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INTRODUCTION 

Toward the end of thenineteenfift ies,  i t  was finally clarified that the 
p r imary  e l ec t r i c  generators  which charge the e a r t h ' s  atmosphere and 
which lead to  the appearance of the electr ic  field of the atmosphere a r e  
situated in the troposphere at  some altitude above the e a r t h ' s  surface.  
At the same  time, most of the data on the electr ic i ty  of the atmosphere 
have been collected in surface measuremcnts .  Only at  the end of the 
for t ies  and in the fifties were some investigations undertaken which made 
i t  possible to obtain direct  data on the electricity of the free  atmosphere.  
However, these data were obtained sporadically and did not make it 
possible to obtain a typical picture of the electr ic  s t ructure  of vertical  
c r o s s  sections of the atmosphere.  

Surface measuremcnts  in most ca ses  did not make it possihle to get 
an idea of the l a rge - sca l e  distribution of charges  in the atmospht.re and, 
of course,  gave totally insufficient information on the nic~so-scalc~inhomo­
geneities, and even less on the microphysical cha rac t e r i s t i c s  of the 
free  atmosphere.  The complexity of the calculation of the distribution of 
charges  in the atmosphere from data on the distribution of the field intensity 
in one plane makes  i t  possible to obtain a solution only under some simpli­
fying assumptions regarding the position of the charges,  a n d  this only for 
the s implest  ca ses .  In measurements  made in the atmosphere nea r  
ground level, this solution i s  complicated by the fact that the electrode effect 
ve ry  strongly affects the measurement  resul ts .  

After it had been found by occasional investigations in the f r ee  atmosphere 
that, even on c l ea r  days, the field intensity may not only clecrcxasc with 
altitude, but a l so  increase,  it became clear  that the usual cutrapolation 
of surface data on the free atmosphcre by introclucing some stipulatcxd 
regularity of the field dec rease  with altitudc may l(,ad to inaccurate rc,sults. 

The fact that the basic data on atmospheric electricity were mainly ob­
tained f rom surface measurements  did not make it possible to g r t  an idca of 
the distribution of charges  with a horizontal extent significantly exceeding 
the vertical  extent. It was found that, despite the long duration of the 
measurements  of a tmospheric  electricity,  which extends over one hundred 
yea r s ,  the macro - sca l e  e lectr ic  character is t ics  of s t r a t u s  clouds had not 
been studied at all, and their  ro l e  in the general  scheme of atmospheric 
e lectr ic i ty  p rocesses  had not been clarified. On the other hand, these 
clouds, although they are considerably l e s s  active electrically than 
thunderstorm clouds, cover about half of the globe, extending over an 
area approximately 200-300 t imes as l a rge  as that covered by thunder­
s t o r m  clouds. Accordingly, e lectr ic  p rocesses  in s t r a tus  clvuds, which 
are hundreds of t imes  less active than in thunderstorm clouds, may have 
a considerable effect on e l ec t r i c  p rocesses  in the atmosphere.  
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It has  not been clar i f ied how often an inc rease  of potential gradient 
with altitude is observed in  the surface layer .  Moreover ,  the regular i t ies  
in behavior of the space charges  of different s igns distributed in the 
atmosphere, which appear  in  this  case, a l so  remain  unclear .  

I t  can be affirmed without exaggeration that only the macro-sca le  
e lec t r ic  charac te r i s t ics  of thunderstorm clouds, and to some extent of shower 
clouds, have been somewhat systematical ly  studied. And although a l a r g e  pa r t  
of these data  r ema ins  disputable and incomplete, the e l ec t r i c  charac te r ­
i s t ics  of the free atmosphere in other cases  were  known only for  some 
cases ,  the typicalness of which has  st i l l  to be determined.  

At the same  time, data on the e lec t r ic  charac te r i s t ics  of the free 
atmosphere a r e  important  not only for  the science of atmospheric  e lectr ic i ty  
itself, but a l so  for  the physics of clouds and for  a number of engineering 
fields. The ro le  of e lec t r ic  forces  in drop coalescence and, consequently, 
in the development of clouds and precipitation, is w e l l  known. By following 
the movement of space charges  and the distribution of cu r ren t s  in the 
atmosphere,  i t  is possible to obtain complete information on the mixing 
conditions in  the atmosphere.  The e lec t r ic  charac te r i s t ics  of clouds are 
in  a number of cases  the most  charac te r i s t ic  quantity determining the s ta te  
of the clouds, and a r e  of par t icular  importance in  the study of active cloud 
modification. 

The problem of the electrostat ic  hazard for  a i rc raf t ,  which is closely 
related to  the conditions of electrification of bodies in  clouds, is w e l l  
known. The need to solve this  problem inc reases  with the increasing r a t e  
of a i rc raf t  electrification ( w e  r eca l l  that the electrification is proportional 
to the third power of the a i r c ra f t  velocity). The problem of indications 
signaling the approach to thunderstorm clouds, so important  for  the 
safety of a i rc raf t ,  can be solved by studying the s t ruc tu re  of e lec t r ic  
f ie lds  in the atmosphere.  A study of the distribution of conductivity 
o r  of the field intensity a t  high altitudes can se rve  as a means  of indicating 
anomalously ionized regions of ar t i f ic ia l  origin. 

There  is therefore  nothing surpr i s ing  in the fact  that in  the absence of ex­
per imental  data on the electr ic i ty  of the f r ee  a tmosphere,  general  con­
siderat ions,  hypotheses, and schemes,  which explain ei ther  the atmos­
pheric  e lectr ic i ty  a s  a whole or some of i t s  pecul iar i t ies ,  abound. The 
necess i ty  to explain phenomena which the investigator encountered in­
evitably led to the propounding of such schemes.  On the other  hand, 
the setting up of hypotheses and schemes  which were not confirmed by 
sufficient experimental  data resul ted in their  being insufficiently re l iable  
and contradictory. The soundest hypothesis f rom the point of view of 
the general  concepts and the most  fantastic hypothesis were  often both 
considered a s  equally probable owing to the absence of data which would 
have made i t  possible to  compare the theory with the facts .  

Under these conditions, i t  seemed necessa ry  to begin systematic  
investigations of the e lec t r ic  charac te r i s t ics  of the free atmosphere,  s ince 
such investigations, giving a solution to important prac t ica l  problems,  
would a t  the s a m e  t ime make i t  possible to analyze general  p roblems also.  
Favorable  possibi l i t ies  for  such investigatj ons appeared during the Inter­
national Geophysical Year and the following Year  of International Collaboration, 

In the f i r s t  place, in the USSR, i t  w a s  planned to  investigate the ver t ica l  
distribution of the e lec t r ic  field intensity. These  measurements ,  permit t ing 
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determination of the potential of the atmosphere, and in most  c a s e s  the 
distribution of space charges  in it, thus make i t  possible to obtain a general  
picture  of the la rge-sca le  distribution of charges  in  the atmosphere.  

It was planned to c a r r y  out the measurement  at th ree  points in the 
Soviet Union - Leningrad, Kiev, and Tashkent. Several  points were  
necessary ,  f irst ly,  in  o r d e r  t o  find out how much the studied charac te r ­
i s t i c s  depend on the latitude, and, secondly, to determine to what extent 
the potentials and field intensi t ies  a t  var ious points of the globe vary  
synchronously. 

The investigations were ca r r i ed  out f rom a i rc raf t ,  since this  made i t  
possible to  determine simultaneously additional meteorological charac te r ­
i s t ics ,  such a s  the type of clouds and the altitudes of their  boundaries, 
the presence  of precipitation, the level  of i t s  appearance, etc. In the 
same  soundings, other investigations connected with the IGY program, 
for  example measurement  of the ver t ical  distribution of condensation 
nuclei, w e r e  ca r r i ed  out simultaneously. 

The resu l t s  of data processed from more  than 2000  soundings a r e  
considered in the present  work. The initial sounding data a r e  given in the 
book "Materialy nablyudenii napryazhennosti elektricheskogo polya at­
mosfery  na razlichnykh vysotakh PO dannym samoletnogo zondirovaniya v 
period MGG i MGS (1958-1 959) ' '  [Observation Data concerning the Intensity 
of the Atmospheric Electr ic  Field a t  Various Altitudes f rom Aircraf t  Sound­
ing during the IGY and Year of International Geophysical Collaboration 
(1958-1959)], published byGidrometeorizdat  in 1963. 

The measurements  were  ca r r i ed  out using equipment developed by 
V. G. Bordulina, N. P. Ziganov, and V. V. Mikhailovskaya, and built in the 
experimental workshops of the Main Geophysical Observatory [ GGO], 

The measurements  in Leningrad, Kiev, and Tashkent w e r e  ca r r i ed  out 
by groups of aerologis ts  under the direction of E. V. Chubarina, I. V. 
Spasskaya, and K. E. Tse r fa s .  

The data for  the present  work were  processed  under the direction of 
E. V. Chubarina, by the technicians of the department  of a tmospheric  
e lectr ic i tyof  GGO, T .  A. Basukova, V. V. Uksusova, and G. G. Agafonova. 

All the works connected with both the development of the equipment and 
the organization of the measurements  and the processing were  directed by 
I. M. Imyanitov. 
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Chapter I 

IATVESTIGATIONS OF THE ELECTRIC FIELD IN THE 

F R E E  ATMOSPHERE AND THEIR IMPORTANCE FOR 

THE DETERMINATION OF THE NATURE OF 

ITS ORIGIN 


Experimental investigations of the e lec t r ic  field in the atmosphere were  
res t r ic ted  until recent ly  to measurements  near  ground level. These  
measurements ,  conducted a t  a number of stations, somet imes  extending 
over  decades, made i t  possible to c lar i fy  a number of charac te r i s t ic  
fea tures  of the behavior of the e lec t r ic  field in the surface layer ,  and to  
es tabl ish i t s  relationship to other e lements  of a tmospheric  e lectr ic i ty ,  
such a s  the conductivity of the atmosphere,  the a i r - ea r th  current ,  e tc .  

It has  been established that in fa i r*  weather conditions, the e lec t r ic  
field i s  usually directed as though the ear th  were negativelyand the a tmos­
phere positively charged. The mean field intensity a t  the ground level  i s  
about 130 v / m .  During precipitation and par t icular ly  during thunderstorms,  
a s  well a s  in a number of other cases ,  the field may change direct ion and 
r each  approximately 10,000 v / m .  

These  investigations, in  par t icular ,  es tabl ished that the intensity of the 
atmospheric  e lec t r ic  field undergoes variations, which take place s imultan­
eously all  over the globe. Synchronous var ia t ions both in the diurnal and 
in the annual course  a r e  observed. These so-called uni tary var ia t ions of 
the e lec t r ic  field of the atmosphere a r e  most  easi ly  determined by measu re ­
ments  over oceans and in polar  regions in  fa i r  weather conditions. E lec t r ic  
field measurements ,  performed a t  continental stations, a r e  subjected to 
the influence of a number of local fac tors ,  which modify the conductivity 
in the surface layer  and therefore  do not allow a s imple determination of 
uni tary var ia t ions.  

Field measurements  over  the oceans, ca r r i ed  out by Mauchly 1951, 
showed (F igu re  1) that a maximum is observed in the diurnal variation 
a t  approximately 1 9  h r  GMT and a minimum a t  3 h r  GMT. This  variation 
is observed both over the Indian, Atlantic and Pacif ic  oceans (curve  4, 
based on the data of 59 diurnal s e r i e s ) ,  and in polar  regions (curve  3, 
based on Sverdrup' s data / 108 / ) .  

Fur ther  investigations 11141 showed that the diurnal uni tary field 
variation is in many ways s imi la r  to the diurnal var ia t ion of the intensity 
of thunderstorm activity, calculated for  the whole globe (F igu re  1, cu rves  
1 , 2 ,  3 - the a r e a  occupied by thunderstorms over  the globe). The thunder­
s to rm activity is est imated in this ca se  by the a r e a  occupied by thunder­
s to rms ,  which is calculated f rom data on the number of days with thunder­
s t o r m s  and on the diurnal  variation of thunderstorm act ivi tyin the given regions.  

"Fair" weather is the term apphed to weather in  whlch the electrlc ileld is l i t t le dependent on local 
conditions (no clouds, precipitation, fogs, dust, strong wind, e tc . ) .  
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FIGURE 1. Diurnal variations of thunderstorm activity (1and 2) 
and relative diurnal variations in the electric field intensity EIE 
(%) over oceans (3 and 4). 

1-according to Brooks /68/, 1921; 2-according to Krumm/E9/. 
1959; 3-from measurements in polar regions on the ship "Maud"; 
4-from measurements over oceans on the ship of the Carnegie 
Ins ti tu re. 

The close s imi la r i ty  between the two curves  suggested that a causal  
relationship ex is t s  between thunderstorm activity around the ear th  and 
the e lec t r ic  field in the atmosphere.  

The few measurements  of the electric-field variation with altitude which 
w e r e  ca r r i ed  out in the nineteen twenties to fo r t i e s  showed that i t s  intensity 

FIGURE 2. Diagram illustrating the 
theory of the spherical condenser. 

P -regions of "fair" weather; II-re­
gions occupied by rhunderstorms; 
1- the earth; 2-ionosphere; Jc­
charging currents; J d - discharge 
currents. 

d ec reases  fa i r ly  rapidly with altitude. 
At the same  time, measurements  on 
mountains and airborne measurements  
a l so  established that the a i r  conductivity 
increases  with altitude, obeying a law 
close to exponential. 

The existence of a latitudinal variation 
in the field intensity nea r  the ground level  
has  been established. The mean field 
intensity is minimum a t  the equator and 
rises toward the moderate  la t i tudes.  

These and a number of other  fac ts  
have been explained by means  of a 
theoretical model ( the theory of the 
spherical  condenser). This  theory is 
usually / 8 3 ,  6 0 /  used  for explaining 
p rocesses  of a tmospheric  e lectr ic i ty .  

According to this theory, the e lec t r ic  
field of the atmosphere ex is t s  owing to 
the fact  that a negative charge Q- and a 
positive charge Q, are concentrated 
on the ea r th  (1) (F igu re  2) and in  the 
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upper  l a y e r s  of the atmosphere (the ionosphere) ( Z ) ,  respectively, 
which s e r v e  a s  condenser plates .  These charges  c rea t e  some potential 
difference V between the plates, as a r e su l t  of which an e lec t r ic  field is 
observed in  the atmosphere.  Owing to  the atmospheric  conductivity, an 
e l ec t r i c  cur ren t  I,, which tends to discharge the condenser, flows between 
the ionosphere and the e a r t h ' s  surface.  The density i, of this  cu r ren t  is 
constant with altitudes and equal to &Ahr where Eh is the field and hh is 
a i r  conductivity a t  the altitude h .  The atmospheric  field should decrease  
with altitude, following an exponential law, s ince the conductivity, as in­
dicated above, i nc reases  with altitude by an exponential law. Since the 
conductivity a t  an altitude of 6km is approximately 1 0  t imes  as high as 
that a t  the e a r t h ' s  surface,  the e lec t r ic  field a t  this  altitude w i l l  be only 
10 % of i t s  value a t  ground level. 

To maintain the charges  on the plates  of the above-mentioned condenser, 
the appearance of charging cur ren ts ,  which compensate for  the indicated 
discharge cur ren t ,  is obviously necessary .  

It is assumed that charging cu r ren t s  J ,  a r e  c rea ted  in all the regions 
of the globe occupied by thunderstorms ( reg ions  11, F igure  Z ) ,  where the 
field has  a direction opposite to that observed in fa i r  weather regions I .  
Since the charges  Q of the ear th  and the atmosphere are determined by 
the relat ionship between the charging and discharging cur ren ts ,  an intensi­
fication in thunderstorm activity should be associated with a r i s e  in the 
charges ,  and consequently, with an increase  in the potential difference V 
between the ea r th  and the ionosphere. A r i s e  in the potential difference V 
should lead to an intensification of the field and of the discharge cu r ren t s  
a s  long a s  the discharge cur ren t  has  not become equal to the total charging 
cur ren t .  It should be borne in mind in this connection that, owing to the 
good conductivity of the ear th  and of the ionosphere, charges  which come 
into contact with them spread  over the whole sur face  of the corresponding 
sphe re  in  a very  shor t  time ( a  mat te r  of seconds). Thus, var ia t ions in 
the potential difference V should occur  on the whole globe pract ical ly  
simultaneously. A decrease  in thunderstorm activity should be associated 
with corresponding dec reases  in the potential difference V and the atmos­
pheric  field intensity. 

If we assume that the whole cur ren t  J c  to  the ea r th  and to the ionosphere, 
which is c rea ted  by thunder clouds, i s  proportional to the a r e a  covered by 
thunderstorms,  the close correlat ion between the variation of the thunder­
s t o r m  activity and the uni tary variation of the potential gradient (see 
Figure  1) becomes c lear .  

E lec t r ic  processes ,  causing the appearance of a field in the atmosphere, 
can be s imply descr ibed by means  of the e lec t r ic  scheme shown in Figure 3, 
which follows f rom the scheme of Figure 1. 

As  a r e su l t  of the charging cu r ren t s  J ,  crea ted  by thunderstorms,  the 
ionosphere and the ear th  a r e  continuously being charged by positive and 
negative charges ,  respectively; a leakage cu r ren t  Id appears  in  regions 
of fair weather and a potential difference V between the ear th  and the 
ionosphere is crea ted .  In quasistationary processes ,  i t  can be assumed 
that for  the ea r th  a s  a whole the sum of discharge cu r ren t s  is equal to  the 
sum of charging cur ren ts .  If R is the res i s tance  of a ver t ica l  a i r  column 
between the ear th  and the ionosphere having a c r o s s  section of 1 cm2, then 
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f rom Ohm's law, the density of the discharge cu r ren t  id w i l l  be 

i,,= V 

On the other hand, since the cu r ren t  density will be the same  in any 
c r o s s  section, the following equation can be written 

where E h  and k h  a r e  respectively the field intensity and a i r  conductivity a t  
any level. 

Comparing both equations we obtain 

_-E -m. 

This  equation is useful since i t  re la tes  the electr ic  charac te r i s t ics  V ,  
common to the whole globe, to the electr ic  character is t ic  R of an a i r  
column above the place of measurement  and to the local charac te r i s t ics  
of the field intensity E h  and the conductivity 4 ,  measured at  any altitude, 
in par t icular  a t  ground level. 

Variations in the field intensity P a t  the ground level may, in 
accordance with equation (l), be attributed to one of three fac tors  (or  to 
any combination of them). 

