

-. 

I111’! 

-nnzzza 

'I‘1')‘-I.'\\\v'-»-,'<- 

*1»- 

'2“,

L 
L‘
¢

rs

\ 
-I‘ 3 

Z’ 

-¢.,....._-._........._.......I....~__ _.. ..____-- .

1 

PHOTOGRAPHIC RECORD 

Approved for Release: 2017/09/11 C06461858 

DISCRETE FLASH 

II IIIII I 

.~,'-7 .u_/ 

R, R, R , R. R, R. R1 R . R- 

,______J 
,___./ 

ELECTRIC FIELD RECORD r-———-—-—’“ 
[- 

_./ 

,_._---i 

V0 

Is/ 

cm

0 

___.__J""--_A._ .~..J(L>_JL/k4..\_»\M_l_._..1(L.-A¢._~_A_A_LJ~J\- __ .Il_A-__ 1 J\_,_ k_ _, )K_- JQC .___ _ /LJ\_ ¢->r-- y--A-~<r -- ———— —~I--—- <—— -)K—~-~*-—~ ~- 
ELECTRIC FIELD CHANGE RECORD 

.-1'!‘ 

O 50 IOO 
""_ TIME (msec) ‘"" 

HYBRID FLASH 
PHOTOGRAPHIC RECORD 

II 
MIIIIIIIIIIIII 

mum 

ma 
“III 

IIIIII 
-.___ H w "__ -__

— 

RR, R . R, 

I'—— courmume CURRENT —" 
ELECTRIC FIELD RECORD

Ru

O Vots/cm 

C FIELD CHANGE
1 

‘Z 

31 

_<_. 

{ii 

R, R, 

M CHANGE K CHANGE 

5/ L, J L II A M L/11_LL__ 
ELECTRIC FIELD CHANGE RECORD 

»————+——-—4 
O 50 IOO 

.- i TIME (msec) '—’ 

* pproved for Release: 2017/09/11 C06461858 

o=:~vm:=:.<smxr-:~t::~."-‘.11

I

u 

'l 

_e 

~L<uo|\cIv~ra$v1=z=..-=;n:<»\I\ 

I'-.\v‘=—'?‘.§1=*:-2‘ 

1"

I 

I 

1

I 

1

.

I

I

I

|



h\‘|*“J‘ 

Us 

_I"_”b_fil‘__||_I\' 

Ell‘

I

8581646OC11l9Ol71O26SaEeRr0fdeV0rPPA 

r 

Xi: 

___ 

551',ILr’vJxwq>rJ'fi‘w_c”:~¢."l&\‘l~a"1“m‘y*‘Cl_\‘iiI‘m‘|“|"‘“’,

‘

l 

‘L 

;"’H|M

V 

: 

I‘! 

iii!‘ 

_ 

_!“__

_

‘ 

~m@§OJDOUv 

ImQ<MJ 

PE<O

Q 
>m 

QmOmUwI& 

WWXOKPW 

>m 

QWEWBOJ 

MOKQIO 

ON 

m_ 

®_~; 

®_

Q 
_1 

M_ 

Q 
__ 

o_

Q 
Q 
N_

Q 
D 
¢
D 
N
_
O 

__ 

_*L 

**_* 

FL» 

_*__ 

*__ 

___ 

rk7_ 

rrkL 

*_ 

***“ 

“_

0
NflW8 
‘ZO

3

38 

‘VO 
nvd0 

6m__20_502

w

_

n 

IMQQMJ 

Omlflmkw

Q 
>m 

QwOwOwI& 

WMXOKFW 

>m 

Qwmw;OJ 

MOIQIO 

ON 

®_

Q 
_C 

©_

Q 
"L 

D_

Q 
__ 

O_

Q
Q 
k_

Q 
M 

_V

M 
N
_
O

H83N 

H?‘ 

_#% 

?*_ 

¥*; 

*** 

__ 

_,7 

i”“ 

*7» 

__ 

_?_ 

_* 

_~ 

T**

O
O3 

L‘

S 

‘m2 
‘I

O

‘_

H 

>__m 

__

\ 

_‘__“ 

n. 
"_ 

___“ 

_ 

\ 

‘ 

V‘

_ 

-74 

_‘v'l|'|i.!i_‘!_‘!“|_‘_"_|_‘_I_'__§“_’_:_{_&__':::



- ' ~ '< h - 1-.. <».,v,-.-=1.-; n. q .4». ~4¢_;;g,;[_ , :—V’;:;_"£22,_j_qL"_v_:‘VFey’? 1' ,~_ 
1 > 

,1 . 

' 

_ 

" 
1 - -- 

,~ 

CURRENT 

UNG 

CONT

N 

E = 

. -I 
>- 
(D 

CHARGE 

LOWERED

1

5

< 

an--<. 

..-:u.n.-.~.» 

<01, 

i
1 
,,

2
3. 
v
L 

25 
1: -">~ 

is-w 
=' =-e";- 
:5 

9, 
;i 

*5

I

I

E 

Q‘, 

>;

3O0 
o__._ 
Q’ 

0.. 
I0 

0..N 

Q__ 

Q _ 

Approved for Release: 2017/09/11 C06461858

O

O

0 

<> 8

o

0 o 
0 0 ° 0 Q0 

I I I I I I— 

O 50 IOO I50 200 250 300 msec 

DURATION OF CONTINUING CURRENT

1 

for Release: 2017/09/11 006461858 

|_. 
7‘.

- 

._..._. 

....._...._.-.....

- 

.-, 

...\ 

-.1--m 

--_

i

v

1

1

Z



_H~_lH£H“hflhi'_h_fl“_uun_‘\_H_

K 

fin)?“ 

_ 

‘UJE 

.fi‘“€§‘I,tlzll 

:1‘; 

I 

}_ 

1

‘ 

‘, 

'1'

8581646OC11l9Ol71O26SaEeRr0fdeV0rPPA 

L"? 

__

Q

5

_ 

'___": 

___“_ 

EUOIO 

WXOKPW 

m_ 

E 

Q 

o_ 

m 

Q 

¢ 

N

Q 

|_

_ 

_
_ 

_
_ 

_
_ 

_
_ 

_
_ 

i
_ 

_
_

O ‘Z 

wwIw<|_“_ 

m;m_5m_Q 

O

_ 

O

l 

M 
Om 

MH+&+% 

mm_Iw<|_h_ 

n__mm;I

+ 

MW

O 

OO 

Ow’ 

+00‘? 

+ 

‘lb

_ 

O

O 

+

O

2 

O 

O 

&+ 

OO+ 

__w*_ 

M
O 

‘I

O 

O 

O+ 

O

+

+ 

+ 

:9

O

+

O

O 

+

' 

M 
OO 

W 
OT

+ 

O

O 

+ 

“H 

"8

O

O 

+ 

OO

+ 

+

O 

+

+

i

O 

+_ 

+ 

+

+

O

+ 

O

O 

“H 

+ 

+

‘

OO 

_

O 

O

O

+ 

+

_

+ 

+

_ 

l‘

+

+

+

O 

+ 

‘Ia 

+

‘

O

O 

__ 

V

_

_ 

1
v 

_ 

___

r

I 

___’ 

_£9X‘_'_‘__‘__':$I__‘__.x‘1__F2l_;‘15:_‘A‘u_‘_:_:fl'J:3““3~“.P_‘k" 

____"W__w‘H'“____Uu._:___m" 

_b__H_h__u 

hH‘W_“’M"_‘_E_.hM___W_‘H____1H_H‘MH._flb_N§m’HE__Hm_Mmww_M

VddVB3NlH39Hl

1646OC11l9Ol71O2 EMS8EGRrOf



1.-.._,_-...._.._-...-.¢_-_._.~ .... .,. _ . . 1 - » » - 

I 

3

.

1

4

¢ 

-..- 

-. 

Q“-- 

..._._ 

_.-_

1

l 

>4.- 

1.

L

< 
.1

@

4

1 

UT 

ON 

TRB 

PERCENTAGE 

D
S 

TON 

TR 

BU 

PERCENTAGE 

DS 

TON 

BU 

STF?

5 

PERCENTAGE 

O 1 

Approved for Release: 2017/09/11 C06461858 

r——1—:i"1 +114 1-1 aw +———r—F% 
O 2 4 8 I2 I6 2O 24 28 32 mse 

2|! 

O”m 

‘gm
1 

9-. 

|[j I

O 

D‘ 

lfl 1 

'9 T
I 

(0) M COMPONENT INTERVALS 

TJ ET 

E1_Lw 
1”’! .._J'*‘*"“—

C 

~ o~~-1-—1— +- —¢~--1 ~+—-1- c-—- -r“-1"-1——~r~ --1- 4*» 17:?--—‘~—" 
O 2 4 B I2 I6 20 24 28 32 msac 

lb) DISCRETE K~CHANGE INTERVALS—*C--G DISCHARGES 

'i‘ hik >

O r:;r:»++w:aa~r—-—1r~—T_'r'—# O24 B I216 20 24 28 32 

(c) K~CHANGE lNTERVALS~—-I-C DISCHARGES 

* pproved for Release: 2017/09/11 C06461858 

ITISBC

L 
,. 

‘Y: 

sw- 

.'_\n 

H-Q 

IR".-" 

-. 
-_: 

r-'-:-:11

- 

'.-3: 

_<-- 

Q, 

-4 

...--s~ 

-- 

3.__>_ 

:11 

r¢v<IIu 

uwfvr. 

:_.- 

.-_.._ 

-,-_; 

4,_...,.-Q

I 
1

1 

1

1

A



I

I

|

I

l 

\' 

'nfl't‘.’!fl2l'..‘.22°.'.'I'°" 

t1tnrn\:n-xn¢u¢n:onauu-»_-.»v--.--.__...-.._.._-

I
i _/ 

;‘§~'=»‘.S @uL 
.§"‘;_;...' 

51"“-an 
='-'.‘* 4 
"'?;;.;T‘f' 

egah 
'.£§5_.;r 

I \ u" 

,_;in\_ 

4-‘ 

,

. 

. Approved for Release: 2017/09/11 C06461858

T 
SESSION “.1 

Lightning Protection 

I 

D. Mu1ler—Hil1ebrand 

lnstitute of High—tension Research, University of Uppsala, 
Uppeala, Sweden 

Physical research on lightning and the practical application of its 

results are intimately related to each other. The demand for security 

against damage by lightning has greatly stimulated research. Lightning 

discharges affect buildings, power lines, machines and equipment, and 

telecommunications systems. They can cause damage to aircraft and during 

tunnel blasting deep down in a mountain. They kill and injure living 

creatures and cause fires and accidents. All this has given rise to 

innumerable investigations and publications in the majority of civilized 

countries in which lightning is a problem. Summaries on lightning pro- 

tection matters have often been published. An early work by Goodlet (1) 

deals with questions such as the shattering of poor conductors, damage 

to buildings, oi1—tank fires, damage to aircraft and effects on living 

creatures. A more recent work by McEachron (2) gives, in the first , 

place, an account of protective measures for communications and power- 

-supply systems. The present report can only give a limited survey of 

such protection questions as have still not been completely elucidated; 

they relate, on the one hand, to physical phenomena and, on the other, 

to statistical arm probability investigations,which are often connected 

with financial problems. 
The publications ?rom_the Golden Age of lightning research - from 

about 1750 to 1780 - often show acute observation of nature in connec- 

tion with protective measures. As an example, I quote two observations 

by Benjamin Franklin which touch on quite topicalrquestiona. The first 

shows his view of the limited protective range of an elevation rod - 

a question which is always being discussed. In "Poor Richard's Almanac" 

for 1753 Franklin writes: 
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_2- 
Provide a small Iron Rod (it may be made of the Rod—iron used by 

the Mailers) but_of such a Length, that one End being three or four 
Feet in the moist Ground, the other may be six or eight Feet above 
the highest Part of the Building. ... If the House or Barn be long, 
there may be a Rod end Point at each End, and a middling Wire along 

the 
Ridge from one to the other. ... 

The instruction is later repeated in Franklin's 24th letter (3). 

The second observation makes clear the protective effect of a thin 

wire, in a case which is topical today, as regards finance. The church 

at Newsbury in New England had been badly damaged by lightning 
in the 

summer of 1754. Franklin gives a detailed account of the 
destruction. 

I reproduce extracts from his letter to Dalibard (3): 

The spire (of wood, reaching 70 feet higher than the 70 feet 
high 

gteeple) was split all to pieces by the lightning, and the parts flung 
in all directions over the square in which the 

church stood, so that 
nothing remains above the bell. ... From the end of the pendulum, down 

b ilding was exceedingly rent and damaged, and quite to the ground the u , 

some stones in the foundation wall torn out and thrown to the distance 
of twenty or thirty feet. ... 

The central portion was not damaged. The lightning current 
had 

destroyed a thin wire which connected the clapper of the bell to the 

clock mechanism 20 feet away. The flash was conducted to 
the pendulum ' 

wire, which had the thickness of a goose quill. Franxlin draws 
the 

following conclusions: 

l. That lightning, in its passage through a building, will leave 
d to oess as far as it can in metal, and not enter the wood again wQ0 _ 

.. . . 

till the conductor of metal ceases. And the same I have observed in 
other instances, as to walls of brick or stone. 

2. The quantity of lightning that passed through this 
steeple must 

have been very great, by its effects on the lofty spire above the bell, 
and on the square tower all below the end of the clock pendulum. 

5. Great as this quantity was, it was conducted by a small wire and 
a clock pendulum, without the least damage to the 

building so far as 
they extended. 

4. The pendulum rod being of a sufficient thickness, 
conducted the 

liphgnqng withgut dnuagb to itself: but the small wire was utterly 
destroyed. 

5. Though the small wire was itself destroyed, yet it had conducted 
the lightning with saPety to the building. 

6. And from the whole it seems probable that, if even such a small 

wire had been extended from the spindle of the vane to the 
earth, 

before the storm, no damage would have been done to the steeple by 
that stroke of lightning though the wire itself had been 

destroyed. 
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Refore concluding this short historical survey, I show (Fig. l) one 

of the earliest lightning—conductor draudqgl ever published - a lightning 

conductor designed by Torbern fiergman for a building in Uppsala, Qweden, 

in 1765. Wven at that period the special instruction is given that 

large metal parts in the building should be connected to the lightning 

conductor (4Y. 

The Lightning Path near the Ground. 

Space charges between cloud and earth greatly affect the lightning 

path. A visible proof of this is the "Type fl leader" according to 

Schonland (5, 6), which has a high velocity (more than 6 x lO7 cm/sec = 

= 600 m/ms) between the base of the cloud and the space-charge layer 

(first stage) and a low velocity (about 1 x 107 = 100 m/ms) and often 

a nronounced fork in its further career to the ground (second stage). 

About 50% of the leaders in South Africa showed this phenomenon (7). 

The charges in the water—vapour cloud are transported to and distributed 

over the suace—charge cloud. These charges consequently become "over- 

-neutralized“. The lcader‘s space—charge channel.receives additional
A 

charge and thereby has a greater volume than it would have had if the 

space—charge layer had not existed. On the return stroke the lightning 

channel accordingly receives a substantial additional charge. The 

current strength is increased. The course of the lightning current, 

according to Berger (8), who recorded it on the summit of Monte San 

Salvatore, shows that a current maximum is reached after 5-10/us. 

The vertical length of the lightning channel after 5-10Jpa is spproxir 

mately 400-1200 m (5). The order of magnitude of the distance between 

the space—charge cloud and thekround agrees with the length of the 

leader's "second stage" measured by Schonland gt_§l. At Monte San 

Salvatore the space charges may be particularly heavy. The two 70—metre- 

—high towers on the 600-metre-high mountain both generate glow dis- 

charges in the static electric field. The charges - approximately 1 Coul 

in 10 minutes - may affect the lightning path. The St8tl§&l1CS of

v 
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lightning strokes to ground show this clearly (9). The annual number of 
lightning strokes to these towers is 29. If this is converted to 10 
lightning days( corresponding to an isocerannic level of 47 lightning 
days) we obtain 6,2 strokes per year, the same order of magnitude as 
on the Emflre State fluilding in ”ew York and approximately 25-75 times 
greater than on a 70-metre-high tower on level ground (10). 

How a leader develops near the ground is not known in detail. To 
calculate the field strength on the ground near the leader certain 
assumptions have to be made as to the charge distribution in the leader 
channel. Schonland assumed that the charges are evenly distributed 
over the lrnrth of the lender (5). hrucc and Golda (ll), on the other 

hand, assumed that the charges decrease exponentially with height, 
corresponding to e'n/n0. The constant ho is between 54 m and 1450 m. 
Pierce (12) points out that the line density of charge along the channel 
cannot be uniform. It is probably greatest towards the middle portions. 
Tn the immediate vicinity of the cloud the charges are slight, as the 

ootential difference is conmaratively small. At the ground end the 
noteutinl difference is great, but the time is not sufficient for the 

nXI€HfllVfi nrnduction of charre. Hriocom (l5) vvolved a theory according 

to which the suflvv Charges nt the end of the lender urn concentrated in 

a ball with n relatively large diameter. The rvasnijbr his discussions 

was an unexpectedly large number of flashovers in a high-tension network. 

Pig, 2 shows the charge distribution according to these different 
assumptions. In calculating the attraction distance between the leader 

and an object on the ground, the charge distribution in Pig. 2 plays 

an essential part. Thus Golde (14) calculates the distance between the 

leader,according to Pig. 2b,and the ground with different intensity 
values of the space charge For ane field strenpth on the ground. A 

leader charge of l Coul, according to Goldc, corresponds to a lightning 

current of 20 kn. Distributed exuonentially, with ho = 1000 m, this 

charve at a distance of 17 m from the ground generates a field strength 

of 10 kv/cm, Tith a lateral distance of 45 m, calculated in the same 

way, thv field strength is 3 kV/cm and consequently sufficient to start 

‘I 
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a capture discharge from an object about 20 m high to the leader. The jlnethod o 
attraction distance is thus,/172 + 452 = 48,1 m, TnETEETE§T£%1on of the 

attraction distance for smaller space charges and consequently smaller 

current strengths receives support from many observed lightning strokes 

on lower objects adjacent to high objects or horizontally to low objects. 