1. Variations in E due to variations in V ,  with R = const and A = const. 
Such variations should be detected a t  all stations of the globe. In this 
case cu r ren t  density variations follow variations of the potential V .  * 

2. Variations in E due to variations in R ,  with V = const and b = const. 
Such variations a r e  detected only a t  stations which a r e  situated in the zone 
of variation of R .  Variations in R a r e  usually connected with the passage 
of cloud systems,  fronts,  and with the appearance of l a rge  polluted a i r  
masses .  

The ver t ical  current  density undergoes variations only at  stations over 
which R varies .  

It should be noted that the main pa r t  of the atmospheric e lectr ical  
res is tance i s  concentrated in i t s  lower l aye r s  ( R2 and Rs in Figure 3). 
Thus, for example, half of the whole resis tance I( i s  concentrated in fa i r -
weather conditions in the 0 - 2  kmlaye r .  About 66  % of the whole resis tance 
R is concentrated within the 0- 6 km l aye r  (F igu re  3, the variation of the 
resis tance R with the altitude H ) .  

The variation of the a i r  res is tance is due to the appearance of aerosols  
in the atmosphere affecting i t s  s ta te  of ionization, which again usually 
occur s  in the troposphere,  mainly in i t s  lower and middle layers .  The 
main variations of R w i l l  therefore occur in the lower l aye r s  of the atmos­
phere.  But a 50 70increase in the a i r  r e s i s t ance  in  the 6-80 km layer  
causes  a variation of approximately 9 % in the field intensity a t  ground 
level and a 50 70 i nc rease  in the a i r  res is tance in the 0-6km laye r  causes  
a variation of approximately 8 70in the field intensity a t  ground level. 

Consequently, res is tance variations in the upper l aye r s  of the atmos­
phere,  caused by variations in the ionization ra te ,  can be manifested in a 

Since the potential of the earth is usually taken equal  to zero, the potential difference between the 
earth and the ionosphere is numerically equal t o  the potential of the ionosphere. 



variation in the field intensity a t  ground level. Thus, the latitudinal 
variation of the field intensity may be due to  the fact  1831 that the density 
of cosmic radiation, being the main ionizer at  high altitudes, i nc reases  
f rom the equator to high lati tudes due to the deflecting action of the 
magnetic field of the ear th .  This  should lead accordingly to an inc rease  
in the conductivity of the upper l a y e r s  of the atmosphere as one moves 
toward high lati tudes.  Thus, the field in upper l a y e r s  of the atmosphere 
a t  higher lati tudes is "short-circuited",  which in turn resu l t s  in an in­
c r e a s e  in the field intensity a t  ground level. 

3. Variations in E due to local variations in h when V = const and 
R = const. If E and I a r e  measured  simultaneously, i t  i s  ve ry  simple to 
eliminate variations in E which a r e  due to variations in I .  If the con­
ductivity h in some thin layer  r i s e s ,  for example, by a factor n, then the 
field intensity E dec reases  by a factor n. The vertical  current  density 
in this case does not vary.  Local conductivity variations, occurring in 
the layer  adjacent to the e a r t h ' s  surface,  have practically no effect on the 
magnitude of the r e s i s t ance  R of the ent i re  a i r  column. 

Hkm 

FIGURE 3 .  Scheme of the electric current circuit according IO the spheri­
ca l  condenser theory and the variation of the electric field intensity E ,  the 
potential V ,  and the columnar resistance R of altitude H. 

1- earth: 2-ionosphere; R,. R,, R3 -resistances of sections of theatmosphere.  

If the field variations a r e  caused by seve ra l  of the considered factors ,  
i t  is possible, by comparing data of field and conductivity measurements  
a t  a number of stations, to isolate field variations due to variations in 
V ,  R and h. An example of such an analysis i s  given by P. N. Tverski i  1591 .  

To c a r r y  out such a comparison successfully, particularly for  individual 
seasons,  months, and even days, it is necessary  to be able to isolate 
unitary variations during the corresponding period. Such measurements  
can be ca r r i ed  out re l iably only at  marine,  high-mountain, and polar 
stations.  It is necessa ry  in this case that the variations in R and A have 
a small  effect on the field measured a t  the station. In other words, the 
station should be si tuated in a fair-weather region. In o rde r  to  be s u r e  
that the variations in the field over the station a r e  caused by variations 
in Y ,  i t  is necessa ry  to compare the readings of s eve ra l  such stations.  
To increase the probability of several  mar ine  or polar stations being 
simultaneously situated in fair-weather regions,  i t  is necessa ry  to c a r r y  
out simultaneous observations a t  a la rge  number of stations, daily and 
continuously. It should, however, be borne in mind that such an analysis 
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is founded on the basic assumption of the spher ica l  condenser theory that. 
there  ex is t s  some spherical  equalization layer ,  and is valid only when 
this  condition is fulfilled. 

It should a l so  be noted that surface measurements ,  permit t ing isolation 
of var ia t ions in V and R on the bas i s  of cer ta in  assumptions, do not make 
i t  possible to  find out their  absolute values. Reliable data  on the potential 
V of upper layers ,  and on the resis tanceR,  can be obtained only by d i rec t  
measurements .  

The spherical  condenser theory has  undergone, in  the course  of time, 
some par t ia l  variations. Thus, for  example, I s r ae l  and Kasemir  /84/ 
showed that a comparatively rapid equalization of the potential in high 
l a y e r s  of the atmosphere may take place below the ionosphere, a t  an 
altitude of the o rde r  of 60 km, a t  which, due to  high conductivity, charges  
a r e  distributed uniformly over  the whole surface in l e s s  than 300 sec .  
Thei r  work led to, in par t icular ,  the important  conclusion that the altitude 
of the equalizing layer  depends on the charging ra te .  The data  on the 
variation of the conductivity with altitude, e tc . ,  w e r e  somewhat more  
accurately determined in a number of investigations. 

However, all  these additions and cor rec t ions  did not significantly change 
the theory descr ibed.  Despite the fact  that the theory of the spherical  con­
denser  explains a number of phenomena observed in nature, i t  r ema ins  
hypothetical, s ince no data direct ly  confirming i t s  bas ic  assumptions a r e  
available. 

In the f i r s t  place, i t  should be noted that until now the potential difference 
between the ea r th  and the ionosphere has  not been measured  and i t  has  not 
been confirmed that this difference, the same  at a given t ime for the whole 
ionosphere, undergoes var ia t ions which cause the appearance of a uni tary 
var ia t ion in  the e lec t r ic  field intensity in the atmosphere.  

A second very  important factor, which would determine the co r rec tness  
of the theory and which has  not found sufficient experimental  confirmation, 
a r e  numerical  data on the balance of cu r ren t s  which charge and discharge 
the ea r th  and the ionosphere. This  balance of cur ren ts ,  a s  follows f rom 
the above, w i l l  be different for  regions with different physico-geographical 
conditions. At present ,  i t  has  been measured a t  only one or two points of 
the globe. 

It is perfect ly  obvious that for  a given section of the ea r th ' s  surface 
the balance of cu r ren t s  must  not be equal to zero; i t  mus t  equal ze ro  only 
for  the e a r t h ' s  surface a s  a whole. Thus, for the Kew Observatory 
(Cambridge,  England) this balance appears  a s  follows / 1 1 6 / :  

TABLE 1 

Charge carried in by charging currents . . . . . . . .  Q, C/kmz year 
Lightning discharge . . . . . . . . . . . . . . . . . .  -20 
Point-discharge currents . . . . . . . . . . . . . . .  -100 

Charge carried away by discharge currents . . . . . .  Qd C/km2year 
Conduction current . . . . . . . . . . . . . . . . . .  + 60 
Precipitation currents . . . . . . . . . . . . . . . .  + 20 

Total  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -40 C/kmz year 

A s  can be seen, the charge Qd consis ts  of a number of components. 
The  ro le  played in  the balance by the point discharge cu r ren t s  is notable. 
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On the other hand, these a r e  the leas t  amenable to  investigation, since i t  i s  
difficult to compare cu r ren t s  f rom an ar t i f ic ia l  point discharge with 
cu r ren t s  flowing in natural  conditions from t r e e s  and bushes, hil ls  and 
mountains, houses and masts ,  e tc . ,  under s t rong electr ic  fields. The 
sign of individual cu r ren t  components may va ry  f rom point to point on the 
e a r t h ' s  surface.  Investigations of V. V. Zykova 1101, ca r r i ed  out in the 
South Sakhalin geophysical observatory showed, for  example, that in 
Sakhalin, point-discharge cu r ren t s  can, in contrast  to England, t ransport  
to the atmosphere a negative electr ic  charge and that other regions can 
also exis t  in which the point-discharge cu r ren t  component has the same  
sign. Thus, this mos t  important component of the currents ,  which c rea t e s  
the charge exchange between the ear th  and the atmosphere,  cannot at  
present  be co r rec t ly  calculated ei ther  quantitatively or with r e spec t  to sign. 

To date there  a r e  no data on the balance of cu r ren t s  in regions with 
the highest thunderstorm activity. The relationship between the unitary 
variation and the diurnal variation of the thunderstorm activity for the 
whole globe also r equ i r e s  quantitative determination. The e a r l i e r  pract ice  
of estimating thunderstorm activity from the number of days pe r  year  
with thunders torms  does not constitute a sufficiently co r rec t  cr i ter ion.  It 
is known that thunders torms  in South Africa, for example, give a con­
siderably l a r g e r  number of thunderstorm discharges,  and these discharges 
c a r r y  l a r g e r  charges  than those in Europe / 1 1 6 / .  The mean a r e a s  occupied 
by individual thunderclouds and the l i fe t ime of the la t te r  a lso differ at  
different lati tudes.  

The current  ca r r i ed  by lightning considerably depends on the topography 
of the terrain.  Thus, the amplitudes of lightning cu r ren t s  in the Caucasus 
Mountains are approximately half those on the plain 1581, although the 
number of discharges pe r  each thunderstorm in the Caucasus i s  l a rger .  

It should also be taken into account that the interrelat ion between the 
thunderstorm activit ies of individual regions of the ear th  may also vary; 
this should lead to a phase shift in the unitary variation. Thus, according 
to Brooks' data 1681,  five world thunderstorm centers  were observed: 
Central  Africa - 150 days with thunderstorms per  year;  central  Brazi l  ­
106 days; the region of the Isthmus of Panama - 135 days; southern 
Mexico - 1 4 2  days; and Java  - 220 days. According to data of the World 
Meteorological Organization / 7 0 /  obtained la ter ,  the most  powerful center  
is situated i n  Central  and West Africa ( a t  five stations more  than 200  days 
with thunderstorms a r e  observed).  The thunderstorm activity of this  
center  thus s e e m s  to have increased recently, and the thunderstorm center  
in the Malay Archipelago to have weakened and somewhat shifted. It 
looks a s  i f  the center  of the Malayan region moved to the southern pa r t  of 
the Malacca Peninsula. In 1952, 80  days with thunderstorms were ob­
served  in Java.  The character  and distribution of thunderstorm centers  of 
the Western Hemisphere was somewhat different: the center  in the southern 
Mexico and Isthmus of Panama regions weakened and shifted, while the 
activity of the Brazi l  thunderstorm center  intensified. These data, given 
by V. I. Arabadzhi 1 3 1 ,  point to the need for  careful  study of thunderstorm 
activity in connection with the unitary variation of the e lec t r ic  field. 

These conclusions of course require  se r ious  improvement  and verifica­
tion. The available data on the variation of the number of days with 
thunders torms  pe r  year  may be due both to variations in the observation 
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technique, in the number of stations, e tc . ,  and to  ordinary random 
variat ions in  thunderstorm activity f rom year  t o  year .  

These  improvements, along with an es t imate  of the relat ion between 
thunderstorm activity, determined f rom the number of days with thunder­
s t o r m s  pe r  year ,  and the cu r ren t s  t ransported by lightning, and point 
discharges for  var ious regions of the globe, together with measurements  
of the uni tary variation, constituted an object of investigations during 
the IGY. 

An analysis  of the diurnal variation of the a r e a  occupied by thunder­
s to rms ,  ca r r i ed  out by Krumm /89/, a l so  showed that a shift of the 
maximum a r e a  occupied by thunderstorms toward noon hours  by Greenwich 
t ime is observed. 

In o rde r  to es t imate  the ro le  of thunderstorms a s  genera tors  charging 
the ea r th  and the ionosphere, Gish and Wait / 79 / ,  and Stergis ,  Rein, and 
Kangas 11071 measured the conduction cu r ren t  above thunderclouds. It 
was  assumed that th i s  cu r ren t  is equal to  the cu r ren t  charging the ea r th  
under  the clouds. 

F r o m  a i r c ra f t  measurements  above 21  thunderclouds in  the cent ra l  pa r t  
of the U.S.A.,  Gish and Wait determined that the mean cu r ren t  flowing 
upward from one thundercloud was 0.5 amp.  Since according to Brooks' 
data 1681 ,  1800 thunderstorms take place simultaneously on the ear th ,  the 
total charging cur ren t  i s  approximately 900-1000 amp. Assuming that the 
number of 1800 given by Brooks for the number of thunderstorms which 
exis t  simultaneously on the ear th  is underestimated, and assuming in 
addition that individual thunderclouds may consis t  of severa l  thunder­
s to rm centers ,  Gish and Wait considered that their  measurements  con­
f i rmed the assumption of equality of thunderstorm cu r ren t s  to  the total 
fair-weather air-earth cur ren t .  

Somewhat la te r ,  Stergis  e t  al. measured  the cu r ren t s  above thunder­
s t o r m s  in Flor ida.  From data of 25 balloon soundings, the measured  
cu r ren t  f rom one thundercloud amounted on the average to 1 .3amp.  These  
data seem exaggerated. Firs t ly ,  a s  indicated by Holzer / 8 2 / ,  pa r t  of 
the flow l ines  had to terminate  again a t  the ear th .  This  would reduce the 
cu r ren t  by approximately 15 70. Secondly, a s  shown by investigations of 
the f ie lds  above showers  and thunderclouds 1111, 20-30 70of the clouds 
have a negative polarization, and therefore  the total cur ren t  above regions 
occupied by shower and thunderclouds may be half that calculated by 
Sterg is  e t  al. Thus, se r ious  correct ions in the balance calculations of 
cu r ren t s  in thunderstorm and fair-weather regions a r e  necessary .  

It should be noted a l so  that not all the observed effects a r e  sat isfactor i ly  
explained by the spherical  condenser theory. Recently, mainly by measure­
ments  in the f r ee  a tmosphere,  invest igators  obtained new data which do not 
f i t  into the framework of this theory. Le t  u s  consider  some re su l t s  which 
contradict the spherical  condenser theory. 

The  diurnal variation of the a r e a  occupied by thunderstorms va r i e s  f r o m  
season  to season and f rom period to period. Le t  u s  compare the data  of 
Brooks (F igu re  1, curve 1) with those of Krumm (F igure  1, curve  2) ,  
which r e f e r  to  different per iods.  At the s a m e  time, the diurnal un i ta ry  
variation of the field r ema ins  approximately constant by phase and amplitude 
both when averaged over  severa l  years ,  and when measured  for  individual 
months 1311 and even, a s  w i l l  be shown below 1151, f o r  individual days. 
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This  resu l t  suggests  that there  ex is t s  some factor ,  more  s table  than 
the a r e a  occupied by thunderstorms,  which determines the diurnal uni tary 
variation of the field. 

It should a l so  be noted that if  thunderstorm activity is the basic  source  
charging the ea r th  as a whole, a c lose s imi la r i ty  between the annualuni tary 
variation of the field (determined by N. A. Paramonov / 4 5 / )  and the annual 
variation of the a r e a  occupied by thunderstorms should exis t .  This  s imi la r i ty  
should be displayed even more  c lear ly  than in the case  of the diurnal var ia­
tion, since when comparing the annual var ia t ions,  there  is no need to make 
assumptions regarding the charac te r  of the diurnal variation of the thunder­
s to rm activity. 

A comparison of the curves  of the annual uni tary variation of the field 
/ 4 5 /  and of the mean number of thunderstorms / 8 9 /  leads, however, to an 
unexpected resul t ;  these cu rves  a r e  opposite in  phase (F igu re  4 ) .  

FIGLIKE 4. A i i n u a I  u n i i a r y  variation of rhr f i r ld  
E (curve 1)/45/ a n J  of [he mean number of 
ihundrrsiornis N ( c u r \ e  '2) /89/. 

Thus, e i ther  the es t imate  of the ro le  of thunderstorm activity in the 
formation of uni tary var ia t ions cannot be reduced to the magnitude of a r e a  
occupied by thunderstorms,  or apar t  f rom thunderstorms,  there  a l so  exis t  
in the atmosphere other sou rces  charging the ear th  and the atmosphere,  
which affect a t  l ea s t  re la t ively slow variat ions of the field intensity. 

Ignoring a number of other facts ,  which do not fit into the framework 
of the spher ica l  condenser theory, and which have been established in the 
study of the electr ic i ty  of the f r ee  a tmosphere (we r e tu rn  to these la te r ) ,  
we consider  another theory which explains the existence of the e lec t r ic  
field of the atmosphere.  

In 1949, Ya. I. Frenkel '  / 6 2 /  generalized a number of h i s  works on the 
theory of a tmospheric  e lec t r ic i ty  phenomena. In par t icular ,  he proposed 
a theory of the or igin of the e lec t r ic  field of the ea r th  differing f rom that 
descr ibed above. Frenkel '  assumed that mos t  types of clouds a r e  e lec­
t r ica l ly  polarized ( form e lec t r ic  dipoles). The field intensity inside these 
dipoles w a s  assumed equal to about 10,000 v /m.  Polar ized clouds should 
induce charges  on the ea r th ' s  surface,  and the amount of charges  induced 
by all the clouds is what produces the observed field of the ear th .  The 
difference in a tmospheric  conductivities under clouds and in fair-weather 
zones is due to the appearance of some excess  charge on the ea r th ' s  su r ­
face, the field of which is superimposed on the field of the induced charges  
and ensu res  the existence of the fair-weather field in l a rge  cloudless regions 
( for  example, in the Sahara  Deser t ) .  

12 



In accordance with this theory, i t  was assumed that the ionosphere 
( o r  high, conducting l aye r s  of the atmosphere)  does not play an important  
ro le  in p rocesses  connected with atmospheric  e lectr ic i ty ,  and the e lec t r ic  
field of the atmosphere was explained a s  being ent i re ly  due to the interaction of 
e lec t r ic  phenomena in the t roposphere and their  interaction with the ear th .  