Fig. 3 shows an example (15), a stroke horizontally on a farmhouse roof 

to the lightning-conductor cable, which was located the width of two 

bricks from the edge of the roof. The damage was comparatively slight, 

a fact which is often observed in connection with such phenomena, for 

example, in the first "classical" lightning stroke at Purfleet, England, 

in 1777 (16) on the Meeting House of the Artillery College, which was 

furnished with a lightning arrestcr. The lightning did not strike the 

rod but struck an iron corner clamp above the cutlers. The tip of the 

rod formed a protective angle of 51° and was 14 m from the point struck. 
Here also the damage was insignificant, but the fact that a lightning 

conductor with a protective angle of 51° could not prevent it caused a 

rreat sensation at the timelwithout it being possible to give any 

explanation. 
The protection of high—tension lines against direct lightning strokes 

with the aid of earth wires is an important technical problem which has 

given rise to many investigations, both theoretical and experimental. 

Davis (17) took up afresh the problem of calculating the protective value 

of these earth wires and consequently the frequency of lightning strokes 

to high—tension lines. He calculated the flashover voltage between the 

end of the leader and the ground with the aid of an impulse flashover 

gradient based on extrapolated experimental values. He determined by 

geometrical calculations the effectiveness of the ground wires' shielding 

angle in relation to the high-tension line. The shielding angles ranged 

from 45° to 15°. With a shielding angle of 45° in an earth wire at a 

height of 20 m, flashes with a current strength of over 37 kA would be 

intercepted by the earth wire. With a shielding angle of 20° the corres- 

pondins ¢vrrent strength is 20 kA. It can be deduced from the statis- 
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tical distribution of lightning currents that the number of lightning 
strokes to the transmission line would be reduced from about 40% to 17% 
(10 to 4.25). This does not tally with practical experience. The quan- ' 

titative calculation is dependent on very approximate assumptions as to 
the distribution of_the charges in the leader. The geometrical method 
cannot take into account metre~long corona discharges which are generated 
from the cables and alter the geometrical picture. 

Grindley (18) calculated the magnitude of the charges bound on earth 
wire and on phase conductor by the leader in some distant part of the 
wires. Equality of charges is taken as a condition in which both wires 
are equally likely to be struck. ihe charges are calculated from the 
field due to the leader and it is shown that equality of charges corres- 
ponds to both wires being at the same equipotential of the leader. 
Calculation suggests that shielding is nornally adequate for conductors 
in a wedge, of which the apex line is the earth and of semi-vertical 
angle 45°. At a shielding angle of 45° an earth wire would consequently 
offer perfect protection. Fig. 4 shows that this does not agree with 
experience. This figure is a collocation of lightning faults in high- 
—tcnsion lines Opurflting at 275-400 kV and a fcw lineflbelow 275 kV with 
n low vhP1h resistance in the pylons. The majority of these faults 
arose from liyhtning strokes to the line. The values ure derived from 
n tabulation by Knstenko (19) and have been converted to a line length 
of 100 km, 100 lightning days and a line height of 30 m. According to 
this tabulation, the faults are reduced from about 10 to 0.25 when the 
shielding angle is reduced from 45° to 20°. In addition to Kastenko's 
values for protective lines about 30 m high, the values published by 
Burgsdorf (20) for 220 kV, 150 kV and 110 kV lines in the USSR are also 
reproduced (Fig. 4). lhese lines have an average height of 15 m. The 
original values have been converted from 50 lightning hours (= 20 
lightning days) to 100 lightning days. The number of lightning strokes 
to the phase conductor increases very substantially with increasing 
shielding angle. The risk of a stroke increases approximately quadra- 
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tically with the height of the object (10). If these values, which were 
established for lines 15 m high, are converted to a height of 30 m 
by a factor of 4, the agreement is then satisfactory. 

T. Horveth. (21) has attempted to avoid the disadvantages of a 

geometrical calculation by means of an experimental model investigation. 
he determined the nrobability distribution of the critical distance 
between the lender and the grounded object vith the guidance of Golde's 
calculations and of the statistical distribution of lightning currents. 
By model experiments on a scale of 1:30 to 1:100 he determined the 
probability of a lightning stroke on the conductor, which was protected 
by an earth line with shielding angles of 20° and 50°. By reducing the 
shielding angle from 30° to 20°, the number of lightning strokes was 
reduced in the ratio of lO}l in these model experiments on a scale of 
1:50. This agrees with experience, as shown in Fig. 4. But the problem 
is not thereby solved, as the experiments are based on uncertain assum- 
ptions as to the critical distance. The relative amplitude of the pre- 
—eischarpes in these model experiments is not in accord with reality. 
These model experiments do not reproduce correctly the influence of 
the height of the line on the frequency of lightning strokes. An 
alteration in the scale of the model and thereby the height of the line 
in the ratio of 2:1 results in a change in the stroke frequency in the 
ratio of 30:1 with a shielding angle of 20° and of 10:1 with a shielding 
angye of 3009,“; fhgygfore not in agreement with observed values. 

The question of the influence on the lightning path of corona 
discharges from 1ightning—conductor points is as old as lightning 
research. This complex of questions includes Dauzere's inquiries con- 
cerning an accumulation of lightning strokes on a boundary line between 
two different geological formations. According to Dauzere, the emanation 
of radium from geological discontinuities influences the lightning path 
through the ionization of the air. About ten investigations ensued.5bh£ 
shoved a tendency to strive after clap-bap.The question would long ago 

¢lMlhOr¢-'9-I 
have been laid ad acts if substantial iiaaanfl interests had not been 
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involved in protecting buildings centrally by a single radio-active 

point. The Y—radiation generated by these radio-active lightning con- 
ductors can be demonstrated by sensitive instruments at a distance of 

several hundred metres. But the ionization of the air should be 106 to 
108 times more-powerful than the ionization that can be produced by a 

radio—active point, to have any possible effect on the lightning path 

(23), Uncertainty in judging electrical effects in th#atmosphere is 

often a result of incorrect measurements. Unfortunately, many investi- 

gations made before 1942 are valueless on account of fundamental errors 

in measurement, particularly as regards the electrostatic field in 

thunderstorms. In low-lying land with plants, trees and grass the field 

is limited to xalues which seldom exceed l0 kV/m. lncorrect measurements 

at a height of 600 m above sea—1eve1 at the High Knob station in 
, for example, resulted in field strengths with an average 

value of 200 kV/m. Ten per cent of the measured values showed a field 

strength of more than 260 kV/m (24). with a field of 6~1o xv/mm<GD 

all plants produce such intense space charges that the electrostatic 

field seldom exceeds 10 kV/m. With a field of 70 kV/m, discharges on 

a man's fingers are visible. Only in areas without these "points", for 

example, at sea, can such powerful electric fields arise that St. Elmo's 

fire can be formed on a ship. There is consequently a conceivable risk 

of lightning strokes on ships, but with the steel ships of today this 

is no longer of current interest. 

The Lightning Path on the Ground 

The statistical frequency of 1ightning_currEnts and charges is 

fairly well known through many investigations (25) Their probability
_ 

distribution is represented within certain limits by a normal logarith- 

mic distribution. Tf the percentual nunmer of the magnitude x (current 

or charge) Within the limits.Ax is denoted byzfiz, the distribution is 
expressed by

' 
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where xo is the exzggggflvalue, H the base of 

the natural logarithm 

(2.5C6) and s the standard deviation. The mode of 
distribution xmod is

2 
Xmod = x0e-(M8) 

(2) 

and the arithmetical average value Xarith
2 

' _ +(l.€s) /2 
kerith " X06 - 

(5) 

The nrotability of the magnitude x is 
calculated by the Gaussian distri- 

bution 

TJQW ‘n 

where t = 1 log (X/X0). 
v
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iome typical values are given in Table 
1. Column 1 reproduces the 

values vain: recommended by the AIEE for lightning 
currents above 

onedian 

P - 1 fte't2/2!“: (4) 

(4a) 

§y% " * l ti n with 18 KA as a:=:ag2 value, 
,. Mm’ 5 kA (26). According to this tasu 

a o , 

:6}: 

the current strength which occurs most 
frequently is 10 kA. The arith- 

' lues 
mcticnl mean is calculated as 23.7 kA. 