According to th is  theory, the uni tary var ia t ion of the field intensity may 
be due to var ia t ions in the conditions of charging of the ear th  a s  a whole. 
Potential var ia t ions of upper l aye r s  may in this ca se  proceed asynchronously 
and, in general, are not direct ly  re la ted  to the field intensity var ia t ions a t  
the ea r th ' s  surface.  The field in regions of "disturbed" weather is opposite 
in direction to the field in regions of fair weather. Variations in the charging 
conditions of the ear th  a s  a whole a r e  determined according to the theory 
developed by Frenkel '  , using a relationship which follows f rom the equality 
of the cu r ren t s  in regions of fa i r  and of disturbed weather: 

LIEIS I=hzEzSz, 

where hl, El ,  and SIa r e  respect ively the e lec t r ic  conductivity, the field 
intensity, and the a r e a  of the fai r -weather  region, and hz, E z ,  and Sz a r e  the 
s a m e  quantities f o r  the disturbed-weather region. Since, in accordance with 
the theory, the total positive charge induced by clouds is equal to the 
negative charge, then ElSl=E2S2. 

If A1 and A2 were equal, the total charge of the ea r th ' s  sur face  would 
thus be equal to ze ro .  However, under clouds whose field can cause point 
d i scharges  of surface objects, par t icular ly  under thunderclouds and shower 
clouds, i t  can be expected in accordance with the theory that hz>h1, f rom 
which i t  follows ElSI>E2SZ ,i. e. ,  in this  ca se  the ea r th ' s  sur face  a s  a whole 
should have a negative charge, uniformly distributed in regions of fair and 
dis turbed weather. The positive charge remaining in the atmosphere in 
zones of "disturbed" weather, is t ransported,  according to  Frenkel ' ,  by 
air cu r ren t s  to  the fair-weather region. 

Frenkel '  a l so  considered in c lose detail a number of e lementary 
p rocesses  connected with charging of cloud par t ic les  and charge separation. 
However, the a lmost  complete absence of data on space charges  in clouds 
and on the r a t e  of their  separation, along with the absence of data  on the 
charges  of individual par t ic les ,  did not make i t  possible to  check the theory 
as a whole by comparing i t  with the actually observed conditions. 

The  f i r s t  a t tempts  made in the Main Geophysical Observatory to ver i fy  
the quantitative assumptions of this theory by measur ing  e lec t r ic  f ie lds  
in the free atmosphere,  par t icular ly  in clouds, showed 1271 that the 
e l ec t r i c  field in  most  clouds, including cumulus clouds, is lower by one to  
two o r d e r s  than the values calculated theoretically. 

Thus, Frenkel '  could not explain the appearance of the e lec t r ic  field of 
the ear th .  However, the same  measurements  showed that the spher ica l  
condenser  theory a l so  cannot explain a number of observed phenomena. 
Seventy soundings of the e lec t r ic  field variation with altitude gave a 
different picture  f rom that based on the spher ica l  condenser  theory. 

The  measurements  showed that the e lec t r ic  field in a number of cases  
dec reases  with altitude considerably fas te r  than had been assumed 
(F igu re  5 1 2 7 1 ) .  The field a t  an  altitude of severa l  k i lometers  somet imes  
drops  to  z e r o  and even changes sign(see Figure  6a 1271). In other words,  the 
electric field due to  charges  of the ea r th  is compensated by a volume 
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charge  of the atmosphere,  concentrated in a few lower ki lometers .  The 
variation of the e lec t r ic  field under clouds differs  f rom that in fair-weather 
days (Figure 5 / 2 7 / ) ,  but the observed field variation is not d i rec t ly  due to 
fields c rea ted  by clouds, but to increased space charges  originating and 
spreading out f rom clouds. 

It has  been observed that the whole region of field rise is concentrated 
in the zone under the cloud base .  The field distribution indicated the 
appearance of a negative space charge near  the ear th .  

The  potentials a t  altitudes of 2-4km may  a l ready  be close to those ex­
pected in the ionosphere. The variation of these potentials is much l a r g e r  
than that necessa ry  for  the appearance of a uni tary variation according to  
the spher ica l  condenser theory(Figure 6b 1 2 7 1 ) .  In some cases ,  the potential 
is observed to decrease  a t  cer ta in  altitudes (Figure 6a 127 I ) .  

Sagalyn and Fausher  1100,101 / studied the conductivity distribution with 
altitude and confirmed the r c su l t s  of the field measurements .  It was found that 
the conductivity below the inversion layer  usually va r i e s  l i t t le with altitude, 
and only inc reases  above this  layer ,  approximately following an exponential 
law. The decrease  in conductivity is apparently due to an increase  in the 
pollution content of the atmosphere,  which leads  to the attachment of light 
ions to heavy nuclei. As  a r e su l t  the fieId in the lower pa r t  of the tropo­
sphere  is formed by space charges  situated on par t ic les ,  the displacement 
of which, due to the e lec t r ic  field, is smal l .  It could be expected that in 
these conditions, beside conduction cur ren ts ,  a considerable role  can be 
played by convective e lec t r ic  cur ren ts ,  which have in the past  been 
neglected. The existence of such cur ren ts ,  reaching significant values 
in the f r ee  a tmosphere,  was shown for  the f i r s t  t ime by Kraakevik 1 8 7 , 8 8 1 .  
These  cu r ren t s  could attain considerable magnitudes only in the lower 
l a y e r s  of the troposphere, often under  inversions.  The existence of con­
vective cu r ren t s  flowing to the ea r th  w a s  observed for  the f i r s t  t ime by 
Izergin 12.21. 

It was found that these phenomena can be explained if, d iscarding the 
spher ica l  condenser theory, w e  assume that the observed e lec t r ic  field 
of the atmosphere occurs  due to an exchange of charges  between the ea r th  
and the t roposphere 1271 ,  the charges  being crea ted  la rge ly  due to the 
appearance of clouds. In contrast  to the theory advanced by Frenkel’ ,  in 
this  case  clouds which contribute to  the appearance of s t rong  e lec t r ic  fields 
a r e  not necessary .  

Charges which r each  the ea r th  become common for  the whole of it, and 
form a field observed in cloudless regions as w e l l  a s  field var ia t ions 
common for  the whole globe. Charges which r ema in  in the atmosphere 
a r e  ca r r i ed  by a i r  cu r ren t s  and together with the charges  on the ea r th  
c rea t e  local  f ie lds  and var ia t ions of the field of the atmosphere.  Thus, 
according to this  scheme, some upper- layer  potential common for  the 
whole ear th ,  which de termines  the behavior of the uni tary field variation, 
cannot be expected. 

I t  is important  tonote that the monograph 1271  demonstrates  the possibility 
of the participation of the whole cloudiness in  the charge  exchange between the 
ear th  and the atmosphere,  and not only of thunderclouds, a s  assumed in 
the spher ica l  condenser theory. 

Charge exchange between the t roposphere and the ionosphere is, of 
course,  a l soposs ib le  1 8 5 1 .  This  is due to lightning s t rokes .  In this  case ,  
the atmospheric  e lec t r ic  field r e su l t s  f rom charge exchange developing accord­
ing to the scheme troposphere-earth, troposphere-ionosphere, the two zones 
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l i t t le affecting eath other . In this case ,  the cur ren t  directed to the upper  l a y e r s  
of the atmosphere is smal l  compared with the cu r ren t s  between the ea r th  and 
the troposphere. 

The disagreement  between the observed phenomena and the bas ic  
spher ica l  condenser scheme recent ly  led to the creat ion of a number of 
new hypotheses and assumptions about the basic  fac tors  which maintain 
the e lec t r ic  field of the atmosphere and cause i t s  variation. 

In the work of V. I. Gerasimenko 171,  for  example, i t  is pointed out that 
the diurnal variation of the sea a r e a  illuminated by the sun is very  s imi la r  
to  the diurnal  uni tary variation. Since Muleisen's daia  1971 indicate the 
charging of water upon evaporation, i t  can  be assumed that the diurnal 
var ia t ions of the evaporation a r e a  may cause the variation in the 
charging of the e a r t h  as a whole. This  scheme,  chiefly a t t ract ive in 
that i t  explains the stability of the diurnal uni tary variation, gives  rise to  
a number of objections. The principal one is that according to  the data of 
a number of authors  (given, for  example, in  /86/),water evaporation does 
not cause  charging. The contradiction between Muleisen' s experiments  
and most  known experiments  may  be due par t ly  to  the fact  that in Muleisen 's  
experiments  the evaporation a r e a  w a s  much l a r g e r  than the evaporation 
a r e a  in other experiments ,  par t ly  to  a difference in the chemical  com­
position in  the evaporating water, and par t lyperhaps  to experimental  e r r o r .  

The f i r s t  r e su l t s  of the study of the e lec t r ic  field in the f r ee  a tmosphere 
may suggest that charging of the atmosphere could be effected by e lec t r i ­
fication of i t s  aerosol  content. This  p rocess  does not concern the capture  
of a i r  ions by heavier  par t ic les ,  but electrification due ei ther  to evapora­
tion of aerosol  par t ic les  or to attachment of these par t ic les  with subsequent 
separation. 

In addition to Muleisen, V. D. Reshetov 151, 5 2 1  recent ly  worked in this  
direction. Reshetov assumed that aerosol  par t ic les  acquire  a charge which 
depends on the pH of the given aerosol .  For pH< 5, negative charges  should 
form on aerosol  par t ic les ;  for  pH> 5, positive charges  form on aerosol  
par t ic les .  Since for  sea-water  pH = 9, th i s  may lead to positive charging 
of the atmosphere and negative charging of the ear th .  The diurnal var ia ­
tion of this charging, according to Gerasimenko's  data 171,  may be 
proportional to the illuminated surface of the oceans. 

Labc -atory experiments  ca r r i ed  out by V.  I. Kraav 1 3 5 1 ,  disproved the 
basic  assumption on which Reshetov 's  scheme i s  based. According to 
Kraav' s data, upon spraying aqueous solutions of both low and considerable 
pH values, the drops  a r e  always negatively charged. Of course ,  the 
r e su l t s  of 1 3 5 1  could be affected by the chemical composition of the so­
lutions investigated and by their  concentration, but i t  c lear ly  follows f rom 
the work that the value of the pH of the solution does not determine the 
sign of the charge. 

At the same  time, i t  should be noted that the contribution of the evaporation 
f r o m  oceans and the ro le  of aerosols  in the electrification of the atmosphere 
can be clar i f ied only by appropriate  experiments  in  the free atmosphere.  

The ro le  played by var ious sources  of e lectr i f icat ion and accumulation 
of charges  in the atmosphere can be determined and consequently, the 
c o r r e c t  scheme descr ibing the e lec t r ic  p rocesses  in the atmosphere can 
be selected, only on the bas i s  of a study of the electr ic i ty  of the free 
atmosphere and, f i r s t  of all, of a study of the distribution of the field and 
space charges  1211. 
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The distribution of the field with altitude, the t ime var ia t ions of the 
a tmospher ic  potential a t  var ious altitudes, and their  synchronism with the 
uni tary var ia t ion make i t  possible to  get  an idea of the cor rec tness  of 
given hypotheses. Such data could be obtained by making prolonged 
sys temat ic  measurements  in  the free atmosphere.  The investigation 
program of the International Geophysical Year therefore  included soundings 
of the e lec t r ic  field of the atmosphere a t  var ious altitudes. 

In the USSR, a i r c ra f t  were  used for  this  purpose, which a l so  made i t  
possible  to  c a r r y  out additional investigations of the micros t ruc ture  of 
clouds, of the distribution of condensation nuclei in the atmosphere,  e tc .  
These  investigations give additional data  on the electrification conditions 
of the a tmosphere .  

Measuring the variation of the e lec t r ic  field E with the altitude h f rom an  
a i rc raf t ,  i t  is possible to calculate  the potential V, of the layer  a t  the 
altitude h by the formula 

Such measurements  a r e  hindered by two difficulties: 
a) an a i r c ra f t  cannot ascend to the boundary of the ionosphere and, 

consequently, cannot measu re  i t s  potential; 
b) measurements  of the field a t  altitudes higher than lOkm a r e  very  

difficult. At an altitude of 1 0  km, for  example, the field E can be expected 
not to exceed 5-10 v / m  ( s e e  F igure  3 ) .  

The rapid decrease  of the e lec t r ic  field with altitude, although com­
plicating measurements  a t  considerable altitudes, makes  i t  possible a t  the 
same  t ime to determine the potential of the ionosphere from measurements  
only up to re la t ive ly  low altitudes, s ince the potential of the atmosphere 
a t  an altitude of 1 0  km should not, in theory, differ by m o r e  than 20-25  70 
of the potential of the ionosphere ( s e e  Figure 3 ) .  As indicated, the main 
var ia t ions in the potential of the ionosphere a r e  due t o  processes  in the 
lower l aye r s .  

Ai rcraf t  measurements  of the field variation with altitude thus make i t  
possible to check the bas ic  assumption of the spherical  condenser theory, 
i.e., the existence of an equal iz inglayer  situated at an altitude of 60-100 km, 
as w e l l  a s  to measu re  i t s  potential var ia t ions.  

This  theory i s  obviously co r rec t  if the var ia t ions of the layer  potential 
a r e  re la ted  to the uni tary variation, and the potential i tself  va r i e s  with 
altitude monotonously and identically a t  all the measurement  points. 

If we assume that the horizontal components of the atmospheric  e lec t r ic  
field can be neglected, then f r o m  data  on the var ia t ion of the e lec t r ic  field 
with altitude, a v e r y  important e lec t r ic  charac te r i s t ic  of the atmosphere -
the density p of space charges  - can be calculated. 

The Poisson equation in this case  can be written in the form: 

In other words, by differentiating the curve E=f(h)  is i t  possible to 
determine the value of p a t  var ious altitudes h .  
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Aircraf t  soundings of the e lec t r ic  field, ca r r i ed  out in different meteoro­
logical conditions, a l so  make i t  possible to determine the c lec t r ic  charges  
of clouds and their  ro le  in the creation of e lec t r ic  charges  in the atmosphere.  

The distribution of the field and space charges  with altitude, and a l so  i t s  
diurnal variation, permi t  the regular i ty  of variation of charges  in  the 
atmosphere to be determined and the cor rec tness  of other hypotheses con­
cerning the origin of a tmospheric  electricity, for  example the schemes  of 
Muleisen and Reshetov, to be checked. If the field var ia t ions with altitude 
are determined only by the conductivity height distribution, this means  
that a tmospheric  aerosols  a r e  charged only a s  a r e su l t  of ions f rom the 
atmosphere settling on them. Thus, aerosol  electrification of the atmos­
phere plays a minor  ro le .  If, however, the field distribution in the 
atmosphere is not determined by the conductivity distribution in it, this 
indicates  the important  ro le  of the electrification of aerosols  in the 
generation of a tmospheric  e lectr ic i ty .  These schemes  a r e  considered in  
more  detail in the following sections of the book. 

It should be noted that investigations of the e lec t r ic  field in the atmos­
phere help to solve a wider range of problems than does the general  
picture  of the distribution of the e lec t r ic  field, i t s  potentials and space 
charges  in the atmosphere,  and the determination of the origin of the 
atmospheric  e lec t r ic  field. 

Investigations of the electr ic i ty  of s t r a tus  clouds, while answering 
questions specific to a tmospheric  e lectr ic i ty  (how, where, when, in what 
amounts, and due to what do space charges accumulate, and what a r e  the 
fields that resu l t ) ,  help a t  the same time in  answering a number of general  
questions concerning the physics of clouds and contribute to the solution of 
applied problems.  

A s  was shown in / a l l >  the coalescence efficiency of drops with s i z e s  
of 600 and 100 p considerably depends on the e lec t r ic  field intensity. In 
the absence of an external  field, only about 30 70of the collisions between 
drops of these sizes lead to coalescence. In the presence  of an external  
field of approximately 1 5  v / cm,  the ra te  of coalescing drops reaches  
approximately 90 70. The coalescence of sma l l e r  drops can be expected 
to depend to a l a r g e r  extent on the external  e lec t r ic  field, since the r e ­
lative velocities of such drops a r e  lower and, consequently, the coalescence 
of smal l  drops is more  difficult than the coalescence of la rge  drops.  

P rocesses  of cloud and precipitation devclopment, therefore ,  con­
siderably depend on the magnitude of the c lec t r ic  field in them. The 
growth of par t ic les  and fall of precipitation is usually associated with an 
increase  in the e lec t r ic  field, and this field in turn contributes to the 
growth of par t ic les .  An investigation of this process  helps to  c la r i fy  
important problems concerning the physics of clouds and atmospheric  
e lectr ic i ty .  This  kind of investigation should be based, on one hand, on 
a study of field magnitudes and par t ic le  spec t ra  in clouds, and on the other 
hand, on laboratory measurements  of the coalescence efficiency of drops 
of different s i zes  in the presence of e lec t r ic  fields. The f i r s t  pa r t  of this  
problem is solvcd by field measurements  in clouds. 

Data on the electr ic i ty  of clouds can se rve  as a ve ry  good cr i te r ion  in 
determining their  s ta te .  Vertical development of clouds, beginning of 
precipitation, and i t s  intensification a r e  associated with var ia t ions in the 
e lec t r ic  field of the cloud. In the limiting case ,  clouds themselves  
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demonst ra te  the intensity of processes  in  them by generat ing lightning. 
Measurement  of the field in clouds is therefore  highly useful for  indicating 
their  s ta te ;  this  is t rue  both when studying na tura l  p rocesses  in  clouds 
1111, and in  par t icular ,  when studying p rocesses  in ar t i f ic ia l ly  modified 
clouds /30/. Such an indication of the s ta te ,  however, has  been used t i l l  
now only for  intense convective clouds. The possibi l i ty  of applying i t  to  
s t r a t u s  clouds is dependent on the study of their  electrification. However, 
until recently, data  on their  e lectr ic i ty  have been ex t remely  scanty. 

Data on the e lec t r ic i ty  of the f r ee  a tmosphere,  and in par t icular ,  on the 
e lec t r ic i ty  of clouds, are necessary  for the development of warning sys t ems  
to prevent the en t ry  of an a i r c ra f t  into thunderclouds 16,  28/ .  

Recently, t he re  have been increasing at tempts  to work out methods for  
the introduction of considerable ar t i f ic ia l ly  c rea ted  space charges  into the 
a tmosphere  /I 12,931. The development of this  technique has  twoprincipal 
a ims:  to investigate a i r  motions in the atmosphere by labeling definite air 
port ions with space charges, and to investigate the var ia t ions in  the s ta te  
of clouds under  the effect of introduced space charges .  Solution of both 
problems r equ i r e s  knowledge of the "background" - the charac te r i s t ic  
values  of the f ie lds  and space charges  in the atmosphere and in clouds, 

Without dwelling on a number of other  problems requi r ing  a study of 
cloud electr ic i ty ,  e. g . ,  1117, 42, 201,  to some of which w e  r e tu rn  in the 
following, w e  p a s s  to a discussion of the investigation resu l t s .  
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Chapter 11 

ORGANIZATION OF MEASUREMENTS AND DATA 
PROCESSING METHOD 

S 1. BRIEF DESCRIPTION OF A DEVICE FOR 
MEASURING THE ELECTRIC FIELD IN 
THE FREE ATMOSPHERE 

Three  a i r c ra f t  of the type LI-2 were' instrumented for  measurements  
of e lec t r ic  fields in the f r ee  a tmosphere.  The instruments  used were 
e lec t ros ta t ic  f luxmeters .  

F igure  5 gives  the circui t  diagram of an a i rc raf t  e lectrostat ic  f luxmeter  
1241,  developed by I. M. Imyanitov and V. V. Mikhailov and used in the above-
descr ibed investigations. 

The device consis ts  of two identical sensing units located in  the upper and 
lower pa r t s  of the fuselage a t  the intersect ion of neutral  l ines  of the a i r ­
c raf t ,  s o  that they were influenced only by the ver t ical  component E ,  of the 
atmospheric  field, and by the field Eo due to the a i r c ra f t ' s  charge; the 
horizontal components E, and E ,  were  not measured.  The measuring plates  

Theof the senso r s  a r e  situated a t  the same  level  a s  the airplane surface.  
output voltage f rom the senso r s  is fed to the input of the amplif iers  and 
f r o m  there  to a synchronous detector using a 6 X 6 tube. The plate c i rcu i t  
of the detector includes a mil l iammeter ,  and te rmina ls  for connecting an 
automatic r eco rde r  a r e  fitted. 

The instrument  has  four sensitivity ranges:  f 5 ,  f25,  f250, f2500 v /cm.  
The  l a rges t  signal produces a cu r ren t  of 1 m a  at the output. The ins t ru­
ment ' s  sca le  is l inear ,  and t e s t s  showed that instrumental  e r r o r  is l e s s  
than 5 70. The lag  of the instrument  is l e s s  than 1 / 5 0  sec,  and i t  is fed 

The operation of the ins t rumentf rom the a i r c ra f t ' s  power supply system. 
is descr ibed in detail in the monograph 1241. 

The  instrument  has  subsequently been somewhat modified. T o  simplify 
the processing of the measurement  resu l t s ,  the d i rec t  voltages f rom the 
outputs of the two channels, being proportional to the field intensi t ies  EA 
and E* a t  the locations of the pickups, a r e  applied t o  an additional s tage 
consisting of two double-triode br idges.  The  unbalance cu r ren t  of one 
br idge is proportional to the field intensity in  the atmosphere,  s ince the 
vacuum tube br idge solves  the equation 

E = a p  -bEO. 

The  second tube bridge makes  i t  possible t o  determine the aircraft 
charge  Q a ,  by solving the equation 

Q a  =- (CE"+dE8). 
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FIGLIKE 5 .  Circuit diagram of an aircraft elecrrosratic fluxmeter 

1 and 2-sensors; 3- block conrainipg amplifiers, synchronous detectors, and power supply unit 

The circui t  digram of the auxiliary unit is given in Figure 6. 
A char t  record  of the instrument  operating with the auxiliary unit is 

shown in F igure  7.  
The  instrument  c i rcui t  a l so  includes a calibration device and a circui t  

for  checking the sensi t ivi ty  in the f i r s t  and second measurement  ranges.  
The  sensitivity checking circui t  makes  i t  possible, by simply de­

press ing  a toggle switch, to  check the stability of the instrument 's  
sensitivity and to determine,  in  the case  of sensi t ivi ty  loss, the reason  
for  i t  (deter iorat ion of the input insulation o r  change of the amplification). 

The range selector-switch h a s  a fifth position, in which the input of the 
instrument  is short-circui ted.  In this  position, the voltage on the output, 
which cor responds  to no-signal on the input, was determined. 
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F IGI ' IE  ti. (:ircuit d idgran~oi a n  auxiliary u n i t  for direct measurement of the 
i i e ld  intensity aiid the aircraft charge. 

The calibration device includes special  covers  which a r e  put on the 
sensors ;  by applying a known voltage to e lec t rodes  mounted in  these 
covers ,  it is possible to cal ibrate  the instrument  accurately. 

During operation of the equipment on each  flight, the s tabi l i ty  of the 
ins t rument ' s  readings in the absence of an external  field and the s teadiness  
of i t s  sensitivity were checked, and the necessa ry  correct ion of the readings 
made. 

FIGURE I. 
 An oscillographic recording of the instrument operating 
with the auxiliary unit. 

1- recording of the aircraft charge; 2-recording of the vertical  
component of the atmospheric field. The  vertical  lines give the 
alt i tude ( i n  km). 



Full  calibration of the instruments and necessary  adjustments were  
periodically ca r r i ed  out. 

S 2.  DETERMINATION OF THE DISTORTION FACTORS 

The use  of two s e n s o r s  made i t  necessary  to take into accouni, in 
addition to distortions introduced in the electr ic  field of the a tmosphere  
by the a i r c r a f t  a s  a conducting body, a lso the influence on the r e s u l t s  of 
the measurements  of the proper  charge of the aircraf t ,  acquired by the 
la t te r  in coll isions with cloud and precipitation par t ic les ,  and also due to 
the exhaust gases .  

Owing to the distortions in the position of the equipotential surfaces  of 
the atmospheric field introduced by the a i rc raf t ’ s  fuselage, the instru­
ment  w i l l  measu re ,  not the t rue atmospheric field E ,  but the field E,  
proportional to the t rue one 1291:  

We denote by the index A quantities r e fe r r ing  to the upper sensor ,  
and by B ,  quantities r e fe r r ing  to the lower sensor .  

In addition, the instruments  may be influenced by the field E,  of the 
proper  charge of the a i rc raf t :  

where kf, k i ,  k;, k: a r e  proportionality factors.  Then, the following field 
intensity a r i s e s  in the general  case a t  the upper sensor:  

EA=k$E - k$Q, 

and a t  the lower sensor:  

EB =-kz E - k z  Q. 

Solving this sys tem of equations, it  is possible to determine the t rue 
intensity E * of the atmospheric field and the a i rc raf t  charge Q: 

E= 	
kBq EA- k;  EB -e EA- k c  E’ 

k z k i + k $ k f ’  Q= k $ k f + k f k :  * 

Using the notation 

Here and in the following, we deal only with the vertical component E of the atmospheric field. 
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we obtain 

E =aEA-bEB; Q=- (cEA+dEB).  

Thus, for calculating the t rue atmospheric field and proper a i r c r a f t  
charge,  the coefficients b, c ,  and d ,  which in turn can be calculated 
knowing the factors  k;, k,B, k8, k : ,  have to be known. 

These factors  were determined experimentally, using an a i rc raf t  model. 
T o  determine k$ and k ; ,  the model was placed in an ar t i f ic ia l  e lectr ic  
field between condenser plates  with an a r e a  of 3X3m2 and an a i r  gap of 
2 m. A voltage of 2 kv from high-voltage rec t i f ie rs  was applied to the 
plates.  The a i rc raf t  model was suspended on a s i lk  thread paral le l  to 
the plates  in the center  of the condenser (F igu re  8a) .  The electr ic  field 
in the condenser was considered uniform and given, and the field intensity 
on the surface of the a i rc raf t  model a t  the s i tes  of the senso r s  was de­
termined f rom the magnitude of the induced charge.  

FIGURE 8. Schematic diagram of the model set  up for the de­
termination of the distortion coefficients for the external field 
(a )  and the proper charge (b). 

1- aircraft model;  2 and 3 - condenser plates; 4-voltage 
source; 5-~nsulator thread for suspending the model;  6-silk 
thread for suspending the test ball; I- test  ball P. 

The magnitude of the induced charge was determined by means of a 
sma l l  insulated metal  tes t  ball, which was brought into contact with the 
corresponding point of the model surface.  The charge ca r r i ed  by the ball  
was proportional to the density of the surface charge of the model a t  the 
point of contact. Measuring the bal l ' s  charge by means  of an electro­
me te r ,  i t  i s  possible to determine the field intensity at  the model surface.  
The factors  k i  and kpB show by how many t imes the field intensity a t  the 
a i rc raf t  model differs f rom the field intensity in the condenser. 

T O  determine the factors  k: and k z ,  a charge was applied to the a i r ­
c r a f t  model (F igu re  8b) and the electr ic  field intensity EP created by this 
charge  was determined a t  the s i tes  of the sensors;  kd and kg a r e  the 
fac tors  of proportionality between the charge applied to the a i rc raf t  
model and the field intensity at  i t s  su r f ace  a t  the s i tes  of the senso r s .  
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Resul ts  of the measurements  ca r r i ed  out on the a i r c ra f t  model a r e ,  
given in Table 2 .  

TABLE 2. 

e.s.u. Number of
b C-

v/cm 
d=

v/c1n measurements 

Model 0.38 i 0.02 0.42 f 0.03 (0.053 i 0.02) x 0.0535 0.02) x 140 

Aircraft 0.38 

TABLE 3 

Date,  
hour 

29 May 1959, 6 hours 

29 May 1959, 18 hours 

1 7  June 1959, 6 hours . 

18 Ju ly  1959, 18 hours 

11June 1959, 6 hours 

29 June 1959, 15 hours 

2 J u l y  1959, 18 hours . 
1 7  December 1959. 18hours 

0.42 1 . 3 2 ~l o 3  1 . 3 2 ~ 1 0 ~  

Altitude, E* EB 
v/cm v/cm 

EA/EB
m 

- .  

1600 5.60 5.25 1.07 
3000 6.30 5.90 1.07 
3300 15.40 15.70 0.98 

1300 2.94 2.73 1.08 
1400 3.50 3.36 1.04 
1500 3.36 3.29 1.02 
2000 3.78 3.64 1.04 

2500 2.31 2.17 1.07 
2900 2.59 2.4,; 1.06 
3000 2.87 2.66 1.08 
3100 2.87 2.73 1.05 
3200 2.80 2.66 1.05 

2400 1.68 1.54 1.09 

200 4.90 4.58 1.08 
400 4.20 3.85 1.09 
500 4.20 3.85 1.09 
ROO 4.55 4.20 1.08 
700 4.90 4.55 1.08 
800 4.55 4.20 1.08 
900 4.20 3.8.5 1.09 

1000 3.85 3.50 1.10 
3800 1.96 1.82 1.08 
4100 1.54 1.47 1.0.5 
4200 1.47 1.32 1.11 
4300 1.19 1.12 1.07 
4000 1.12 0.98 1.14 

5300 665 630 1.06 
5400 595 490 1.21 

3300 13.3 12.6 1.06 

1100 13.6 12.9 1.05 

d e a n  1.08 
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Y:353 11Aug. 1960; take-off a t  5Iir38rniii 

FIGURE 9. An oscillographic recording obtained during operation 
of the instrument without the auxiliary unit. 

1-base line: 2-line for marking the sensitivity and special 
phenomena; vertical lines - altitude inarks (in km); IandII ­
sensitivity ranges: 0-short-circuited input: u ,  I-recordiiigs 
from the upper and lower s r " m .  

Since the fac tors  k F  ( for  the model) and k: ( fo r  the a i rc raf t )  a r e  con­

nected by the relat ion k ;  =%, where n i s  the s imi la r i ty  coefficient 

between the model and the a i r c ra f t  ( in  our case  n = 5 0 ) ,  the coefficients 
c and d w e r e  recalculated for the a i rc raf t  1291. 

The fac tors  finally obtained for  calculating according to formulas  ( Z ) ,  
the intensity of the atmospheric  e lec t r ic  field and the a i r c ra f t  charge,  
a r e  given in Table  2 .  

Imperfect modeling of the a i rc raf t  and measuring e r r o r s  may  lead to  
e r r o r s  in  the determination of the distortion factors .  To check the co r rec t ­
nes s  of the determined factors ,  i t  was dccided to compare the model 
measurements  with the a i r c ra f t  measurements .  For this purpose, ca ses  
were chosen where, during the a i r c ra f t ' s  flight, the a tmospheric  field was 
equal o r  c lose to zero ,  and the a i rc raf t  charge was fair ly  considerable. 

E A  k A
In this case,  i f  E = O ,  then ---A.

E B  - k$ 
From the model measurements ,  i t  

k c  -was obtained that ­
k: -

Resul ts  of measurements  of the field intensity by the upper  E A  and 
lower E* senso r s  in flights around Leningrad a r e  given in Table  3.  

Thus, the distortion fac tors  measured  on a i r c ra f t  models  with a high 
degree  of accuracy a r e  c lose to the t rue factors .  

The data in Table  3 a l so  make i t  possible to determine the influence 
of space charges,  a r i s ing  in the atmosphere upon the electr i f icat ion of 
a i rc raf t ,  on the measurement  resu l t s .  Despite the opinion expressed  
in  /113/, i t  follows that during flights in clouds, where the field intensi t ies  
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due to  charging may  be tens  and sometimes hundreds of t imes  higher than 
the field intensi t ies  measured  in the atmosphere,  additional space charges  
have pract ical ly  no effect on the measurement  resu l t s .  The opinion of the 
authors  of 11131 is obviously the resu l t  of the fact  that, despite accepted 
recommendat ions 1241, they used col lectors  which w e r e  incor rec t ly  
positioned. 

53. PROCESSING OF SOUNDING DATA 

The readings of the a i r c ra f t  instrument  used for  measuring the field 
intensity were  recorded  on photographic paper by a K4-51 automatic 
optical r eco rde r .  The char t  speed w a s  0.5 m m / s e c .  After the flight, the 
photographic paper  char t  was developed and t'ne altitudes, sensitivities, 
and meteorological conditions were marked on i t  in accordance with the 
en t r ies  in  the a i r c ra f t ' s  log book (Table  4). 

TABLE 4 

Log book of aircraft sounding of the electric field of the atmosphere 

Point 

Date ~ Observer 

take-off- hours min 
Flight t ime  

landing- hours min 

take -off 
Cloudiness 
(type, coverage) 

landing 

Control before the flight 
calibration 
parameters in flight 

Sensitivity a t  take-off _ _  
Ascent Descent 

I I observed 
phenomenon (cloud 

lark ltitude 
observed Rem arks 

rain, smoke, phenomenon 
optical phenomena 

With the change of sensitivity, corresponding deviations appear  in the 
third r eco rde r  loop recorded  on the chart .  Deviations of differentmagni­
tudes serv ing  to m a r k  specific phenomena and synchronize the r eco rds  
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in the log book with the recording on the chart ,  can be c rea ted  in the same  
loop. An example of the instrument  r eco rd  without the auxiliary s tage is 
shown in Figure 9 

The r eco rde r  char t  ready  for  processing includes: 
1) a s t ra ight  base  line, which separa tes  the cha r t  into two equal par ts ;  
2) two recording l ines  of the galvanometer readings, which a r e  pro­

portional to the field intensi t ies  acting on the upper  and lower senso r s  
respectively; 

3) a line on which a r e  marked the altitudes, spatial points, and the 
sensitivity range (in places  of a sensitivity change the l ine is discontinuous, 
being displaced vertically). 

In the processing of the paper char ts ,  the mean ordinates  for  each l o o m  
of altitude w e r e  measured  and r e fe r r ed  to the middle of the layer .  * Apply­
ing the method of equal a r e a s  and using a grat icule ,  the ordinates  w e r e  
r ead  with an accuracy of 0.5 m m  (which corresponds to a field intensity 
of 0 .04v/cm),  according to which E* and ED, represent ing the fields 
measured  by the upper and lower sensors ,  w e r e  calculated. Next, the 
intensity of the atmospheric  e lec t r ic  field and the a i rc raf t  charge were 
calculated by formulas  ( 2  ) . 

To simplify data processing, the ins t rument ' s  calibration f igures  were  
used to prepare  tables for  the field intensity (Table  5) and for  the a i r c ra f t  
charge  (Table  6 )  in advance. 

TABLE 5 TABLE 6 
~ 

Ordinate. m m  0.38 EA 0.42 EB Ordinate, m m  
~ 

0.5 0.5 
1.0 1.o 
1.5 1.5 

. . .  . . .  

. . .  
~ 

In the preparat ion of the tables, the ordinates  were  taken a t  0.5 mm 
intervals ,  since accuracy in reading the ordinates  did not exceed 0.5 mm.  

The procedure in the processing of the cha r t s  is shown in Table 7. 

TABLE I 

'1 -a( s1 0 .38E 0.42E' 
mm mm v/cm v/cm 

-

' 	The  averaging along the vertical also includes some horizontal averaging. During sounding the  aircraft 
usually climbed spirally. with a mean horizontal velocity of approximately 50-60 m/sec  and a vertical 
ascent velocity of 4-5 m/sec .  Therefore, in averagicg the field over 100 meters vertically. i t  was 
simultaneously averaged over a horizontal path of about 1000 m: the scale  of horizontal averaging in­
creased with altitude. since the ascent velocity kept decreasing. 
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In Table 7, a1 and a2 a r e  the ordinates taken f rom the readings of the 
upper and lower sensors;  a0 is the z e r o  ordinate. 

When using the tables,  the calibration stabil i ty was carefully followed. 
A recording when the instrument worked with the auxiliary units is 

given in Figure 7. Curve 1 r ep resen t s  the recording of the a i rc raf t  
charge,  and curve 2, the direct  recording of the intensity of the electr ic  
field of the atmosphere.  AS before, the mean ordinates for 100-meter 
l a y e r s  were  taken, and f rom the calibration data, E and Qwere determined. 

If the instrument 's  sensit ivity is maintained constant, i t  is possible 
to prepare  Table 8, which is based on the calibration of the instrument.  

TABLE 8 

@lo-3. e. s. u. 

I -_ 

The chart-processing procedure when using the auxiliary units i s  shown 
in Table 9. 

The final processing stage was the filling in of "Tables of Data on the 
Measurement  of the Field Intensity in the F r e e  Atmosphere", inwhich field 
intensity data at  various altitudes, obtained after processing, were entered. 

The data on the variation of the field intensity with altitude were used 
to calculate the potential of the atmosphere at  an altitude of 6000m. 

The variation of the space-charge density with altitude can be calculated 
by the formula 

I d �  l A J 3  
p=---=-­4% dH 4n AH ' ( 4 )  

or  
AE 

p =2.66m, 
where E is expressed  in v / cm,  H in me te r s ,  and p in e.s.u./m3. 
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The space charge of an a i r  column extending between 0 and 6000m with 
a basis  of 1 m2 is calculated by integrating the curve p = f ( H ) .  

H=6W 

Q~--MHxI= PW)~H. 

or 

where Esoo~is the mean intensity of the e lec t r ic  field at an altitude of 
6000m and Elm is the mean intensity of the electr ic  field in the f i r s t  
100-meter layer .  

The measurement  resu l t s  were entered in a table, which included, in 
addition to the indicated data, 'information on the meteorological situation. 