Column 2 shows the average va 

in investigations by both Berger and 
Stekolnikov and measurements in 

flweden (25) which take into account current strengths below 6 
kA. The 

*~ nt strength which occurs most 
frequently is 4.25 xA. The arith- 

cu:;e - , 

alues for a single 
metical mean is 22.8 kA. The charges in 

column 3 are v 

1' htning stroke. Column 4 gives charges 
for a complete lightning dis- 

.1g 

charge consisting of umltiple discharges 
and prolonged discharges (25). 

extrapolation for a cumulative value less than 2% would 
give values 

current strength. If the percentage of lightning 

currents greater than 50 kA is drawn on 
103- IU1 paper, PJ for J(A) 

too large for the 

2 in Table l is represented 
lightning currents,accoréing to columns 

1 and , 

by the following expressions: 
-4 

PJ = 6-o.es4 1 10 (2 x 104 + J), (58)

l 
.'.v_3‘L§L P _ e—0.2as x 104(s x 104 + J). (Sb) 

J2 _ 

with J fin current in H. 
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If the current strength is calculated for a probability P = 6.1 

obtained. Povcrful strokes with current strengths exceeding 200,000 A 

\-JJ 
1;5k and loss. according to (ha) and (5b), the values given in Table 2 are 

\ 
1

, 

occur very seldom. 
The agn#£=I currenttheat inpulsexizdt has not been systematically 3, 

investigated. Practical experience is available from investigations ‘ 

with a power transmission line from Boulder to Los Angeles (27) carrying 
287 kV in an area with about 50 lightning days a year. Three stations 
are shielded arainst lightning strokes by capture towers 50 m high, 
carrying earth wires. These towers and some pylons, 80 towers in all, 
are furnished with elevation points, magnetic links for current measure- 
ment and six cooper wires connected in series (see Table 5). The current- 

-7%;2€ —hcat impulse values given have been calculated from experimental inves-
1 

* tigations b%Foitzik (28). 
f\ 

HXpePlenC€ over 20 years shows that, in lightning strokes on these 
towers, 1, 2 or 3 wires are destroyed, never 4. One example mentioned 

occasion 36 kA were measuredkithout wire no. l being destroyed. Bellaschi 

(29) determined experimentally the connection between the current impulse 
(decreasing exponentially) and the half-value period TH required for 
fusing CO"DGP wire: 

' 

_ 5 I- 3'2xlO X A_ (6) 
fin 

where A is the cross-section in mm2 and TH the ha1f—value period in As. 
with a 56 A peak current which does not fuse 0.81 mm wire, the half- 

-value period, according to (6% is less than 40 pa. The probability of 

these towers being Struck would seem to be at least 0.15 per year. With 
80 towers and 20 years‘ experience the probability of the current-heat 
impulse being sufficient to destroy a 2.09 mmg copper wire is thus less 
than O.4§. 

After 16 years of measuremeneis at San Salvatore, Berger (9) confirms 
6 1 that the current-heat impulse was greater than 1.5 x 10 Ag“: on five 
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occasions and greater than 6.4 X 106 A2 s on one occasion. The corres- ponding probabilities are about 0.75% and about 0.15% respectively. 7ZbZ€ These results are collated in Table 4. ' 4 

The maximal velocity at which the lightning current increases in strokes to the ground (di/dt) has not been so comprehensively investi- gated as-to enable the observational material to be treated statisti- cally. Direct measurements on tall chimneys, carried out by Hyltén- —Cavallius and Strandberg (50% showed on several occasions di/dt values greater than 30 kA4us and once a value of about 100 kA4ns. I. At SO kA6#s the inductive voltage drop in a QLZSQ with 
of l.6ZyH/m is 50 kV/m. Oscillographic measurements of the lightning 

an inductance 

current make an analysis possible. Berger (8) was able to show a current rising to the maximum value after 5-10 /Q as a consequence of a first downward-progress leader from a negative cloud and of an upward midgap streamer from the air (Fig. 5a). Ten per cent of the measured course shows a steepness greater than 25 kA4us. Partial strokes from negative clouds, which follow either the first discharge, in accordance with Fig. 5a or the prolonged discharge typical of San Salvatore of a few tens or hundreds of amperes, have a front period of only one or a few yicroseconds (Fig. Sb). The specific steepness is thus substantially gr:-¢I¢(f' 

{than with a current course in accordance with Fig. 5a. The method of measuring the current course with the aid of a delay cable has been ye!‘ used since 1960. The results are consequently not/so numerous as to) 
(enable a statistical analysis to be carried out. 

The multiplicity of courses which lightning current can take on and in the ground results in numerous and varying phenomena connected with questions of protection. dxtreme and uncommon phenomena attract parti- cular attention in this connection and are naturally more conspicuous 
than the more common cases. The following phenomena are mentioned briefly and are illustrated in individual cases by examples. 

. . If - 

1. Eower phenomena, for example, in a llghtnlng-conductor aegis; The power increases as the square of the current Strength with 8 
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lightning current of 100 kA tncrc comes into existence a power of 

line. 500 kp in ntnifln which follows a very pronounced cornice on a building. 
In addition breaking forces arise in straight lengths. 

2. The following are some of the manifold vpltage_phenQmena at the 
place of striking and starting from the point of striking:

. 

(a) Voltages of up to several million volts as a result of the 
resistance in transit to earth.

_ 

(b) Sliding discharges from the point of striking to the sur- 
roundings up to a distance of 50 m, arising in very poorly conducting 
bedrock, for example, granite. 

(c) Voltage differences in a cable as a result of rapid change 
in the lightning current. The voltage difference may be 100 kV per

, 

metre of ggggu at G0 kA4ua.
' 

(d) "Displacement" of voltages to distances of many hundreds of 
metres through fissures in rock (tunnel building), wire fences, 
power lines or underground cables. 
3- 2hi“°_~“1°£F1; 

(a) When the striking place consists of metal, power is supplied 
to tho surface of the metal equivalent to the strength of the 
liqhtning current times the anode voltage drop. At 100 kA a power 
of about TGUO KN is su»p1icd. The pagr density in copper is about 
BOO kW/ems and in nluminium $50 kW/cmz in the first lO‘ps and then 

.~ 

decreases owing to the Pnduct10n of the current density. 
(b) In the interior of the metal current heat arises, which is 

inversely proportional to the fourth power of the linear dimensions 
of the conductor, for example, the wire diameter or the plate thick- 
ness.

' 

(c) Transmission of heat from the lightning channel to the sur- 
roundings, thereby causing fire. Pith a lightning stroke in sand 
fnlvurites may be formed. At 100 kA the power is apnroximately 
150,000 KW/m in sand. 
4. Pressure phenomena. 

(Q) In the rapid expansion of the lightning path as a result of 
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a rnglfl vrowth in the lightning current, n pressure wave nrises 

which in released from the lightning channel at supersonic speed. 

The pasizaan pressure and the wave impulse may produce considerable 

damage. 

(b) The sane phenomenon may arise in the vaporization of metal 

wires. 

(c) Turbulent forces Ii! arise in the evaporation of water in a 

cleft. Trees split in most cases. At 100 kA blocks of stone weighing 

5 tons may be torn off and rocks weighing 100 kg thrown 20 m. 

This short tabulation will be illustrated by a few examples. 

l. fin June l5, l956, lightning struck the church at Rudolzhofen 

(Bayern, Germany) and did extensive damage to the lightning—conductor 

installation and to the church (51). Fig. 6 shows u semi—diagrammatic 

picture. From the top of the tower two copper conductors ran to earth, one 

(4 X 3 = 12 wires, 30.6 mmz) directly and the other (7 wires, 24.2 mmg) 

over the body of the church. The cables were torn to pieces in at least 

seven places, denoted in Fig. 6 by the figures 1 to 7. (The conductor 

with lightning faults l and 2 ran down the other side of the tower. 

The power input similarly took place on the other side. Fig. 6 was 

drawn with this down lead on the front side for the sake of a more 

perspicuous survey.) At 1 the slate roof was damaged. At the grounding 

point 8 a hole appeared in the concrete pipe which had been used as a 

mechanical protection. The rainpipe was damaged at I and II. A flashover 

had occurred from the down lead to the rainpipe at a distance of about 

30 cm and from the rainpipe to the power cable, similarly at a distance 

of 30 cm. The cable in the church (4 x 1.5 = 6 mmz) was vaporized for a 

length of 10 m, equal to 0.5 kg of copper. Considerable pressure damage 

was done to the organ and the electrical installation. Examination of 

the material showed that the temperature of the cable had been about 

7CO°G. To heat copper cables of 54.8 mmz to red heat, a current-heat 

imoulse of 1000 x 106 A2 s is required and to vaporize 6 mm2 ¢Opper, 

37 X 163 52 s. From these power and heat phenomena the strength of the 
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lightning current can be estimated as 300,000 kA, which, with an effective 
duration of at least ll ms)meant a cloud charge of over 550 Coul. Such 
nhenomena occur with a probability of less than l:lO0,000 (see Table 2). 