During soundings, the measurements  s ta r ted  f rom an altitude of 30 m, 
since below this level, the distortion factors  a r e  considerably affected by 
the proximity of the earth.  In the following the 3 0 m  level w i l l  be denoted 
a s  z e r o  level. 
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Chapter IIl 

FAIR-WEATHER ELECTRICITY 

The present  chapter deals  with the s t ruc ture  of the electr ic  field on 
cloudless days, a s  well a s  on days with slight cloudiness, not exceeding 
20-30 % ( i f  the field variation with altitude i s  monotonous), Such days a r e  
called fair-weather days. 

§ 1. VARIATION OF ELECTRIC-FIELD INTENSITY 
AND SPACE CHARGES WITH ALTITUDE 

Studies of the electric-field variation with altitude* on fair-weather  days 
showed that the observed electric-field profiles can be classified into 
four basic groups: 

Group I - positive field intensity monotonously decreasing 
with altitude; 

Group I1 - positive field intensity monotonously decreasing with 
altitude and changing sign at  a definite altitude; 

Group I11 -	field intensity not varying monotonously with altitude, 
but having a maximum, usually a t  an altitude of 
300-700 m, and often changing sign a t  an altitude of 
3000-4000 m; 

Group IV - "sluggish" electric-field profile varying l i t t le  with 
altitude. 

Only 3 70of the profiles observed in c lear  weather did not f a l l  under 
this  classification. 

G r o u p  I. This  group includes profiles having an exponential dec rease  
of the electric-field intensity with altitude. Of the 425 profiles observed in 
c lear  weather (of which 415 belong to different groups of the proposed 
classification),  141 such profiles wer? observed, constituting approximately 
34 % of the total number of profiles investigated on fair-weather days. Up 
to altitudes of 2000-3500m, these profiles a r e  well expressed  by the 
equation: 

E =E0e-&,  (6) 
where a = 1km-', if the altitude H i s  expressed  in kilometers;  Eo is the 
e lec t r ic  field a t  the surface.  The value of Eo is determined by extra­
polating the field profile up to the ear th ' s  surface,  since a i r c r a f t  measure­
ments  begin f rom 30m, in o rde r  to eliminate the distorting effect the 
proximity of the ea r th  has on the readings of the lower sensor .  

In the following, the variation of the electric field with altitude is called the electric field profile. 
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FIGURE l o a .  Variation of the electric field E with alt i tude H o n  c lear  days, 
for Leningrad. 

1-profile of Group I: 2-of Group 11; 3-Of Group 111; 4-Of Group IV: 
5 and 6-curves 1and 2 drawn in a semilogarithmic scale (see formula (61, 
a = 1up to  a n  altitude of 3000 m). Here and in other figures the numbers 
in parentheses denote the  number of soundings. 

Figure 1 0  gives profiles of Group I, observed a t  all three sounding 
points. In the upper right corner  of each graph is the variation of the field 
with altitude in semilogarithmic scale.  It gives an idea of how accurately 
formula ( 6 )  descr ibes  the t rue variation of the field (curve 5 ) .  The table 
corresponding to the graph is given in Appendices 1-111. The exponential 
t e r m  with a = 1 km-' descr ibes  the field variation only in the lower layer  
of the atmosphere: for Leningrad up to approximately 3000m, for Kiev 
and Tashkent up to an altitude of approximately 1500 m. At these altitudes, 
the graph plotted in a semilogarithmic sca le  h a s  a break  point; the points 
a l so  lie on a s t ra ight  line, but with a different slope. Consequently, above 
the indicated altitudes also,  the field variation with altitude is exponential, 
but with a different exponent. The total field variation with altitude can 
thus be described by a sum of two exponentials; the power of the second 
exponential is close to 0.4-0.5 km-'. It is inte'resting to  compare these 
r e s u l t s  with those of Clark 1741. 

In his  measurements  in polar regions and over the oceans (Greenland), 
a s  well a s  3000m above Chesapeake Bay, Clark  a l so  obtained ex­
ponential profiles of the electr ic  field, but the exponent was approximately 
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H m  

0 0.5 -LLK! E v / c m-0.31- 1.0 1.5 -2 

FIGURE l o b .  Variation of the electric field ,E with altitude H on c lear  days, for Kiev. 

1-profile of Group I; 2-of Group 11; 3-of Group 111; 5 and 6-curves 1and 2 plotted in a 
semilogarithmic scale (see formula (61, for curve 5 , a  =1up to an a l t iNde  of 1500m. 
0 = 0.4 a t  altitudes from 1500 to 5000m; for curve 6 . 0  =0.6 up to  a n  altitude of 3000m). 

0.25 km-I. The e lec t r ic  field profiles considered in this work, belonging 
to  Group I, a l so  decrease  exponentially, but the exponent i s  1 km-I, and 
above 2 - 3  km approximately 0.4-0.5 km-', i .  e . ,  the r a t e  of the field 
decrease  with increasing altitude i s  considerably higher in this  case  than 
that given by Clark.  This  may be due to the fact that the conductivities 
a t  the surface over the continents a r e  lower and, consequently, the field 
intensity over the continents decreases  more  sharply with increasing 
altitude than over the oceans.  The difference in the exponents determines 
to  what extent the distributions of space charges  over land and over  the 
ocean differ. 

The variation of space charges with altitude H in the case  under con­
siderat ion is obviously s imi la r  to the variation of the field. It can be 
calculated by Poisson 's  formula.  Substituting equation ( 6 )  inequation( 4, 
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200C 

0.5 10 15 
E v l c m  

FIGURE 1Oc. Variation of the electric field E with altitude Hon  cleardays,  
for Tashkent. 

1-profile of Group I; 2-of Group 11; 3-of Group 111; 4-of Group IV; 
5 and 6-curves 1 and 2 plotted in a semilogarithmic scale (see formula ( 6 ) .  
f o r c u r v e 5 , n = l  up to an altitude of 1500m.  n =  0.5 for altitudes from 
1500 to 5000 m;  for curve 6. n = 0.6 up to an alt i tude of 3000 m). 

we obtain an equation for  the variation of p with altitude for profiles 
of Group I 

p=- aEoe -aH ( 7 )4rr 

The variation of the space charge density with altitude for the correspond­
ing electric-field prof i les  of Group I is given in Figure 11. This  variation 
was obtained by differentiating the experimental  curve E = f ( H )  (Appendices IV 
and V). 

G r o u p  11. In 50 cases  ( -12  YO), the e lec t r ic  field decreased with 
altitude according to  an exponential law up to altitudes of 2500-3000 m, 
above this becoming ei ther  z e r o  or negative. These  prof i les  belong to  
Group 11. 

The field variation in this group is descr ibed by the formulas: 
for  Leningrad 

E =E , e - H ,  
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for  Tashkent 

where H i s  expressed  in km. 
F igure  1 0  gives field prof i les  of Group 11, observed a t  all  the three  

sounding points. In the upper r ight  c o r n e r s  of each graph, the field var ia ­
tion with altitude is given in a semilogari thmic scale  (curve  b). 

Usually, the altitude of the curve break  is approximately 2.5-3 km. The 
table corresponding to the graph is gi-fen in the Appendices 1-111. The 
space charge density variation with altitude corresponding to the field 
prof i les  of Group I1 is shown in Figure 11. 

G r o u p  111. This  group of e lec t r ic  field prof i les  encountered in fa i r  
weather includes those prof i les  where the monotonous variation of the field 
intensity with altitude is upset. The prof i les  usually have a maximum at 
an altitude of 500-700m, and a t  an altitude of 3500-4000m the field often 
changes sign. 

Out of 425 profiles, 183(-43 '70)were of this type. 
It should be noted that a s imi la r  field variation is a l so  observed on 

cloudy days. On c lear  days, prof i les  of Group I11 are connected with the 
appearance of smoke and dust and with the presence of a tempera ture  
inversion, the inversiori boundary usually passing somewhat higher than 
the maximum field intensity. 

Figure 10  gives e lec t r ic  field prof i les  of Group I11 for  all th ree  points, 
and Figure 11 gives their  corresponding variation of the space charge 
density. The data corresponding to the graphs of Figure 1 0  a r e  given 
in Appendices 1-111, and the data corresponding to F igure  11, in Ap­
pendices IV-V. 

As can be seen f rom the graph, prof i les  of Group I11 a r e  the resu l t  of 
a separat ion of the positive and negative charges  in the atmosphere.  In 
c a s e s  where this separat ion did not lead to the appearance of an excess  
positive charge in the atmosphere,  the field of which would exceed the 
field intensity created by the negative charge of the ear th ,  the atmospheric  
field a t  no point changes sign. If the excess  positive charge of an atmos­
pheric  layer  f rom the surface to an altitude H i s  l a rge r  than the charge of 
the ear th ,  the field intensity a t  this altitude changes sign. 

G r o u p  IV. This  group includes prof i les  for  which the field va r i e s  
l i t t le with altitude (F igu re  1 0 ) .  The number of such profiles is relat ively 
small ,  41 out of 425 (-10 TO). Prof i les  of this group a r e  usually connected 
with comparatively low values of the e lec t r ic  field a t  ground level. These  
prof i les  correspond to the case  where the space charge of the atmosphere 
is small .  Prof i les  of this type a r e  apparently connected with a more  o r  
less constant conductivity variation with altitude. 

Thus, on c lear  days, w e  may expect to encounter profiles of Groups I 
and I11 m o r e  frequently; they are obviously the basic  types. Prof i les  of 
Groups I1 and IV w e r e  observed in only 22 % of the cases .  

Despite the fact  that the above classification of field profiles is to 
some extent a rb i t ra ry ,  i t  corresponds to  definite p rocesses  in the atmos­
sphere,  i. e . ,  to different charge distributions in the atmosphere.  

Prof i les  of Group I a r e  observed in cases  where, in the investigated 
region, the field intensity f rom the negative charge of the ear th  is only 
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part ia l ly  compensated up to the measurement  altitude by the field due 
to the atmospheric charge.  

If the field intensity due to the positive charge  of the atmosphere i s  
higher than that due to the negative charge of the earth,  then field profiles 
of Group I1 a r e  observed. 

Prof i les  of Group I11 a r e  connected with the separation of positive and 
negative charges  in the atmosphere.  In cases  where this separation didnot 
resu l t  in an excess  positive charge in the atmosphere,  the field of which 
exceeded that of the negative charge of the ear th ,  the atmospheric field 
a t  no point changed sign. Prof i les  of Group I1 obviously r ep resen t  t ransi­
tions f rom profiles of Group I to profiles of Group 111. For these profiles,  
the negative charge  of the ear th  is compensated by the atmospheric charge 
a t  some relatively low altitude, 2500-4000m. If the positive charge of an 
a i r  column with a unit c r o s s  section exceeds the negative charge of the 
e a r t h ' s  surface,  then above this level the field intensity changes sign. 
In the opposite case ,  i t  r ema ins  equal to zero.  

a6$15000
1L401) 
2000 

IO000 

A 


18 Ev/cm 

v/cm 

FIGURE 12. Electric-field variation with altitude in 
c lear  winter and summer days of 1958-1959. 

a-Leningrad; &Kiev; c- Tashkent; 1-summer, 
profiles of Group I; 2-winter. profiles of Group I: 
3--summer, profiles of Group 111; 4-winter. profiles 
of Group III. 

It is interest ing to follow the summer-to-winter variation in the electr ic-
field prof i les  for c lear  days. Figure 1 2  shows profiles of Groups I, 11, 
and 111 for  the summer  (May-September), and for the winter (November-
March).  It was found that prof i les  of Group I11 a r e  most  often character is t ic  
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of summer ;  in winter months they a r e  r a r e l y  observed, and mainly on 
days af ter  disappearance of cloudiness. A par t icular ly  l a rge  difference 
between winter and summer  prof i les  i s  observed in Tashkent. There ,  
prof i les  of both Groups  I and 11, and prof i les  of Group I11 show lower 
field intensi t ies  in winter than in summer .  The summer  maximum is 
higher than the winter maximum. The same  can be said of Group-111 
prof i les  for  Leningard, although there  is not such a sharp  difference 
between winter and summer  profiles. Fo r  I<iev, the converse was ob­
served,  and the difference between winter and summer  profiles is con­
siderable .  

The differences in the positions of the summer  and winter maxima a r e  
obviously due to differences in the turbulence r eg imes  of the atmosphere 
in the summer  and in the winter. Since the atmosphere i s  more  turbulent 
in summer  than in winter, the field maximum is situated higher in summer  
than in winter. The converse relationship between the summer  and winter 
maxima obtained for  Kiev i s  difficult to explain; i t  may be due to the smal l  
number of ascents  used for  the averaging. Fo r  the prof i les  of Groups I 
and 11, the e lec t r ic  field intensities a t  ground level  a r e  higher in  winter 
than in summer .  The center  of gravi ty  of the space charges l i e s  c lose r  
to the ea r th  in winter than it docs in summer .  

S 2 .  DIURNAL TRANSFORMATION OF TH15 E1,ECTRIC-
FIELD AND SPACE-CHARGE PROFILES 

It is interest ing to follow the diurnal variation in the electric-field 
profiles, f rom which i t  i s  a l so  possible to get an idea of the variation in 
the atmospheric  charge distribution. 

F igure  1 3  shows the diurnal var ia t ions of the prof i les  of Group I. The 
shaded a r e a s  indicate the var ia t ions in the space charge-density f rom the 
sur face  to lOOOm, from lOOOm to 2000m, from 2000m to 3000m, and 
higher up. 

F igure  1 3  gives the mean profiles of all Group-I prof i les  encountered 
a t  given hours  of the day. Thc number of cases  for  each observation 
per iod was small ,  and i t  is therefore  impossible to  eliminate the influence 
of individual fluctuations, although the s tandard deviations (given in Ap­
pendices VI-XI) for  these profiles a r e  small ,  which indicates a smal l  
difference between the field profiles taken for  the averaging. Local  t ime 
is given in all ca ses .  

It would seem that the field variation with altitude should be smoothest  
during daytime hours ,  i. e. ,  when the developing convective motions in the 
a tmosphere  spread  the atmospheric  charge over  l a rge  layers ;  the charge 
nea r  ground level  should then be sma l l e r  than in the calm night hours  and 
inc rease  with height. The measurement  data, however, showed a different 
picture .  At 14h r  local time, the maximum charge  is observed in the f i r s t  
thousand m e t e r s  f rom the surface,  decreasing toward morning and evening. 
It is obvious that the total charge of the atmosphere over the observation 
place v a r i e s  diurnally ( a s  can be seen  f rom the figure, the a r e a  of all the 
shaded squa res  va r i e s  diurnally), and the l a rges t  charge  of the whole 
atmospheric  column is observed a t  14-15 h r  local  time. :k Probably, a t  

It is impossible to determine the t ime  of Occurrence of the maximum or minimum accurately, since w e  
only have data for the actual  times of the soundings, and do  not know what takes place in between. 
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th i s  time, the amount of pollution in the atmosphere increases ,  and con­
sequently, the conductivity dec reases  and the e lec t r ic  field increases .  It 
is a l so  possible that aerosol  par t ic les  in the atmosphere may  be electr i f ied 
for  some reason,  e.  g . ,  by contact electrification or by electrification 
caused by separat ion of par t ic les  f rom the ear th .  

All the above refers to  the electric-field profiles observed in Leningrad. 
In Kiev and Tashkent, a s imi l a r  diurnal variation of the field prof i les  is 
observed, but the number of measurements  made a t  these points is smal le r .  
If the two measurements  made a t  1 2  h r  in Tashkent a r e  eliminated, then 
there  too, the maximum field intensities, and conssquently the maximum 
atmospheric  charge, occur  during afternoon hours .  

Hm 

4 

0 v/cm 

FIGURE 13e. Transformation of field profiles of Groups I(1) and III(2) and ofspace-charge 
profiles of Groups I (3 )  and I I I ( 4 )  from 3 hr to  15 hr, during 1958-1959. 

Kiev: 3 hr 

F igure  1 3  a lso  gives the mean e lec t r ic  field profiles of Group I11 for  
each flight period during 1958-1959.  Figure 14 gives the diurnal t rans­
formation ofprof i les  of Group I11 in June 1959 a t  Tashkent. It follows from this 
f igure that the negative charge near  the surface var ies  diurnally, the 
minimum negative charge occurr ing a t  18 h r  local time (Figure 15 ), which 
is obviously connected with a par t ia l  settling of the negative charge on the 
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ear th ,  a s  w e l l  a s  with i t s  t ransport  upward by convective cur ren ts .  Toward 
this time the total charge decreases .  One can c lear ly  see  f rom Figure 14 
the diurnal variation of the altitude a t  which the field of the atmospheric  
charge compensates the field of the ea r th  ( the altitude where the field 
profile pas ses  through zero) ,  and a l so  the diurnal variation of the altitude 
of the maximum electric-field intensity. In the region of the maximum 
electric-field intensity, separation of the negative (below the maximum) 
and positive (above the maximum) space charges takes  place. It follows 
f rom Figure 14 that the field intensity aloft may considerably exceed the 
field a t  ground level  even on c lear  days. 

f 

FIGURE 13f. Transformation of field profiles of Groups I ( 1 )  and III(2)  and of space charge 
profiles of Groups I (3 )  and I I I ( 4 )  from 3 hr to 15 hr during 1958-1959. 

Kiev: 15 hr. 

The same  can a l so  be said of Figure 13, where the t ransformation of 
the profiles of Group I11 for  all the cases  observed in  1958-1959 is given. 
There,  for both Leningrad and Tashkent, the maximum charge density is 
observed during daytime hours .  

The curves  for  Leningrad a r e  charac te r ized  by two maxima: a lower 
one a t  an altitude of 500-700 m, and an  upper  one a t  an altitude of 
2500-3000 m. 

F i rs t ly ,  i t  was assumed that the second maximum is due to space 
charges  left f rom dissipated clouds. Curves with two maxima were  ob­
served  in  15 out of 79 cases ,  when prof i les  of Group III were  observed. 
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Although al l  these profiles were observed on c lear  days, clouds were 
observed during the preceding flights. F o r  example: the flight on 24  November 
1959, a t  6 h r  - in the previous flight As were observed in a l aye r  f rom 
1800 to 5500 m; the flight on 26 November 1959, at  6 h r  - in the previous 
flight A s  were  observed f rom 1800 to 5500m; the flight on 4 December 
1959, a t  6 h r  - in  the previous flight St were observed from 900 to 1200m; 
the flight on 5 December 1959, at  3 h r  - in the previous flight Sc with 
light snow were  observed f rom 800 to 1000 m. 

FIGURE 14. Transformation of the field profiles of Group I V  during one day 
(24 hr) in June 1959. in Tashkent (GhlT). 

1-0 hr: 2-6 hr: 3-12 hr: 4-18 hr. 