2. ?ig. 7 snows the situation in a lightning stroke which caused 
considerable damage to a house without the lightning conductor being 
able to prevent it (32). The flash had struck a birch tree about 20 m 
high at a UiStanC8 of 55 m from the house. The tree stood on granite cove- 
red with a thin layer of soil. The area was strewn with large and small 
stones. Several traces led from the tree, which was totally splintered. 
One trace. more than 55 m long, led to the house. Several cubic metres 
of earth and stones had been thrown up, six windows had been smashed and 
40 or 50 litres of earth and stones had been flung into the upper floor 
of the house. Via the cellar the flash had struck a wall socket for the 
electric cable in the kitchen, about 1.5 m above ground level. The 
cable (2 x 1.5 mmz) was vaporized. The trace then disappeared into a 
4 mmg cab1e?€gence to a water—pipe with a flashover approximately 10 cm 
in length. Four persons who on this occasion were sitting only 2 m away 
from the vaporized cable were uninjured. This phenomena — that a house 
may be struck and damaged From under ground - is not particularly uncom- 
mon in Scandinavia when granite is the bedrock (53). Experimental inves- 
tigations of peak currents in clefts permit an extrapolation to a current 
strength of 100 kA with a half—value period of 200 pa. In damp sand the 
amount of energy developed in such cases is apnroximately 1000 kWs per 
metre of the lightning path. This is equivalent to the energy developed 
in the detonation of 215 g of dynamite or 550 g of gunpowder per metre. 

nfiisplncemeng of the voltage plays an important technical part. Tn 
tunnel construction in high mountains. primers prepared for blasting 
have been exploded too soon and accidents have been caused. As a safety 
measure the cables are provided with a metallic sheath (34) and special 
primers are used which require substantially greater power for firing 
than the ordinary primers, which ignite even with a power of 1 mfls (35). 
Eh Gables in the ground may be exposed to a direct lightning stroke at a 
distance of several tens of metres from the place of striking. Telephone 
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cables conn~cted with overhead lines are exposed to indirect and direct 

lightning action. Conious specialist literature shows the importance of 

safety measures (56-40, a limited selection). 
" 3. In a lightning stroke on a lightning conductor, high voltages 

may arise in the iégig, with the result that a flashover may occur indoors 

to electric cables or telephone wires 40 or 50 cm away. Hany fires have 

been caused in this way. These high voltages are then transferred via 

power or telephone lines to adjacent houses. It is, however, often 

possible to establish that the damage at a distance of about timid 10 m 
from the ooint of striking is fairly slight. McCarthy g§_gl. (41) analyse 

a lightning stroke on a church in north—western Pennsylvania with the 

aid of installed oscillographs and magnetic links. The lightning stroke 

shattered a 4“ by?“ by 18' wooden rafter, left the steeple and terminated 

on the wirinp above the ceiling. The church had no lightning conductor - 

the electrical installation was the lightning conductor. Qome fuses were 

blown and some lamps vaporized, but neither the watt-hour meter HOP the 

7.2 KV transformer 60 metres away was damaged or affected by the flash. 

The lightning current was established as having been 31.7 kA. Of this, 

4.6 RA wont to earth in the transformer, l9.5 kA to the h1gh—voltage— 

-grounded conductor win 6.7 KA to the high-voltage phase conductor via 

the transformer. fhe duration of this partial current was determined. 

oscillographicnlly as longer than 2000 fa_ Similarly the damage to the 

electrical system in the case of the powerful flash at Rudolzhofen (Fig. 

6) was very slight. Fig. 8 shows the damage in the general plan, denoted 

by figures 1-8; fuses blown, lamps vaporized and flashovers in junction 

boxes. no meter was damaged, in shite of the fact that the distance to 

some installations was less than 30 m from the place of striking. 
4, very high voltages may arise in lightning strokes on a thick bed 

of sand, the Foundation of which consists of a better conductor, for 

example, clay. The lightning channel goes almost perpendicularly down. 

The voltage gradient is about 100-150 kv/m. After about l0Olps of contact 

with the lightning channel pressed into the sand, fulguritcs arise. The 

temperature of the lightning channel, according to spectroscopic 
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measurements by Uandelstam (42), is 16,000—25,000°C. Fulgurites arise 
at 1BOO°C. Their generation can only be established in a chance direct 
b v 0 se vation of a lightning stroke in sand (46) ‘In the t h ' . a mosp ere the 
nressure is nropegated as a detonation wave, which can shatter window * 

panes at a distance of about 10 m. Pig, 9a shows a remarkable case of 
fiamafe caused by pressure to e window pane. An almost circular disc 
(160/170 mm in diameter, ninss thickness 2.5 mm) with sharp edges had 
been cut out of the pane. The window was an external one, separated from

K ihe uudnwnrud inner one hy n space of about 50 mm. The rouifl disc had 
fai“0n down bctwusn the two windows. (The window is in the Tnstitute's

Y 

uTCniV8Q, initiated by Professor H. Norinden) Bockmann (44) describes 
similar damage (Fig. 9b) in June 1754 to a hothouse in iarlsruhe. The 
wi;@ow was torn out of the frames in which it was nailed and thrown out 
into the sarden - Q r sult 
the darave nay be that the 

depression sud n=::z::e=n£:::::e wnve of the lightning channel was reinforced to 

stress on the glass through the pressure wave 

Freaking po‘nt tirouyh the wnve's being propagated in the glass and 
rvf‘scted nt the edge of the glass. 

liphtning Protection in the Light of fitandard Codes 
The knnwivdre and uructice of that time was summarized by the Yightning ‘ 

til U: 
Hod Con?e~cncn in 'oudon in iH7U (45). About years inter individual 
countries - Lapland, the U$A and Hcrmuny — befan to druw un instructions ‘ 

and guiding principles dueling with the urotectiun of dif erent kinds of 
buildings, towers, chimneys, ships and iast but not ‘east structures 
containing inflammable liquids, gases and explosives. A tabulation of the 
vodes nvaiiabie to me is given as ref. (46). fin the whole, the instructions

l vre much the same but on c‘oner svrutiny show divercent views which are 
not due to the individual character of narticulnr countries. ‘ 

The 'uestion of the zone of nrotcction is not dealt with in a uniform 
, "_ ," . . o . . 

manner. 1n the uwA (lo, m) a shielding angle of 45 in imnortent cases 
_ and 65° in iess ifiD“PtfiHt cases is COnSid8Pwd sufficient (?ig. 10).

i 
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In €ngland (46, 1) a shielding angle of 45° is given, but not, however, 
for particularly important buildings, such as explosives factories, 011 
end petrol tanks, etc. In the USSR (46, n) the shielding angle is sub- 
divided. In a chimney 52 m high the shielding angle for the upper part is 
i‘F] limited (Fig. 11). For the lower part a protective radius of 40 m 
is stated on the basis of model experiments. 

Contrary views on elevation rods are made clear by Figs. 12 and 15. 
Tn the USA several elevation rods are recommended, for example, 15 on 
"the tyoical installation on a barn group". Tn Germany special rods are 
not recommended on the roof of a farmhouse. The roof conductors act as an 
air terminal, Some awe—insniring objects (Fig. 14) included in the Code 
for Protection against Lightning (1959) in the USA are probably of most 
use on the psychological plane. According to British Standard EB(#6,l), 
an air termination need not have more than one point and should be at 
least 1 foot above the salient point on which it is fixed. We accordingly 
sue that the dimensions of the elevator rod, which was formerly l0 feet 
high or more, are now only rudimentary (Fig. 15). 

Tn all the instructions the question of reliable grounding plays an 
important part, In inglund a maximum value of 10 ohms is prescribed 

~ __ _ _ 
Qconomifafly (45, 1, 3080). Tn Austria this 1S not possible at flaaancaaiia justifiable 

cxpense in certain provinces. The Austrian instructions (46, a, lO, 3) resistance therefore allow higher t¥0n#$i8u values than 10 ohms for a specific 
earth resistance of more than 250 ohms/m. For this, exact instructions 
with various uxfimplefi are given. Tn the USA (4G,In, 3l7h) it is laid down 
that lov r~sistance is. of course, desirable but not essential. By a buil- 
ding resting on a base of solid rock it would be impossible to make a 
ground connection in the ordinary sense of the term. The most effective 
means would be an extensive wire network laid on the surface of the rock 
surrounding the building, after the manner of a counterpoise to a radio 
antenna. Herc we apwroacu the standpoint of James Clerk Maxwell (47) that 
"sarth" does not erist in the protection of buildings against lightning. 
The essential thing is to prevent potential differences. Maxwell in 1876 
suEfest~d "owing a construction like a cage with 6 mmg copper wires. In 
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mod rn houses with heating Hy-toms, waLcr~pipcu und 
clcctrlc cubles, not 

many wires would be needed to complete the 
whole arrangement according 

to 7qIuc‘l's sucrestion (Fig. 16). 

The cross—section of the conductor necessary for 
the discharge has 

for many decades been fixed more on the basis of the 
craftsman's experi- 

eztce oi‘ m~.~c'r»anica‘. strength Bud of practical knowledge of very powerful 

lightning strokes than on the basis of physical 
investigations and 

calculations of probabilities. For the protection of aircraft, however, 

it was necessary to determine the cross—section 
of the corfiuutor for 

bonding pur\oses. ihe current-carrying capacity of 
the bonding system 

has to be such that a lightning discharge current can be carried 
between 

any two vxtremitics of the airplane without risk of 
damaging flight con~ 

trols and external surfaces or of producing excessive 
voltages within 

the aircraft. The invcsiipations were carried out with peak 
currents up 

‘ i to F0 kA at 
to lPO kA, reaching the crest value at lfilps and 

oropp ng J

2 
93/an For this a copper cable with a cross-section of 3.5 mm or an

2 
aiuninium cable with a cross—section of 5.1 mm was necessary (48). 

with 2 for exceptions the cross—section prescribed in the standards of 
1_e.~4_/S ""42/1 -211‘ "- 

diP"erent countries is n result of uXocPlunCe in building tcchnique7 

lightning protective systems can be divided into three groups: (1) 

supvr—instnllutions, in which relatively large sums of money have to 
be 

t t iltain \vrfvc1 protection; (3) standard installations, which 
:1}\|*r1 il - 1 1 

. 4
_ 

(lillbl l.Q_ bu l1(1_l_I_|Ei(@ 

Ere dcsiyned, in the first place, for valuable buildinéaxfind buildings 

in which financial considerations play a small 
part; (6) “do-it-yourself" 

th financial aspect of protection plays the main installations, in which e 

art and which are designed €or the numerous 
small dwellings in the

P 
provinces, for which a standard installation would be 

too expensive. 

An example of a super-installation is shown in 
Fig. 17, an explo- 

sives factory built on poorly coxmucting 
ground. The surroundings of the 

building are protected by banks of earth. On these 
banks stand wooden 

2 . 

costs carrying a network of 50 mm copper Wires with a mesh width of 

about 8 m. This network is grourned through a ring 
coxmuctor with out- 

great 
Eoing earth wires at a relatively aha: distance from the building. 
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Thin in ronntructcd llkc u Faraday cage and grounded separately. All the 
metal pflrtfi ln the building are carefully grounded in order to avoid the 
generation of small BUBPRS fig a lightning stroke. There is no permanent 
metallic connection between the building and its surroundings. If the 

supply of electricity is necessary, this is done by means of a cable, the 

last 10 m of which are arranged overhead and are separated from the 
building at this distance when lightning is forecast. 

Standard installations are so thoroughly described in the instructions 
of the respective countries (46) that it is not necessary to give an 
account of them. Only one noint may be mentioned: the practical difficulty 
of connecting large metal_parts to the lightning protective system. A . 

relatively large amount€g%$g§fi%§§)has been brought about by, amongst 
other things, television antennae. The difficulty is that in many cases 
the supports for the antennae, usually iron pipes affixed to the roof or 
s chimney, are not grounded at all. Obviously they are virtually ungrounded 
lightning rods with only the twin lead of small wires as a circuit to 
ground, either through a small arrester, probably poorly grounded, or 

through the TV set. The twin lead is easily vaporized and thereby pro- 
duces an explosion (49). 

Tn the majority of countries lightning protective systems are not 

economical for small houses: other considerations play the main part in 
their Insurance statistics show that lightning damage in the 
countryside seldom exceeds a value of 35 per insured small dwelling and 
year. As a rule, it is not possible to produce a standard lightning 

protector for an economical sum of 20 x 3 = #60. In Poland Slpor has sug- 

gested protecting small houses with 10 mmz iron wire (50). Several hundred 
thousand installations have yielded a surprisingly good result as regards 

lightning (16). Wore detailed investigations of current—hcat impulses III 

and their nrobability showed that 10 m2 copncr wires are completely ade- 
quate (51). The installation is made cheaper not so much by reducing the 
cross—section of the conductor but by the fact that it is possible to use 

lighter fittings and brackets, which are available mass—produced. Tt is 
possible to stretch the wires over the bui1 - ~dlng' Oneself, without havi R8 
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to depend on the experts who are required for erection work with the 
heavier standard wires. It is requisite, however, that owners of small

e dwe11iLgs who wish to build a lightning conductor thegslves should 
receive the essential instructions. This system is permitted in Sweden 
(46, 1, 9 
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' Tables 
1 
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‘.-- 

Table l. Normal log distribution. 
' Cohmm . 

AIun=@Nedia'r| '_' 

,

_ 

- 1 1 2 6 
|

4 
Magnitude ~- Current, kA Charge, Coul 

18 j~ 13 5.1 '15 - 

Deviation ' 

,_ 0.32 _. 0.46 . 0.40 0.51 - 

- Kode . 

~ - 

u 

10.4 
V 

4.25 1.55 
l 

3.8 
' 

Arithmetical mean 2s.v 22.0 4.v so 

Table 2. Extremevcurrent strengths. 

4:100 
4=40o0 
1: 40 000 

Probability 
4:10 42,000 

V 100,000 
160,000 
220,000 

Current 1, A Current 2, A 
50,000 

130,000
_ 

210,000 
290,000 

gig 
- ._

, 

Table 3. Curran‘! heat imBul$& ' 

mm 
No. Wire diameter, Wirecrosjsu-iion Cur:-ent heat impulse, 7 ' 

mm2 106 A351: 
1 - 0.81 
2 1.02 
3 1.29 
4 

I 

1.63 
5 1.83 
6 2.05

L 

0.52 
0.02 
1.51 

- 

‘ 

2.09 
2.63 
5.50 

0.019 
0.048 
0.12 
0.303 
0.49 
0.77 

‘ Region Probability Current neat impulse 
% 06 2 

Table 4. Probability of current heat impulses. '_ 

.1 ASQC 
Boulder < 0.4 0.503 

fix San Salvatore 
. 

s Q’-A 
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Figures 

Fig. l. Lightning conductor pPO}0B0d by Torbarn Bergman for a building, K Upnsala’ E ‘I755’. V

" 

Fig. 2. Diaprammatic survey of the charge distribution in a leader 
channel, according to various proposals. 

Pig. 3, Hsrks left by a lightning stroke on afamlhouse. (g) General 
view. (Q) Petail of noint of striking. 

_ . 

Fig. 4. 1.i_r'htn"1ng faults on high-tension cables protected by earth 
wires with various shielding angles. 

Fig. 5. Course of liphtning current, according to Larger. (5,/First 
stroke from negatively charged cloud. \_Q, Subsequent partial discharge.

_ 

Fig. 6. ‘Damage caused by a powerful flash of lightning striking the 
church at Rudolzhnfen (hayern, Germany). 

Pig. 7. Traces of linhtning over poorly conducting around from a distance 
of 35 m to s house. - 

' 

'

V 

Fig. 8.'Pistr1bution of insignificant damage caused by lightning to the 
electrical installationnenr the nowerful flash mentioned in Fig. 6. 

Fig. 9. Holes in window panes as a result of lightning discharges. 
(5) \:'-indow in Stockholm in August 1944. (Q) Window in Karlsruhe in June‘ - 

1754. A 
~ 

- 

_

- 

Fig. 10. “ihielded zone of a mast, according to IVEPA IV! 78 

Fig. ll. zthielded zone oi‘ a chixnney, according to Russian model experi— ' 

m8nt8- 

Fig. 12. Tyoical installation o?'a group of barns, according to the Code 
of Protection against Ldghtning (1959). //VE PA /V8 78)

V
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Fig. 13 Lightning-oonduotor installation on o formhouoo, oooording to 
00:-nan rooomondntlonot 

Fig 14. Air torninola, oooording to IBPA Ho. 78 

Fig 15 Iodorn I12 terminol- 

Fig 16. A modern houao with oil-ti:-od hosting oto. and lightning 
protection. 

Fig. ‘I7. lnotnllotion of o protective notvork on Ioodon polo: over 5 
building uood. tor tho nonufooturo of explosives- 
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‘“ - F18-2. Diagrammatio survey of the charge ‘Y""' distribution in a leader channel, 
according to various proposals. Fig 1 Lightning conductor proposed by 

Torbern Bergman for a building. 
Uppsala, 1164 
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Damage caused by a powerful 
flash of lightning striking 
the church at Rudolzhofen 
(Baycrn, Germany). 

Fig.5 Course of li htninb current, according to BergerF1g' 
-- a First stroke from negatively charged cloud; 

i» b Subsequent partial discharge. 
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Whfitlers as a Phenomenon to Study Space Electricity. 

by N.D- Clarence. /~~*-*~**~~~ 

Part of the data used in this paper have been taken from 

the results of a joint project by the author and Dr. P.A. P'Brien 

new of the University of Khartoum. ‘The results of this project 

are now in the course of preparation for publication elsewhere. 

SUMARY. 

After a brief resume of evidence supporting the contention 

that whistling atmospherics may be generated by lightning dis- 

charges to ground, and that the components of a multiple flash 

whist1e{arise from the separate strokes in the flash, an analysis 

of the measurement of dispersions of.multiple flash whistlere is 

given. It is shown that there is an increase of about 3% in the 

dispersion of the second component as compared with that of the 

first. An explanation of this is tentatively giveh in terms of 

an upward electron Jet originating from runaway electrons in the 

thundercloud. Further supporting evidence for such e Jet is 

sought from a study of the records of electrostatic field changes 

during a lightning discharge to ground." 
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1. 
Introduction. 

~~ F?“ we During the International Geophysical Year whistling atmos- 
pherics were recorded in South Africa at Durban (geomagnetic 
co-ordinates 31°34‘ S, 9)°O4' E) by sampling incoming atmospherics 
for two minutes each hour during the day and night. All records 
were made on magnetic tape from which frequency-time curves of 
whistlere were made using a Kay Electric Sena-Graph. The records 
referred to below were all obtained during the period September 
1957 to August 1959. 