The field rise at alt i tudes f rom 2000 to 3000m is ve ry  clear ly  outlined 
in these flights. But a t  the same  time, the relationship between the field 
peaks and the cloudiness preceding the flight s e e m s  insufficiently con­
clusive, since the form and altitude of the peaks a r e  very  stable, and ,do 
not coincide with the form and altitude of the field peaks corresponding to 
the clouds in the previous flights. 

-4.0 -2-0 0 20 -30 -100 2.0 0 20 

FIGURE 15. Transformation of the space charge profiles during one day (24 hr) 
in June 1958, in  Tashkent (GMT). 

1-0 hr: 2-6 hr: 3-12 hr; 4-18 hr. 
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FIGURE 11. Diurnal variation of the charge of an  air  column with a cross 
section of 1m2and height of 6000 m. 

a-Leningrad; +Kiev; c-Tashkent; 1-profile of Group I ;  2-profile of 
Group 11. 
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An analysis  of the bar ic  topography maps  showed that the formation of 
such field peaks in perfectly c l ea r  weather is due to northern winds, which 
a t  altitudes f rom 2000 to  3000m c a r r y  industr ia l  m i s t  and dust  f rom 
Leningrad ( the flight took place in southerly and southwesterly direct ions 
from Leningrad), In the case  of a wind change, the peak disappears .  
F o r  example, on 27 November 1959 a t  6 hr ,  with cloudiness O / O ,  the wind 
f rom ground level  to an altitude of approximately 1500 m was westerly, and 
a t  an altitude of 1500-2000m. i t s  direction changed to  northeasterly; f rom 
approximately 2000 to 3000 m the above-mentioned field peak was observed. 
On 27 November 1959 at 18 h r ,  with cloudiness 6/6Sc, the altitude of i t s  
lower l imi t  varying from 600 to 700 ,  the wind was westerly, and a t  an  altitudc 
of 5000m i t  turned to the north, becoming northwesterly; a smal l  field 
peak connected with the cloud was observed, but the peak a t  2000-3000m 
w a s  not. The next flight took place on 28 November 1959 a t  6 hr ,  with 
cloudiness 10/10 Sc, the altitudes of the lower and upper boundaries being 
300 and 1000 m respectively; f rom groundlevel  to an altitude of 1800 m the 
wind was westerly, and only apeak  connected with the passage of the a i r c ra f t  
through the cloud was observed in the field profile. 

Thus, during norther ly  and nor theas te r ly  winds a peak is observed, and 
with a change in the wind direction i t  d isappears .  

Prof i les  of Group 111, with the exception of 15 cases  connected with the 
influence of the town, a r e  given in Figure 16.  Only a single sur face  
maximum, connected with surface mist ,  dust and surface inversions, is 
observed in this case  (Appendix XI).  

Using formula ( 5 ) ,  i t  i s  possible, on the bas i s  of data on the variation 
of the field with altitude, to calculate the charge of a ver t ical  column with 
a base of 1 m2 in the layer  0- G O O 0  m. Figure 17  gives  the diurnal variation 
of the charge of an a i r  column of unit c r o s s  section. As  might be expected, 
the maximum charge is observed during afternoon hours, which makes  i t  
possible to re la te  the appearance of the maximum to the development of 
convection. An exception a r e  the diurnal var ia t ions in the charge of a 
unit column in Leningrad and Tashkent, which were observed on days with 
prof i les  of Group 111. A maximum during morning hours  ( 6  hr ) ,  and a 
minimum during afternoon hours  a r e  c lear ly  seen  on the graph. The 
diurnal variation of the charge in these c a s e s  is strongly affected by the 
appearance a t  the surface of a negative charge, which has  a considerable 
diurn a1 variation. 

If advection is neglected, i t  is possible to calculate f rom the variation 
of the charge Q of the column in the time I ,  the cur ren t  density produced 
by the variation of this charge 

where QI and Q2 a r e  the charges  of the a i r  column a t  the t imes  f l  and t 2 .  

The cu r ren t  magnitude i is of the o rde r  of t o  amp/m2,  i.e., 
+-1-10 % of the conduction current .  
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$ 3 .  DIURNAL VARIATION OF THE ELECTRIC FIELD 
AT VARIOUS ALTITUDES 

By comparing the data of soundings ca r r i ed  out a t  different t imes in 
the course of the day, i t  is possible to find out the diurnal variations of the 
field intensity at  various altitudes. 

The graphs  of Figure 18 give the diurnal variation of the electr ic  field 
with r e spec t  to Greenwich Mean Time a t  altitudes ranging f rom ground 
level up to 5000m, the potential a t  an altitude of 6000m, and the charge  
of an air column between 0 and 6000m for Leningrad, Kiev, and Tashkent 
(Appendices XII-XIV). 

The field variation a t  ground level (F igu re  18a) is based on the r e s u l t s  
of observations in Voeikovo, and has  two principal maxima: one sharply 
pronounced, i s  observed a t  5 h r  GMT ( 7  h r  t rue so la r  t ime),  the second, 
l e s s  stronglypronounced, is observed at  13-17 hr GMT. During ascent, 
the f i r s t  maximum disappears  a t  100 m, while the second is maintained, 
becoming sha rpe r  and somewhat shifted, now occurring a t  18 h r  GMT. 
The transformation of the curve of the diurnal e lectr ic  field variation a t  
var ious altitudes can be seen from the figure. 

A s  can be seen, at  altitudes f rom 100 to 500m, the curves  obtained 
ve ry  much r e semble  the diurnal unitary variation of the field intensity 
common to the whole globe, particularly marked over oceans ( the ob­
servat ions of Mauchly / 95 /, Sverdrup / 108 /, Lobodin 131/). 

The diurnal variation curves a r e  s imi l a r  to the unitary variation 
f rom 100 to 700m (F igure  18);  higher up, they begin to t ransform,  and 
a t  an altitude of 3000m, they a r e  a l ready totally different from the unitary 
variation curve.  The correlation coefficient between the respective diurnal 
variation and the unitary variation is given to the right of the curves.  A s  
can be seen, this coefficient is fair ly  high, approximately 80-84 % up to an 
altitude of 2000m, above which, i t  decreases ,  being only 1 2  % a t  an altitude 
of 3000 m (Appendix XV) . 

The diurnal variation of the charge of an a i r  column has a minimum a t  
2-5  h r  and a maximum a t  14-20 h r  t rue so la r  time. This variation m a y  be 
considered not to be connected with the influence of surface space charges.  
Surface space charges give a double diurnal wave; the variation of the 
charge  of a six-kilometer column has,  however, only one maximum, i t s  
peak occurring a t  20  h r  t rue solar  t ime, when convection dec reases ,  The 
position of this maximum is determined by local time. 

It follows f rom Figure 18b, that among the diurnal variation curves of 
the e lec t r ic  field at  various altitudes, a s  observed in Kiev, there  a r e  a lso 
those which a r e  s imi l a r  to the unitary field variation, but here,  the altitude 
interval  of their  manifestation considerably closes,  and the altitude of their  
manifestation is higher. At altitudes of 600 and 800m, the curves  a r e  
s imi l a r  to the unitary variation curve, and the correlation coefficients 
between the diurnal variation a t  the corresponding altitude and the unitary 
variation a r e  71 and 68 %, respectively.  Higher, the curves  obey laws 
different f rom those of the unitary variation. 

The diurnal variation of the charge of the a i r  column for  Kiev is s imi l a r  
to that obtained in Leningrad, i. e . ,  the minimum occurs  a t  5-9 hr ,  and 
the maximum at 21  h r  t rue solar  t ime. 

Over Tashkent (F igu re  18c), there  is also a layer  where the unitary 
variation appears,  but i t  l i e s  considerably higher than over Leningrad 
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FIGURE 18. Diurnal variation of the electr ic  field E (with respect t o  GMT) at various altitudes, the potential V 
a t  an  altitude of 6000 m,  and the  charge Q of an  air column of unit cross section and a height of 6000 m in Lenin­
grad (a) ,  Kiev (b) and Tashkent (c) .  

The  figures near t he  dots designate the  number of soundings: k designates the coefficient of correlation between 
the respective curve and the unitary variation curve. The altitude a t  which the measurement was made is indi­
cated in each curve. 
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and Kiev. Only a t  altitudes of 2000-3000m are the curves  s imi la r  t o  the 
unitary wave; the correlat ion coefficients between the diurnal field 
var ia t ions and the uni tary var ia t ion are 70 and 86 70. Above and below 
these altitudes, the correlat ion coefficients decrease .  F o r  Tashkent, the 
diurnal variation of the charge of an a i r  column from 0 to 6000m in clear 
days has  a maximum a t  17 h r  and a minimum a t  6 h r  t rue  so la r  t ime.  

The variation of the charge of an air column f rom 0 t o  6000m obviously 
detcrmines the variation of the e lec t r ic  field in  the lower a i r  l ayer  up to 
an altitude of approximately 1000m; a s  can be seen  f rom Figure  18, these 
curves  are very  s imi l a r .  

The mean charge of an a i r  column from 0 to  6000 with a c r o s s  sect ion 
of 1 m2, is sma l l e r  for Tashkent than for  Kiev and Leningrad; for  Leningrad 
i t  is approximately equal to 3 e.s.u. /m2, for  Kiev about 5 e.s.u./m2, and 
for  Tashkent about 2 e.s.u./mz. This  is obviously due to the fact  that a 
negative charge, reducing the total charge of the atmosphere,  often appears  
in  the lower atmospheric  l aye r s  a t  Tashkent. Highly charac te r i s t ic  of 
Tashkent a r e  prof i les  of Group 111, which appear  in the case  of charge 
separat ion in the atmosphere.  Owing to the presence  of a lower negative 
charge, the total charge of the column decreases .  The diurnal var ia t ions 
of this lower charge obviously determine, in the f i r s t  place, the diurnal 
var ia t ions of the field a t  Leningrad, as well as a t  Kiev and Tashkent. 

If we assume that the uni tary variation is due to  var ia t ions in the e a r t h ' s  
charge, i t  obviously appears  only in the layer  coinciding approximately 
with the "center of gravity" of the volume charge, i.  e . ,  i f  the measure­
ments  a r e  made a t  a level  where the charge of the a i r  column is approxi­
mately equal above and below the flight level, then the fields of these 
charges  compensate each other, and the field of the proper  charge of the 
ear th  can be measured.  This  is par t icular ly  c lear ly  seen for  Tashkent, 
where the phase of the var ia t ion of the charge of a unit a i r  column differs  
f rom that of the uni tary variation, and the la t te r  appears  in a fa i r ly  
narrow layer .  

As one moves southward, the space charges  spread  over a thicker 
layer  of the atmosphere,  and their  so-called center  of gravi ty  r i s e s  
higher and higher. 

It is important  to  note that the uni tary variation a t  cer ta in  altitudes is 
not only ref lected in the mean picture  of the diurnal variation of the e lec t r ic  
field a t  var ious altitudes plotted from a l a rge  number of cases ,  but often 
in individual days a s  w e l l .  Examining the t ransformation of the diurnal 
variation of the e lec t r ic  field with altitude, we notice that a t  definite 
altitudes, the diurnal variation of the e lec t r ic  field ag rees  in phase with 
the uni tary variation ( f rom data of measurements  during 24  hours) .  

5 4 .  THE POTENTIAL O F  THE ELECTRIC FIELD 
O F  THE ATMOSPHERE AT AN ALTITUDE O F  
6000m AND ITS TIME VARIATION 

Measurements  of the potential of the high l aye r s  of the atinosphere 
should help in  determining the cor rec tness  of the hypothesis which l ikens 
these l aye r s  and the ear th  to the plates  of a gigantic spherical  condenser 
with charges  of opposite s igns.  
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By integrating the curve E = f ( H )  is i t  possible to calculate the potential 
V of the atmosphere a t  an altitude H .  F r o m  the data  of this work, the 
potential a t  an altitude of 6000m on days with prof i les  of Group I should 
be equal to  approximately 90 70of the potential of the ionosphere; there­
fore, the potential of the ionosphere on these days excceds the potential 
measured  a t  6000m by approximately 10 %. According to Clark 1741, 
the  potential of the ionosphere is approximately 20 YO higher than the 
potential a t  6000m. Gish / G O /  es t imates  the potential a t  an altitude of 
6000 m to be about 70 70of the potential of the ionosphere, assumed by him 
equal to 400 kv; consequently, the potential a t  an altitude of 6000 m should 
be approximately 280 kv. 

The  potential var ia t ions a t  an altitude of 6000 m should thus be la rge ly  
s imi la r  to the potential var ia t ions of the ionosphere. Deviations f rom this 
s imi la r i ty  may r e su l t  mainly from deviations of the atmospheric  conductivity 
f rom the "normal" values. Since these var ia t ions occur  mainly in the layer  
between 0 and 3-4 km, and usually lead to  a decrease  in thc conductivity, 
the calculated values of the ionospheric potential may turn out to  be some­
what overest imated.  

The spherical  condenser theory a s sumes  that: 1) the potential should 
r i s e  with altitude; 2) the diurnal var ia t ions of the potential a t  an altitude 
of 6000 m should agree  in phase and amplitude with the uni tary variation; 
3) these var ia t ions and the potential values a t  the same  level  should be 
the same  a t  all observation points if local  effects (clouds, high-spreading 
dust, and others)  a r e  eliminated. 

Figure 19 gives the var ia t ions of the e lec t r ic  potential with altitude, 
observed in 1958 at Leningrad, Kiev, and Tashkent. 

Curve 1, based on Gish ' s  formula / G O / ,  r ep resen t s  the theoretically 
calculated potential variation with altitude; the points give the measured  
values of the potential, and the c i r c l e s  give the potential values at altitudes 
where the curve has  a maximum, so  that higher up, the potential de­
c reases .  It follows from the behavior of the curves  that the monotonous 
r i s e  of the potential with altitude is often upset, even onc lea r  days. 

Appendix XVI gives tables  of the potential distribution a t  an altitude of 
6000 m.  The most  probable potential value, on a l l  days (both c l ea r  and 
cloudy), l i e s  between 80 and 300 kv with a maximum of about 200-240 kv. 
In this case,  the most  probable value of the ionospheric potential is 
220-260 kv. The histogram of the atmospheric  potential, r e f e r r ed  to  all 
the days, is highly elongated, i .  e . ,  many very  high potential values a r e  
observed. On individual fa i r -weather  days, the potential over  the ob­
servat ion place may reach  500 kv, and on cloudy days, potentials of + 3 0 1 0 ~  
and 3.106v a r e  observed. 

The diurnal potential var ia t ions a t  6000 m are most ly  d iss imi la r  to the 
uni tary variation and differ for  all three  observation points a t  the s a m e  
t ime.  Figure 20 gives the mean diurnal potential var ia t ions of the 
atmosphere over Leningrad, Kiev, and Tashkent during June, September, 
and December 1958. We s e e  that they a l l  differ by phase and are diss imi la r  
to the uni tary variation. Figure 21 gives the r e su l t s  of simultaneous 
potential measurements  a t  the three  points. The days of the month on 
which soundings were  made a r e  plotted along the absc issa ,  and the 
potential values, along the ordinate. 
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FIGURE 20. Diurnal variation of the atmospheric potential V a t  an altitude of G U U O m .  

a- June 1958; b- September 1958; c- December 1958 (hours, GAIT). I- Leningrad; 11- Kiev; 
111- Tashkent. The  figures a t  the plotted points give the number of soundings. 

$ 5 .  ANNUAL VARIATION OF THE ELECTRIC 
POTENTIAL OF THE ATMOSPHERE AT AN 
ALTITUDE OF 6000m, AND OF THE CHARGE 
OF AN AIR COLUMN IN THE 0-6000m LAYER 

Long-period variations in the electr ic  potential and charge of the 
atmosphere (annual variations in par t icular)  should be the most  stable 
charac te r i s t ics  of the electr ic  s ta te  of the atmosphere, since they a r e  
less affected by i r r egu la r  p rocesses  than short-period variations.  

As  was mentioned above, the annual variation of the charac te r i s t ics  
of the atmospheric e lectr ic i ty  has a global cha rac t e r ,  i. e., it  is 
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identical for the northern and southern hemispheres owing to the general  
variation of the ear th ' s  charge. 

Thus, the annual variation of the atmospheric e lectr ic  field nea r  the 
ear th ,  with minimum and maximum monthly-mean values occurring- in the 

1.
L 

a 

b 

FIGURE 21. Time variation of the atmospheric 
potential V a t  an altitude of 6000 m. 

a- Leningrad; b- Kiev; c - Tashkent. 

summer  and winter months in 
the northern hemisphere (i.e., 
respectively,  the winter and summer  
months in the southern hemisphere),  
is given in 1451.  

The annual variations of the space 
charge density a t  ground level, 
obtainedfor different points of the globe, 
a r e  given in 1411. It is pointed out 
that the annual variations of p in 
different places,  in different years ,  
and obtained using different instruments,  
a r e  always character ized by reduced 
values for the summer  months 
(May-October) and increased values 
for winter months (November- April) .  

The a i r  conductivity h a t  ground 
level a lso has an annual variation 
which i s  the inverse of the space 
charge variation 1431. 

The idea that annual variation 
effects appear only in the surface 
layer ,  and a simple explanation of 
this variation by increased and reduced 
r e l ease  of radioactive emanations 
from the soil  a s  dependent on the 
degree of i t s  coverage by snow (or 
ice) ,  does not explain the existence 
of the same variation in equatorial  
regions and, a s  will be shown further,  
the fact that the annual variation of 
the field and space charge extends to 
considerable altitudes. 

The large difference in the ampli­
tudes of the annual variation of the 
field in the northern and southern 
hemispheres 1451 suggests that the 
general  annual variation for the whole 
globe i s  determined by the seasonal 
variation in the northern hemisphere.  

The seasonal variation is more  clear ly  manifested over continents, and the 
land a r e a  in the northern hemisphere is slightly m o r e  than five t imes that 
in the southern hemisphere.  

It is therefore possible that the seasonal variations in the northern 
hemisphere prevail  over the seasonal variations in the southern hemisphere,  
producing common variations for the ent i re  globe. 

According to Wilson's theory, it i s  natural  to assume that the annual 
variation of the electr ic  field ( the annual unitary variation) is due to the 
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annual variation of the thunderstorm activity over  the whole globe, if  w e  
assume that recharging of the ea r th  takes place mainly in thunderstorm 
regions. Krumm 1891 computed the annual variation of the total number  
of thunderstorms (see Figure 4) over the whole globe. It was found that 
the annual var ia t ions of the field intensity and mean number of thunders torms  
a r e  not s imi la r ,  but even opposite in phase, i. e., maximum thunderstorm 
activity occurs  in  the nor thern  summer ,  when the minimum field s t rength 
is observed. 