Multiple Whistlers. - 

Multiple whistlers, consisting of several components were 
frequently recorded and may be classified as either multiple path 
or multiple flash type (Helliwell and Morgan 1959). It is not 
possible to determine, merely by inspection of a spectrogram, the 
group to which any particular example belongs. It is known, 
however, from the Eckersley dispersion law that t2 - D2/g where 

_ 
t is the time interval between the occurrence of the lightning stroke 
producing the whistler and the arrival at the observer of the com- 
ponent of radiated energy of frequency I. A plot of £'i v t 
gives a straight line the slope of which is the reciprocal o£ the 
dispersion, D, of the whistler}. Grouping may be carried out by 
drawing the Eckersley plot for each component and producing the 
straight line back to out the time axis. In the case of the mul- 
tiple path type the lines produce back to a single point indicating 
the same source for all components. For the multiple flash type 
the lines out the time axis at points which are separated by from 
10 ms. to several hundred milliseconds indicating a discrete source 
for each component. Typical examples are shown in fig. l(a) and 
(b). 
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2. 

Of the Durban records of multiple whistlers selected for 
analysis, over 90% were of the multiple flash type. The ensuing 
remarks refer specifically to multiple flash whistlers. 

The origin of whistlers. 
Although sources other than lightning discharges cannot be 

excluded, there is a great deal of evidence supporting the con- 
tention that whistlers arise from lightning discharges. 

The strong correlation found between thunderstorm activity 
in the region near the geomagnetic conjugate point of a recording 
station and short whistler activity at the station suggests that 
lightning discharges are the source of whistlers. 

Helliwell, Taylor and Jeans (1958) found correlation between 
observed vertical discharges and long whistlers heard. The atmos- 
pheric waveforms recorded at the time were typical of those for 
flashes to ground.

_ 

By the simultaneous recording of long whistlers and the wave- 
form of the related lightning discharges, and by direct comparison 
of the time intervals between whistler components and strokes in 
the lightning discharge, Norinder and Knudsen (1961) have shown 
clearly, for the records published, that the components of the 
whistlers arose from multiple discharges in the same lightning 
channel. ‘ 

Although similar direct comparisons could not be made in Durban, 
as only short whistlers were recorded, the Durban results do provide 
further indirect evidence that lightning disbharges are the source 
of whistlers. The distribution of the time intervals,A t, between 
components of whistlers is shown in fig.2, together with the dis- 
tribution of the time intervals between strokes of a lightning 
flash to ground. - 
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b whistler components (dotted curve). 
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5. 

The modal value for A t of between 20 and 60 ms. is in agree- 
ment with the value for the most probable time interval between strokes 
of lightning discharges to ground given by Bruce and Golde (1941) 
for records in Europe. Also the distribution may be compared with 
that for the time intervals between strokes to ground given by 
Schonland (1956) where the similarity of the two curves is again 
obvious. 

It seems clear that where a multiple flash whistler has several 
components it is generated by a lightning flash to ground which 
consists of several separate strokes. For this reason it is felt 
that this type of multiple whistler could be more appropriately 
termed a "multiple stroke" whistler but for the sake of consistency 
with published literature the term "multiple flash“ whistler is 
retained. 

In the ease of cloud flashes the modal value of the time inter- 
vals between rapid field changes is significantly less than the above 
value and of the order of 10 ms (Malan 1955; Kitagawa and Kahayashi, 
1958). Furthermore, the radiation energy from cloud discharges in the 
3-6 Kc/s range is at best only 1% of the corresponding energy for 
ground flashes (Malan 1958). ft seems unlikely therefore that 
whistlers are generated by discharges within the cloud. 

The Dispersion of Multiflash Whistlers. 
The Ratio of the Dispersions of successive_Components. 
Hhistlers with two_components only.

' 

‘ 

For multiple whistlers with two components only, there was often 
a significant difference between the intensity of the components. 
The records could be divided approximately equally into three groups 
where the intensity of the second component was (a) greater than, (b) 
approximately equal to and (c) less than, the intensity of the first 
component. Also the dispersion of the second component was often 
slightly greater than that of the first. 

In Table l the results of an analysis of the ratio of the dis- 
persion cf the second component to that of the first, D2/D , are 
given. In the column giving the mean value of D2/D , the htandard

1 error of the mean is also shown, and the final column gives the level 
of significance between the measured dispersion and a ratio of one. 

This result proved particularly interesting in view of the fact 
that previous authors have stated that the dispersions of successive 
components are either identical or approximately equal. (Storey 19531 
lwai and Outeu 1956; Helliwell and Morgan 1959; Norinder and Knudsen 
1961;). Because of the small difference between the measured values 
of D2/D and the value one, selected groups of records were analysed

l 
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%¥§a lntensity 
Group 

'N°e Of 
records. 

No. with Mean value Significance 
D 1 of D2/D1 level, P. 2/D1 

<5) 
<1») 

<<=> 

31 
41 
31 

29 
28 
24 

1.052 
‘ 1.026 
1.016 

I 
1
2 

0.011 
0.001 
0.006 

0.001 
0.001 
0.01 

All groups 10} 81 1.031 i 0.005 0.001 

Table 1. Ratio of dispersions of components in a 
two component whistler 

by several different workers. All agreed with the main finding that 

D2/ ;> 1. Significance tests have also been carried out between
D1 

the mean values of the dispersion ratio for the various intensity 
groups. Significance was calculated tokzat the 0.04 level for groups 
(a) and (b) and at the 0.29 level for groups (b) and (c j. 

It is concluded, therefore, that the dispersion of the second 
component of a two component whistler is about 3% greater than that 
of the first and that there are significant differences between 

h the dispersion ratios when two component whistlers are grouped 
'=.:.2-' 

accordingly to the relative intensity of the two components. 

Vhistlers with more than two components. 

A similar analysis of the dispersion ratio for successive com- 
ponents in the case of whietlers with more than two components, leads 
to a similar conclusion. Results for records of whistlers with three, 
four and five components are shown in Table 2. 

No. of 
records. 

Mean value 
Dispersion 

of 
Ratio e 

Significance 
level P. 

52 

52 

20

7 

D2 /n1
n 
3/D2

n 
4/D

5
n 
5/D4 

- 1.023 1 

I I 
_ I 
- 1.011 1 

0.007 

0.007 

0.015 

0.020 

0.005 

0.001 

0.30 

0.70 

Table 2. Ratio of dispersions of successive components 
for whistlera with more than two components. 
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5, 

Although the dispersion ratios D and D5 are both greater 
4/n /n 

than one the number of available records’ is 4 

too small for any great reliance to be placed on these figures. 

The Relationship between Dispersion and the Time Interval 

between Components. 

An investigation was carried out to see whether the difference 

in dispersion between successive components was in any way related 

to the time interval between components. The analysis was made by 

plotting£]D, the difference in dispersion between successive com-
' 

ponents, against D t, the time interval between components; Time 

intervals of 20 ms were used and the results were obtained from all 

records of D2 - D1 and D3 - D2. In both cases it was found that 

there was an initial increase inL]D, as A t increased, followed 

by a decrease. The maximum value for A D occurred for a value of 
H t - 30 ms. 

The results for D2 - D1 are shown in figure 3, the numbers in 

brackets indicatng the number of records, in the particular time 

interval, available for calculation. 

25- 

OD 

24) 

ED 
|s~ 

Gecs) 
|o~ 

2|) 
O-5‘ ‘ 

e) 
8) 

O 2 1 I 1 1 : 

20 IO 60 BO IOO I20 

AT (ms¢C) ~ 

F15. 1. Relationship between the difference in 
dispersion between the first two whistler 
components and the time interval between 
them- 

§peculations on a Possible Explanation of these Results. 

From the above it would appear reasonable to assume that (a) in 

the majority of cases the source of a whistling atmospheric is a 

lightning discharge between cloud and ground, 

f0rRema$e:20TW09H1 CO6461



§

u

L

P

? 

i 
"ii

u

n

J

r 

. 
' 

Approved for Release: 2017/09/11 C06461 858l II 

..n-.. 
'_‘ e-13 

:v.:~.".1; 

: r" 
tn ./ 

6. 
(b) in multiple flauh whiutlers the several components 

arise from the separate strokes of the lightning 
discharge, 

(0) there is a small increase in dispersion between the 
successive components of a multiple flash whistler; 

(d) the increase in dispersion between whistler components 
is related to the time interval between them. 
Point (d) is of particular interest as it suggests that the dispersion measurements may be related to the physical 

processes occurring in the thundercloud during the interval between strokes. A possible explanation of the variation in D might be sought in terms of these processes. 
Factors lnfluencinggthe Dispersion of a Whistler.

f The dispersion D of a whistler is given by D -5%T{%% ds. 
(Storey,1953). provided the frequency of the whistler is much less than either the gyrofrequency fH or the plasma frequency f .o ds is an element of path length and the integration is taken over the whole ath. By substituting for f and f e Z ° “' D - 

(£2 t{(§) ds. where e is the electronic charge in e-m.u.,p N the e ec ron density per cc and H thehagnetic field strength in oersted. 