Gerasimenko /7/found that the diurnal uni tary variation of the e lec t r ic  
field ag rees  in phase and amplitude with the diurnal variation of the 
illuminated a r e a  of the ocean, and attempted on this bas i s  to conjecture 
the r easons  for  the variation of the ea r th ' s  charge, which causes  the 
uni tary variation. 

Calculations of the annual variation of the illuminated ocean surface,  
made by Saluvere 1 5 3 1 ,  showed that i t  is not s imi l a r  to  the annual uni tary 
variation of the potential gradient, but has  two maxima (in March and 
September), and two minima (in summer  and winter). 

Consequently, the annual variation of the potential gradient is not 
correlated with the variation of the illuminated ocean sur face ,  and none 
of the related charging mechanisms explain the annual var ia t ions of 
a tmospheric-electr ic  quantities. 

Thus, i t  can be considered established a t  p resent  that such atmospheric-
e lec t r ic  charac te r i s t ics  as the field, space charge, and conductivity nea r  
ground level  have an annual variation which is common for  the whole ear th .  
However, there  is no sat isfactory explanation of these variations. It is 
impossible to find out to what extent the indicated var ia t ions are localized 
in  the surface layer  of the atmosphere,  and in what way the charge 
exchange between the ea r th  and the atmosphere affects  them. 

The data obtained from a i r c ra f t  sounding made i t  possible to determine 
the annual var ia t ions of such e lec t r ic  charac te r i s t ics  of the atmosphere 
a s  space charge,  potential a t  definite altitudes, e lec t r ic  field a.t definite 
level, etc. 

The r e su l t s  of soundings during four yea r s  (1958-1961) are considered 
in the present  section. Sufficient ascents  took place every  month to enable 
determination of the monthly-mean values of the measured  quantities. 
The r e su l t s  obtained were used to plot graphs of the annual variation of 
the space charge of a unit a i r  column with a base of 1 m 2  in the layer  
0-6000m. The annual variation of the e lec t r ic  potential at an altitude of 
6000m and of the space charge i s  shown in Figure 22. The mean smoothed 
curves  a r e  given in the graphs.  The smoothing was effected using the 
formu1a 

where a, b,  c a r e  the monthly-mean values of the charge or potential, and 
n,,n2, and n3 are the corresponding number of cases  f rom which these 
means  were  obtained (Appendix XVII). 

In Leningrad, the annual variation of the a tmosphere ' s  charge, 
calculated only for  c lear  days, shows a maximum in February-Apri l  and 
a minimum in June-December. In Kiev and Tashkent, the maximum 
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charge is observed in winter months, and the minimum charge in 
summer  and autumn months. 

V. kv 0. e.s.u./m2 
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FIGURE 22. Annual variation of the potential V of the atmosphere a t  an alt i tude of 6000m and 
of the charge Q of a unit air column 6000m high on days wlth any weather (1 and 2) and on 
clear days ( 3  and 4), from data of measurements made during 1958-1961. 

a- Leningrad; b- Kiev; c - Tashkent 

The picture  f rom the annual variation plotted from a l l  the days is l e s s  
c lear .  In Leningrad, the annual variation of the a tmosphere ' s  charge on 
a l l  days is ve ry  s imi la r  to the charge variation only on c lear  days, the 
two var ia t ions agreeing in phase, but differing somewhat in amplitude. 
In Kiev and par t icular ly  in Tashkent, the differences a r e  l a rge r .  In Kiev, 
on all  days, the minimum charge is observed in winter-spr ing months, 
and the maximum charge in autumn months. In Tashkent two minima 
(March  and November) and two maxima ( summer  and winter) a r e  observed. 

Thus, on c l ea r  days, the annual charge variation in the 0- 6000 m 
atmospheric  layer  r e sembles  in general  l ines  the annual uni tary variation 
of the field. In Tashkent only i s  the relat ive amplitude considerably 
sma l l e r  than in Kiev and Leningrad, and sma l l e r  than the relat ive amplitude 
of the mean uni tary variation of the potential gradient. The annual var ia t ions 
of the charge of an atmospheric  column in Kiev and Tashkent considerably 
differed from one another in all  the days, both by the positions of the 
ex t rema,  and by the magnitudes. It should be borne in mind that only the 
excess  charge of an atmospheric  column is given, i. e., the var ia t ions 
given in the figures are not of the whole atmospheric  charge, but only of 
the uncompensated charge.  The charge equal to i t  in magnitude and 
opposite in sign obviously ei ther  settled on the ear th ,  or spread  upward, 
or was ca r r i ed  to neighboring regions by advective cur ren ts .  If we assume 
that mos t  of these charges  settled on the ear th ,  then in order  to explain 
the reasons  for  the annual uni tary variation, the annual charge variation 
during all  days should be considered, although i t  is considerably l e s s  
s imi la r  to the annual var ia t ions of the e lec t r ic  charac te r i s t ics  of the 
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atmosphere (given in the l i t c r a tu re  141, 451) than to the annual variation 
of the charge  of an  atmospheric  column on c l ea r  days only. 

The annual charge var ia t ion on c lear  days is s imi l a r  in general  l ines  to 
the annual uni tary var ia t ion of the potential gradient given by N. A. 
Paramonov 1451,  and i t  might be thought that the charge of opposite sign, 
which se t t les  on the ear th  mainly caused this variation, if  these var ia t ions 
were  quantitatively equal. According to Paramonov' s calculations, the 
maximum amplitude of the annual variation of the potential gradient  
amounts to - 40 % of the mean, and the l a rges t  deviation from the mean 
in the annual variation of the space charge of an atmospheric  column 
amounts to -80-90 %. The mean charge of an atmospheric  column on c l ea r  
days f rom the three observation points is :3e.s .u . /m2;  i t  can  c rea t e  an 
e lec t r ic  field a t  ground level  of - l l O v / m .  The mean deviation of the 
charge of an a i r  column for  all  the observation points is -2 e .s .u .  /m2  and i t  can 
c rea te  avar ia t ion  of the e lec t r ic  field of -60-75 v/m. If we extrapolate  these 
data on the atmospheric  charge  to the whole globe, i.e., assume that the mean 
variation of the e a r t h ' s  charge is - 2 e.s .u .  /m2,  then the mean annual charge 
variation over  the whole ea r th  w i l l  be A Q = 2  e.s .u . /m2X5 X 1 014 m2 = 1 OX 
X1014e.s.u. = 3X3X105coulombs ( the a r e a  of the ear th  is 5X101*m2). 

If we assume that the charge under  consideration i s  c rea ted  only over  
land and the land a r e a  amounts to approximately 113 of the total sur face  
of the ear th ,  then the value obtained for the variation of the ea r th ' s  charge 
owing to settling of a tmospheric  space charg: on the ear th  should be 
divided by 3, 

AQmI . 106 coulombs. 

As is known ( see ,  for  example /34 / ) ,  50 7n  of the whole sur face  of the 
ear th  is covered with clouds, and therefore  50 7n a r e  found in clear-weather 
regions.  This  means,  that the total variation of the ea r th ' s  charge due to  
charge  settling f rom the atmosphere in fa i r  weather regions will bc 

A Q  0.5 . 105 coulombs. 

Variation of the charge only on c lear  days takes  place because i t  is 
prec ise ly  on these days that the annual variation of the a tmospheric  charge  
ag rees  in phase with the annual uni tary variation of the potential gradient. 
If the mean charge of the ear th  is approximately -3X 1 O5 coulombs, then 
the calculated var ia t ions of the ea r th ' s  chargc amount to about 15  TI of the 
whole charge of the ea i th .  According to data of 1451, the amplitudc of the 
annuaI uni tary var ia t ion for  the whole ear th  is - 1 6  %. If the considered 
process  of charge exchange between the atmospher? and the ea r th  is a 
measu re  of the variation of the ea r th ' s  charge, then the settling of charges  
f rom the atmosphere on c lear  days can roughly explain the observed 
var ia t ions.  

The annual variation of the charge  of an atmospheric  column on all 
days, i. e., including cloudy days, does not agree inphase  with the annual 
unitary variation of the potential gradient. The contribution of the charge 
a r r iv ing  on the ea r th  on these days should b-. l a rg3r  than on c l ea r  days. 

The annual variation of the charge of a unit a i r  column, charac te r iz ing  
the charge exchange bstween th? ear th  and the atmospher? a s  a whole, 



shows that this exchange is very  intensive, and that the magnitude of the 
variation of this charge is sufficient to explain the observed annual var ia t ions 
of the potential gradient. However, owing to the absence of s imi la r  data 
for  the whole ear th ,  it is impossible to c a r r y  out the necessa ry  averaging 
over  the surface of the globe, and i t  is therefore  impossible to find phase 
relationships which would make it possible to determine the source  of 
the annual field variations. 

The annual variation of the e lec t r ic  charge of an a i r  column while 
ref lect ing the general  conditions of charge exchange between the ear th  
and the atmosphere, does not show how the atmospheric  charge is s t ra t i f ied,  
o r  to what extent the variation of the e lec t r ic  field a t  ground level  i s  
connected with space charges in the surface layer .  

It was therefore  desirable  to examine the annual variation of space 
Since the separat ion level  of space charges  ofcharges  a t  var ious levels .  

different signs in the atmosphere is usually a t  an altitude of 300-700m, 
and the field intensity changes sign a t  an altitude of 3500-4000 m,  the 
annual charge variations in the l aye r s  0-500, 500-3500, and 3500-6000m 
were investigated (Appendix XVIII), 

4,e.s.u./m2 
0,e.s.u./m23t 

- 1  ---a2 o.....a3 

FIGURE 23. Annual charge variation of an air column in the layer 0-500m ( l) ,  in 
the layer 500-3500m (2) ,  and in the layer 3500-6000m (3) .  

In "fair" weather days: a - Leningrad: b- Kiev: c - Tashkent; in all the days: 
d- Leningrad; e- Kiev; f - Tashkent. 



Figure 2 3  gives  the annual var ia t ions of the atmospheric  charge in the 
indicated altitude intervals .  It is interest ing that the charge var ia t ions in  
the lower 500-m layer  in Leningrad and Kiev are v e r y  s imi l a r  and have 
the s a m e  phase as the annual space charge var ia t ions measured  a t  ground 
level  1411. In Tashkent, the annual variation of the atmospheric  charge 
in the lower 500-m layer  ag rees  in phase with the annual uni tary var ia t ion 
of the potential gradient  1451, exceeding i t  in amplitude. The mean 
amplitude of the given variation for  all the towns is approximately 
2 e.s.u. /m2, so  that the above-mentioned considerations apply in this case.  

Considering the annual charge variation in the next 500- 3500 m layer ,  
and comparing i t  with the total chdrge variation in the 0-6000m layer ,  we 
can see  that, of all the three curves  which give the space charge  var ia t ion 
in different layers ,  this curve  most  resembles ,  par t icular ly  for  all days, 
the variation of the charge of the en t i re  6000m a i r  column. The magnitude 
of the charge in this layer  i s  largest ,  so that in some cases  i t  may exceed 
the total charge of the atmosphere.  It may therefore  be concluded that the 
main charge of the atmosphere lies in the 500-3500m layer .  

The layer  of this maximum charge is that where low- and medium-
level  clouds form and disintegrate, and therefore  it is not surpr i s ing  that 
i t  is prec ise ly  in this layer  that the maximum space charge of the 
atmosphere i s  observed. More surpr i s ing  i s  the fact that this i s  the 
maximum charge layer  on c l ea r  days also.  From e lementary  concepts 
a different r e su l t  might have been expected, i. e . ,  a t  l ea s t  on c lear  days 
the main charge is situated in the lowest l aye r s  of the atmosphere and that 
i t  has  a decisive ro le  in the magnitude and variation of the charge of the 
en t i re  6000 rr. atmospheric  column. 

The high values  of charges  in the 500-3500m layer  a r e  due a l so  to the 
fact  that this i s  the thickest l ayer .  But, on the other hand, had the e lec t r ic  
field always decreased  according to an exponential law with a power close 
to 1, then charges  l a rge r  than those in the lower atmospheric  layer  should 
not have a r i s en  in this case,  and the variation of the charge of the en t i re  
column would always be determined by the charge variation in the lower 
atmospheric  layer .  Days with prof i les  of Group I11 obviouslyplayed a 
l a rge  pa r t  in the formation of the opposite distribution. In addition, 
charges  f rom disintegrated clouds remaining in the atmosphere could a l so  
c rea t e  some charge accumulation in the 500-3500 m layer .  

The  fact  that even on c lear  days the charges  in the upper 3500-6000m 
layer  w e r e  l a r g e r  than assumed was unexpected. They a r e  comparable 
in magnitude with the surface charges  in the lower 500m layer .  On cloudy 
days, the charge in this high layer  sometimes even exceeds that in the 
lower layer .  I ts  variation is very often s imi la r  to that of the charge in the 
500- 3500 m layer .  

Thus, on c l ea r  days, the mean charge Q in the 0-500m layer  is 
-0.7 e .s .u . /mr;  in the next 500-3500m layer ,  - 2 . 0  e.s.u./mZ; and in the 
upper 3500-6000 m layer ,  -0.5 e . s .u . /m 2 .  

On all  the days, Q0-500=0.5e.s.u./ml, Q 5 w 3 ~ o o ~ 2 . 0e.s.u./m2, and 
~ ~ ~ ~ ~ - ~ W 0 = 0 . 5e.s.u./m2. 

Thus, the main pa r t  of the e lec t r ic  charge of the atmosphere is concen­
trated in the 500-3500 m layer ,  the la rges t  annual charge var ia t ions being 
connected with this layer .  The annual variation of the space charge in the 
0-500m layer  may even be the opposite of that in higher l aye r s .  This  
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obviously explains the lack of s imi la r i ty  between the annual variation of 
the field and of the space charge near  the ea r th ' s  surface.  

The annual potential variation differs  f rom the annual variation of the 
charge  of a unit column even on c l ea r  days ( s e e  Figure 22) .  

On clear days with a monotonous decrease  in thc e lec t r ic  field with 
increas ing  altitude, the var ia t ions of the potential and of the space charge 
of the atmosphere should be s imi l a r  in the case  of field profiles of GroupI. 
In fact, i f  the e lec t r ic  field dec reases  by an exponential law 

E =&,e-'*, 

the potential at an altitude H w i l l  be 

The  charge of an a i r  column with an altitude H and base  of 1m2 wi l l  be 

QH - 4 x  '0 (1 -e-"").-

The r a t io  *=",
V, 4n 

i .e. ,  constant for  the given s ta te  of the atmosphere, 

and therefore  the variation of the potential should be s imi la r  to the variation 
of the charge of a unit a i r  column. The nonparallclism observed in the 
given graphs  should obviously bc attributed to days with a nonmonotonous 
variation of the e lec t r ic  field with altitude in c l ea r  weather and to the 
variation of a .  

The annual variation of the atmospheric  potential on c lea r  days a t  
Leningrad and Kiev has  a minimum in May-June and a maximum in autumn 
and winter months. In Leningrad, a secondary minimum is observed in 
November-December, but these two points a r e  based on a sma l l e r  number 
of cases  than the r e s t .  

Thus, the phase of the annual potential variation on c l ea r  days a t  Kiev 
and Leningrad ag rees  with thet of the annual uni tary variation. In turn, 
the variation a t  Tashkent has  a r eve r se  course  - a maximum i s  observed 
in summer  months, obviously due to the fact that, because of the r i s e  in 
the content of dust and other impuri t ies  in the atmosphere there  during the 
summer  months, the e lec t r ic  field in the lower l aye r s  of the atmosphere 
and the e lec t r ic  potential of the atmosphere increase .  The annual potential 
variation, based on the data  of all  days for Tashkent, c losely resembles  
the annual uni tary variation of the potential gradient and, in addition, a 
secondary weak maximum in summer  months is observed against  the 
background of a fair ly  deep minimum. The annual potential variation a t  
Leningrad and Kiev, based on the data of all days, has  a minimum in 
Apri l  and a maximum in August (Leningrad) and in June (Kiev); during 
the remaining months a t  Kiev, the variation is weakly pronounced. 
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!4 6 .  RELATIOIJSHIP BETWEEN THE ELECTRIC 
FIELD O F  THE ATMOSPHERE AND 
CONDENSATION NUCLEI‘:’ / 6 4 /  

The influence of a i r  pollution on the electr ic  cha rac t e r i s t i c s  of the 
atmosphere has  been apparent for  many yea r s .  A variation in the content 
of ae roso l s  ( in  par t icular ,  of condensation nuclei) br ings about, in the f i r s t  
place, a variation in the a i r  conductivity h,  which i s  re la ted to the 
concentration n of light ions by 

A =ekn, ( 1 1  1 
where e i s  the elementary charge (4.3X10-’0 e.s.u.), and k is the mean 
mobility of light ions (1  cm2v-1gec-1). 

Recombination of light ions can usually be neglected in the lower l a y e r s  
of the atmosphere,  and then 

iswhere, on the average, the ra te  of ion production is q e 1 0 ;  D z ~ X ~ O - ~  
the diffusion coefficient; r‘ and z a r e  respectively the mean effective 
radius  and concentration of all nuclei; r and N a r e  the mean radius  and 
concentration of drops.  

In the absence of clouds, N = 0, and then 

where the coefficient p=4lcDr, according to data of special  measurements  
ca r r i ed  out from time to  time a t  a small  number of points, is of the o r d e r  
of 4x10-6 .  

It is known that the vertical  conduction cu r ren t  i=Eh in undisturbed 
conditions usually differs little from the average value, taken equal to 

e.s.u. cm-’sec-l. A variation of the conductivity hunder  a constant 
value of i should cause a variation of the electr ic  field E ,  which depends 
in this case (according to (11)  and ( 1 3 ) )  on the nuclei concentration d: 

For the above-indicated mean values of the individual pa rame te r s ,  the 
coefficient A which re la tes  E to z i s  calculated by the formula 

A=(&)ek  q 

and i s  approximately equal to 3 X 1 0 - 6 .  Independently of this  es t imate ,  the 
value of d c a n  be calculated f rom data of simultaneous measu remen t s  of 
E and z .  

In a i rc raf t  soundings of the atmosphere,  the concentration z’ of con­
densation nuclei was measured  simultaneously with the record ing  of the 
field intensity. Results of observations of condensation nuclei by means  

The results of observation of condensation nuclei a r e  kindly submitted by E. S. Selezneva. 
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of a Scholz counter 111, ca r r i ed  out under the direction of A. L. Dergach 
and E. S. Selezneva, a r e  published in 19, 54, 5 6 1 .  

The observation and data processing techniques differed in cer ta in  
respec ts :  the mean field intensity was determined for  each 100 m layer ,  
whereas  condensation nuclei a t  altitudes up to 1km w e r e  measured  a t  
250m intervals ,  and above 1 km, a t  500m intervals .  These  differences 
should mainly affect the shape of the curves  charac te r iz ing  the ver t ica l  
distribution of E and z'. 