It is known that the ducting of whistlers, giving rise to the multiple path t e yp , occurs very much more frequently in higher latitudes than it does at lower latitudes. It would seem reasonable, therefore, that the energy in each component of a multiple flash type has traversed the same path. In the short time interval between components the values of the magnetiov 
field strength along the path will not change. Consequently, 
any change in dispersion between one component and another can only be due to a change in electron density along the path. 

The fact that Q D initially increases with U t, as shown in Fig.3, suggests that the change in dispersion is related in some way to the physical processes occurring in the thundercloud during the time interval between strokes. Could then the source of electrons, necessary to account for the increase in dispersion originate in the thundercloud? ' 

Runaway electrons were postulated by ..T.R. Wilson (1925) who showed that in the presence of electric fields such as are found in thunderclouds, the energies of such electrons could be as high as l09Mev. Evidence for such penetrating particles of high energy has been found by schonlsnd and Viljoen (1933), using geiger counters and by “allidsy (1941) using an expansion chamber. In the former case there was a pronounced tendency for the counting rate to increase at the moment of the flash and in addition more impulses were registered during the few seconds 
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7. before a flash than during-a similar interval after the flash. The radar studies of Atlas (1958), Hewitt (1951) and Rumi(l957) have shown the existence of upward ionised jets during discharges of a thundercloud to ground. Such jets extend to heightslwell above the top of the thundercloud and are estimated by Rumi toihave a velocity of approximately 2 1 107 cm/sec.
1 

Using data given by Nelms (1956) for the range of electrons in various media it is estimated that for an electron to penetrate the ' 

remaining atmosphere from a height of 10 Km. it must have an energy of the order of several hundred Mev. It is possible therefore that runaway electrons, accelerated within the thundercloud, could provide an upward jet of electrons. 
Assume, in the first place, that such a jet of electrons moves upwards during the time between one stroke and the next. The modal value of H t between first and second strokes is 40 ms. and for this time interval D D - 2.0 seoé. If the upward velocity of the Jet is assumed to be 2 x 107 om/sec.)in 40 ms. an ionised column 8 Km long will be formed. The electromagnetic energy radiated from the second stroke would thus pass through this charged column in addition to traversing the whistler path traversed by the energy from the first stroke. 

The question now arises as to whether this column of enhanced ionisation can satisfactorily account for the increuso in dispersion of the second component over that of the first. Assuming a magnetic field strength of 0.12 oersted the value of the electron density in such a column, which could account for an increase in dispersion of 2.0 seoi is 9.7 1 107 electrons/cc. For such a medium the quasi-longitudinal approximation of the magneto-ionic theory, upon which the expression for D is based, is applicable and, assuming a colision frequency of 10 10 /sec., the medium would have a refractive index of 22 for s 5 Kc/sec VB-YO e 

The above value for the electron density necessary to account for the measured dispersion is the effective density required in the assumed column. It could be used to estimate the current density in the Jet and the total charge moving upwards from the thundercloud. In this case, however, values obtained would be minimum values for two reasons. Firstly the picture of the upward moving column has been greatly over simplified and no account has been taken of the effect of recombination. This would increase the value of the electron density by at least an order of magnitudefrom the intensity of radar reflections the electron density in upward jets has been estimated at 3 x 10" per cc. as it leaves the cloud and 2.8 x 107 per cc. at a height of 60 Km. These figures are consistent with the known values for recombination coefficients at these heights which are of the order 
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' 8 e 
of 10-7. The calculated value for the electron density necessary to 
account for increased dispersion falls satisfactorily within this 
experimental range of densities. 

Secondly it has been assumed that the jet current flows for the 
whole of the time interval between strokes. From the work of Schonland 
and Viljoen (1933) this assimption appears to be justified, but it 
is likely that the intensity of the upward jet increases to a maxi- 
mum at the time of the discharge. 

The current density,jI , in the jet is given by J - Nev. 
and using the calculated value of R - 9.1 X 107 per cc. and 
v - 2 x 107 cm./sec. is equal to 0.31 ma/cm2. 

The total charge carried upward by the jet is given by 
Q I A.L-N e. when A and L are the area of cross section and length 
of the ionised column respectively. Substituting known values 
Q - A. llég coulombs with A in square centimetres. Estimates of the 
radius $9 upward Jets vary over a wide range from a few centimetres 
to several kilometres depending on the assumed model of the thunder- 
cloud. With the uncertainty in the value of A it is difficult to 
make an estimate of Q. However, assuming a radius of l metre, 
approximately 0.7 coulombs of charge would be carried upward by the 
jet. Increasing the radius soon leads to enormous values for the 
charge carried upwards and unless the radius of an upward jet is of 
the order of 1 metre or less the assumptions made above become 
untenable bearing in mind that the charge brought to ground is 
approximately 4 cculombs, 

The effect of upward jets on field change measurements. 
If upward Jets of electrons as postulated, do in fact exist 

some evidence for them might be expected from field change studies of 
lightning discharges. Malan and Schonland (1951 A) have considered 
the electrostatic field which would be produced by an upward moving 
charge and have shown that there is a reversal in the sign of the 
measured field change as the charge passes through a reversal height. 
Assuming that measurements are made at a distance D from a vertical 
discharge, the reversal height, Hi, is given by H} - D4[5. 

F r ‘ 

3;il upward moving positive chargelelectrostatic field changes 
would be positive whilst the charge was below the reversal height and 
negative when above this height. In the case of upward moving electrons 
the signs of the field changes would be reversed.I 

‘ Malsn and Schonland esplain th. observed results in terms of an 
upward moving positive junction streamer between strokes_§nd having a 
velocity of approximately 3 x 106 cm.sec. Final slow positive field 
changes observed for flashes at a considerable distance may also be 
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due to positive streamers from the top of the thundercloud. 

Consider the simultaneous existence of upward moving junction 
streamers of positive charge and upward jets of electrons. If both 
processes are below Hr the electrostatic field changes produced by 
them would be of opposite sign. Since both streamers originate in 
the thundercloud the faster moving electron Jet would be the first. 
to pass through the reversal height. When this happens the field 
changes due to each process would be positive and a sudden increase 
in the rate of change of the electrostatic field might be expected. 
Such field changes are occasionally observed in the final field 
charges of fairly distant discharges. A typical example of such 
a field change is shown in Fig. 4.

i Ehcuuumc 
in role 

Fwd ol change of Iicld

. 

§+\-n 

Tim: 

Fig.5. The electrostatic field of a fairly distant 
discharge showing a sudden increase in the 
rate of change of field during the final field 
change. 

Suppose now that the following information is available: 
Distance of the discharge from the observer and hence Hr; the 
height of origin of the final stroke; the time interval, t, between 
the final stroke and the increased rate of change of the field. From 
these data it is simple to estimate the velocity of the upward electron 
jet, assuming that the increased rate of field change may be attributed 
to its passing through the reversal height. 

The results of these calculations are shown in Table 2. for 
nine records generously provided by Dr. D.J. Malan, of the Bernard 
Price Institute, from data collected by him over many years. The 
stroke heights used in the calculations have been taken from Malan 
and Schonland (1951 B). In all cases the increased rate of field 
change occurred after the final stroke which originated below the 
reversal height. 
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Distance Hr 
(Km) (Km) 

10¢ 

Field change Assumed t Velocity 
. increase after height (ms) of elec- 

stroke No. of dis- tron Jet. ‘ 

(cm/sec x charge 
(Km) 1o'7). 

DAl,3 
DAE},1 
nE2,3 
DAHl,l 
DAB5,9 
nx4,6 
P03,5 
ns4,6 
n02,3 

30 21.2 
20 14-1 
16 11.} 
15 10.6 
15 10.6 

10-20 10.6 
1} 9-2 
12 8.5 
10 7.1 

3 5-4 
2 5.1 
3 5-4 
2 5.1 
5 5-4 
9 5-9 

. 
2 5-1 
2 5-l 
1 3-7 

65 
14 
20 
32 
60 
2e 
16 
46 
.50 

2-4 
6.4 
2.9 
1.1 
0.9 
0.6 
2.6 
0.7 
0.7 

s= 
.53 

The calculated values of the electron jet velocity lie within 
the range 0.6 x 107 - 6.4 x 107 cm/sec. Bearing in mind that there 
could be a considerable difference between the assumed and actual 
height of the final discharge, these estimated values of the velocity 
may be regarded as consistent with those obtained from radar studies. 

The results of the above paragraphs appear to lend support to 
the assumptions made. In spite of this, the suggestion that the 
increased rate of field change is due to the processes outlined 
must be regarded as tentative for several reasons. The 9 records _ 

analysed were the only ones shoving the effect out of a total of 285 
records and a more frequent occurrence of the effect might be expected. 
Similar increases in the rate of field change between strokes earlier 
than the last might also be expected but there is little evidence 
for this. Finally, out of a total of 159 field change records of 
flashes which occurred at a distance of 8 km. or nearer there are 
three instances of an increase in the rate of field change occurring 
after the final stroke. These results cannot, however, be explained 
in a similar fashion as it is likely that all processes took place 
above the reversal height. 

In spite of these difficulties it is felt that further radar 
studies, designed specifically to investigate the existence of ionised 
jets above thunderclouds during the intervals between strokes, would 
be justified.

_ 
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