T o  calculate the coefficient A'=($-), use  was made of data  of measure­

ments  of E and z' in 2 5  ascents .  The values of A' w e r e  calculated only up 
to  an altitude of 2.5 km. At higher altitudes, owing to the considerable  
dec rease  in aerosol  concentration, the recombination of light ions (which 
was not taken into consideration in the derivation of formula (15)) plays a 
significant role. This  limitation can be easi ly  overcome by  par t ly  
modifying the processing technique. In fact, for  sufficiently l a rge  z, 
according to (15) ,  E = A z ;  whereas  for  very  smal l  z ,  taking into account 
recombination 

c E ~ T z ,A 

where c is some coefficient. 
The inexpediency of determining the values of A for  considerable 

altitudes (above 2.5 km) is due to measurement  e r r o r s ,  which must  
considerably affect the resu l t  for  smal l  values of E and z. 

Table 1 0  gives the distribution of different values of the coefficient A'. 
( fo r  altitudes less than 2.5 km). In the calculation of r ecu r rency  a s  
percentages,  r a r e l y  encountered anomalous (negative) values of A'were 
excluded. On the average, A'=3X10-6, i.e., within the l imi t s  of possible 
e r r o r ,  i t  ag rees  with the above-indicated value of the coefficient A .  F rom 

the experimentally obtained relationship A'=A (using the definition A'= 5) 
follows the approximate equality z'=z. Consequently, i t  i s  highly probable 
that mos t  aerosol  par t ic les  a r e  condensation nuclei. 

TABLE 10 .  

A.106 0-1 1.1-2 2.1-3 3.1-4  4.1-5 5.1-6 6.1-7 7.1-8 
Number of 

cases . . . . 19 27 25 14 12 5 10 3 
Recurrency. 15 21.5 20 11 9.5 4 8 2.5 

A-106 8.1-9 9.1-10 10.1-11 11.1-12 12.1-13 13.1-14 14.1-15 15 
Number of 

cases . . . . 1 1 1 2 1 1 
Recurrency,qo 1 1 1 1.5 1 1 

When analyzing the type of distribution of some essent ia l ly  positive 
quantity, i t  is convenient to use  a logarithmically normal  gr id  f i r s t  1401. 
The  data given in Table 10  were  used to plot a graph of P ( L )  a s  a function 
of L (F igu re  24), where P ( L )  is the probability that l < L ,  using h e r e  the 
notation I=lgA' .  As follows from this figure, in the sca les  chosen, the 
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experimental  points l i e  along a s t ra ight  line with a comparatively sma l l  
spread .  This  shows that the distribution of the values of the coefficient 
A is sat isfactor i ly  descr ibed by a logarithmically normal  law, which is 
par t icu lar ly  often used to charac te r ize  the s ize  distribution of par t ic les ,  
for example of cloud drops, emulsion grains, and a number of ar t i f ic ia l  
ae roso l s  ( a  calculation made by N. Kolmogorov for  a special  ca se  - the 
s ize  distribution of par t ic les  obtained as a resu l t  of fractionation - is 
inaccurately called Kolmogorov's law in one of the recent  works /40/). 
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FIGURE 24. Recurrence of mean values of coefficient A', not 
exceeding a given value. 

The case  under  consideration is closely related to  the s ize  distribution 
of par t ic les ,  since, by substituting in formula (15) the value P=4nDr' and 

using Einstein 's  relationship (i-key) and the numerical  values of the 

physical constants, w e  obtain (for  7'= 300O) 

A = ( 9 ) r f = ( 2 . 3 .  106-2r', 

where k is the Boltzmann constant, and T ,  the absolute temperature .  
F o r  the above-indicated mean values of i and q ,  it i s  possible  to  wri te  

approximately 

r' =4A. ( 1 7 )  

In contrast  to the usual ly  considered distribution of individual values  
of r' in a given sample,  the r e su l t s  obtained h e r e  (Table  10) charac te r ize  
the r ecu r rency  of the mean values of r' for  different samples  (measurements) .  
An es t imate  of the r ecu r rency  ( a s  percentages of the total number  of 
measurements )  of different mean values of r' (in microns)  on the bas i s  of 
Figure 24 and relationship ( 1 7 )  is given in Table 11. Despite their  tentative 
nature, these data  a r e  of in te res t  s ince in most  ca ses  there  is noinformation 
on the mean s i zes  of aerosol  par t ic les  in natural  conditions. 

TABLE 11. 

mean' <0.05 0.05-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 .0.5 
Recurrency, To 20 30 30 10 5 2 3 
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A shortcoming in the a i rc raf t  sounding data used he re  (according to  the 
elements  E and z )  is the fact that, given the possibility to es t imate  the mean 
s i z e s  of aerosol  par t ic les  in the absence of clouds, they a r e  insufficient for 
determination of the mean par t ic le  charges .  However, even l imited 
information on individual details concerning the distribution of par t ic le  
charges  a r e  of interest .  

F r o m  the ver t ical  profiles of the field E ( h ) ,  obtained in a i rc raf t  sounding, 
the mean space charge densities p ( h )  a t  var ious altitudes It were regular ly  
calculated. These data can be used for  es t imat ing the mean excess  charge 

pe r  one nucleus e=[%]. The values of 0 a r e  determined more  o r  l e s s  

accurately in cases  where the numerator  and denominator of the fraction 
a r e  sufficiently l a rge  (in pract ice ,  for altitudes up to 2.5 km). Above this  
level, measurement  e r r o r s  begin to have a considerable effect, and 
therefore  it is not advisable to  calculate 0.  

By comparing data on p and z', i t  w a s  found that 0 is lo-"  - 1 O - l '  
e.s.u. /nucleus.  Consequently, the observed space charges  to  which the 
e lec t r ic  field of the atmosphere is due a r e  created by a smal l  pa r t  
( 1 / 1 0 0 - 1 / 1 0 0 0 )  of the total number of aerosol  par t ic les  (nuclei). The 
question naturally a r i s e s  of whether or not there  exis t  any indications 
enabling identification from among the multitude of par t ic les  of those 
responsible  for  the creation of space charges.  Often (most ly  without 
sufficient grounds) charges  of different signs were related to different 
par t ic le  s ize-fract ions.  If the par t ic les  of in te res t  differed in s ize ,  the 
value of 0 could be expected to vary appreciably with altitude. However, 
calculations showed that 0 essentially does not vary up to altitudes of 
2-2.5 km. It has  already long been established that natural  radioactive 
par t ic les  have a predominantly positive charge.  They should, consequently, 
par t ic ipate  in the creation of the atmospheric  space charge,  but to what 
extent they do so  is difficult to es t imate  a t  present .  The es t imates  
obtained here  do not contradict  the assumption that radioactive par t ic les  
may  play an important role  in this connection. 

In conclusion, we consider the ver t ical  prof i les  of the e lec t r ic  field 
E ( h )  and of the condensation nuclei concentration z'(h). Prof i les  of the 
Group I / 1 6 /  frequently a r e  encountered (approximately 35 70of all cases) ,  
when the e lec t r ic  field E ( h )  i s  an exponentially decreasing function of the 
a1ti tu de 

E =Eoe-ah. ( 1 8 )  

For h = 2-2.5 km, a= 1 km-', for  altitudes l a r g e r  than 2.5 km, 
~ ~ 0 . 4 - 0 . 5 .On the average, the concentration of nuclei z'(h)often decreases  
with increasing altitude, a lso by an exponential law 19, 54, 56/ 

b _ _  
z'=z,e h .  ( 1 9 )  

The value of the coefficient b var i e s  with the observation point f rom 
0.4 to 1.06, differing a s  a rule  for  altitudes up to 3 km and higher; the 
en t i re  profile can be sat isfactor i ly  described by a sum of two exponentials. 
It is interest ing to  note that, according to the r e su l t s  of many investigations 
ca r r i ed  out in c lear  weather, par t ic les  a r e  distributed in the atmosphere 
in l aye r s  1371. This  i s  obviously due to  the t ie r  pat tern of convective 
movements.  
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FIGL'RE 25. Variation of the electric field E (1) and of the concentra­
tion N of condensation nuclei ( 9 )  wirh alrirudv i n  July 195Y iiear Lenin­
grad (from 27 soundings). 

A l m g  with the monotonous prof i les  E ( h )consid?red, a s  often encountered 
(approximately in 40 ?O of all the cases)  a r e  profiles of Group 111, of 
which a maximum of E a t  some altitude is charac te r i s t ic .  Figure 25 gives  
height distribution curves  of the e lec t r ic  field and of the concentration of 
condansation nuclei, based on data obtained during 2 7  ascents  in July 1959. 
The s imi la r i ty  of the ver t ical  distribution curves  of E ( h )  and z'(h) is 
displayed not only in the case  of the averaged data, but a l so  in the case  of 
data for  injividual ascents  (F igure  2 6 ) .  Figure 2 6  gives the distribution 
with altitude of the e lec t r ic  field, the concentration of condensation nuclei, 
the temperature ,  and the relat ive humidity a t  different hours  on 16 July 195s.  
Despite the above differences in the observation techniques, the curves  
E(h)and z'(h) a r e  s imi la r  to one another in most  cases .  

We note that a maximum a t  an altitude of 5 0 0 - 7 0 0 m  is Character is t ic  
of a lmost  all the e lec t r ic  field prof i les .  A s imi la r  maximum a t  approximately 
the s a m e  altitudes is a l so  observed in the profiles of the condensation 
nuclei. As  a rule ,  a fair ly  s t rong  tempera ture  inversion, nea r  the boundary 
of which E(h)and z'(h) had maximum values, was observed in the morning 
hours .  Toward 8 h r  the inversion weakened, t ransformed into an  i so therm 
or even completely disappeared, but the general  pat tern of the curves  of 
E(h)and d ( h )  with a maximum a t  some altitude w a s  maintained a s  a rule .  
It is probable that the maximum in the distribution of condensation nuclei 
is maintained af ter  the disappearance of the layer  of interception connected 
with the inversion, owing to the fact that the developing turbulence not only 
dissolves  the layer  of aerosol  accumulation, but a l so  "feeds" it by new 
dust portions which a r e  ca r r i ed  from the ea r th ' s  surface and other sources  
of pollution. 
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FIGURE 26. T ime  variation of the  alt i tude distribution of the electric field E (l) ,  of the 
concentration of condensation nuclei (2), of the temperature ( 3 ) ,  and of the relative 
humidity (4) from data of individual measurements near Leningrad. 

a- clear,  3 hr, 16 August 1959; b- clear.  7 hr. 1 6  July 1959; c- cloudiness 3/3 Cu, 
Ac, 12 hr. 16  J u l y  1959. 

The maximum is a s  a ru le  smal les t  during daytime hours ,  although the 
total number of condensation nuclei in the atmosphere may increase .  
Toward evening, the turbulent motions in the atmosphere decay; the 
dust, which sp reads  in a thick layer ,  begins to se t t le  and the concentration 
of condensation nuclei in the surface layer  increases .  At this time, an  
intercepting l aye r  somet imes  begin to form,  and a t  the altitude corresponding 
to the break  point in the tempera ture  curve,  a sharp  variation of the 
concentration of nuclei is observed. It should be noted that the condensation 
nuclei profile has  a sha rpe r  diurnal variation than the profile of the e lec t r ic  
field. The diurnal variation curves  of E and z' a t  different altitudes 
apparently do not agree  a s  w e l l  a s  the corresponding ver t ica l  prof i les ,  but 
the number of such comparisons made is too smal l  to be conclusive. 

Thus, the analysis  of the measurements  performed produced the 
following resul ts :  

1. The existence of a c lose relationship between the ver t ical  distribution 
of condensation nuclei and the atmospheric  e lec t r ic  field was established. 
In cases  when an exponential decrease  in the field and concentration of 
nuclei is observed, the coefficients in the powers of the corresponding 
exponentials are close in magnitude. 

2. The agreement  between the mean values of the coefficients A and 
A', obtained by totally different methods, confirms that the relat ionship 
between the field and the concentration of condensation nuclei is due to the 
var ia t ion in the air conductivity. This  made i t  possible to es t imate  the 
mean s i z e s  of nuclei. 

3. The altitude distribution of the condensation nuclei and e lec t r ic  field 
is significantly affected by the s ta te  of the atmosphere, in par t icular ,  by 
the presence  of inversions and re la ted  intercepting l aye r s .  
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Chapter IV 

ELECTRIC STRUCTURE OF STRATIFORM CLOUDS 
AND THEIR INFLUENCE ON THE ELECTRIC 
FIELD OF THE ATMOSPHERE 

Strat i form clouds extend over  t e r r i t o r i e s  hundreds of t imes  l a r g e r  than 
those covered by thunder clouds. They may remain  for  longperiods over  the 
s a m e  points. Almost half the sur face  of the ear th  is covered with s t ra t i -
form clouds. Therefore ,  although the e lec t r ic  charges  and cu r ren t s  in 
them a r e  considerably sma l l e r  than in thunder clouds, they may play an 
important  ro le  in the general  charge  exchange between the ear th  and the 
atmosphere.  

However, the e lec t r ic  proper t ies  of these clouds have not been studied 
much. In works devoted to the investigation of these clouds, data  which 
were  obtained during measurements  in 1 - 2  clouds a r e  usually given. 

At the same  time, data on the e lec t r ic  s t ruc ture  of s t ra t i form clouds 
a r e  of importance to the theory of cloud electrification, s ince i t  is in such 
clouds that electrification p rocesses  connected with the deposition of air 
ions on water droplets  and p rocesses  of charge separat ion under the effect 
of gravi ty  occur  in their  pures t  form.  In s t ra t i form clouds not giving 
precipitation the electrification mechanisms which play a role a r e  only 
severa l  of the many possible. The fac t  that charge separat ion in s t ra t i form 
clouds is established mainly under  the influence of gravi ty  and of the e lec t r ic  
field is a l so  important; convective motions in them have a comparatively 
weak effect on the height distribution of charged par t ic les .  

The study of the e lec t r ic  s t ruc tu res  of s t ra t i form clouds is a l so  important  
in  o rde r  to es tabl ish how charge accumulation proceeds in the f i r s t  s tage 
of thundercloud development. 

A study of the t ransformation of the e lec t r ic  s t ruc ture  of clouds is 
a l so  important for  assess ing  the effectiveness of cloud seeding. 
Finally, investigations of the e lec t r ic  proper t ies  of clouds a r e  necessa ry  
for  improving the methods of combating the electrostat ic  hazard  to 
a i r c ra f t .  

It is important  in the f i r s t  place to find out the e lec t r ic  macro-
charac te r i s t ics  of these clouds, the distribution of space charges  and the 
e lec t r ic  field in them, and the magnitudes of the charges .  

5 1. INVESTIGATION AND DATA PROCESSING 
TECHNIQUE 

Investigations of nonprecipitating clouds of the s t ra t i f ied St, Sc, and 
of other types show that the field in them in horizontal flights is relatively 
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constant, which makes  i t  possible to liken these clouds electr ical ly  to 
infinitely charged l aye r s  and to consider all the fields and charge variations 
in them a s  dependent only on the ver t ical  coordinate. In these c i rcumstances  
a i r c r a f t  sounding has  a special  advantage over other types of ver t ical  
sounding. This  is due to the fact  that simultaneously with the ver t ical  
sounding, the measurements  a r e  horizontally aver  aged, which consider ably 
reduces  the influence of local  inhomogeneities on the measurement  resul ts .  

In o rde r  to determine typical features  of the electr ic  s t ruc ture  bf 
clouds, a method for comparing clouds of a given type has  to be found. 
Analysis of measurement  resu l t s  showed that i t  i s  convenient to compare 
different clouds by reducing them to a single thickness. For this purpose, 
the sections of the oscil lograms on which the variation of the electr ic  
field in the clouds was represented were divided into 10 equal sections 
r ega rd le s s  of the thickness of the clouds to which these osci l lograms 
r e fe r r ed .  

The field values, which were averaged over intervals  equal to 1 / I O  of 
the cloud thickness and r e fe r r ing  to the same  interval numbers  in each 
cloud, were compared with one another; in this way, e lec t r ic  s t ruc tu res  
typical of the kinds of clouds investigated were obtained. 

It should be said that the use of this method i s  based on the idea that a l l  
clouds of a given type have a s imi l a r  e lectr ic  s t ruc ture  or some typical 
s t ructures;  such factors  a s  temperature ,  humidity, and their  distribution 
in the atmosphere,  etc. ,  ei ther do not have a significant effect on the form 
of these s t ructures ,  or  their  effects a r e  identical in the clouds investigated. 
Nevertheless,  by analyzing the clouds under investigation, i t  was found out 
that there  a r e  indeed only a cer ta in  number of basic types of charge 
distribution in them, and that the expected s imilar i ty  in the charge 
distribution does in fact  exist .  The determination of the variation of the 
e lec t r ic  field with altitude in clouds made i t  possible to use Poisson 's  
equation and to obtain the charge and potential distribution in the investigated 
clouds for a one-dimensional problem. 

S 2 .  ELECTRIC STRUCTURE O F  STRATIFIED 
CLOUDS 

In this section the data on 1 1 6  stratif ied St clouds investigated in 
1958-1959 a r e  analyzed. 

The thickness of the investigated clouds varied from 100 to lOOOm, 
their  mean thickness being 600m; the mean altitude of their  bases  was 
approximately 350m ( there  were cases ,  however, when the clouds began 
a lmost  a t  ground level, f rom 30-50 m). The mean field intensity E i n  
St-type clouds was l .Ov/cm. The external values of the e lec t r ic  field 
were in the range f rom +5.5 to -15 v / cm.  The mean maximum and 
minimum intensit ies fo r  all the clouds did not exceed + 2.1 v / c m  and 
0.3 v / cm,  respectively.  More detailed charac te r i s t ics  of the investigated 
clouds a r e  given in Appendix XIX. 

Appendix XIX gives, in addition the extrema1 values of the electr ic  
field Emax and Emh; the mean maximum pmax and minimum p m h  space charge 
densit ies in the clouds; the potentials a t  an altitude of 6000m; the charge 
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Qm0 of an air column in the layer  0-6000m; and the potential 
difference between the top and base of cloud. 

The distribution of the field in these clouds (averaged over thickness 
intervals  of 100 m) is given in Appendix XXVI. 

It  can be seen that the prevail ing field intensities w e r e  in  the range 
from -1 to + 3 v / c m .  They amount to  more  than 80 % of all the measu red  
values  of the field. 

The dependence of the mean and maximum field intensity on the cloud 
thickness a s  well  as the excess  space charge densities in these clouds 
a r e  given in Appendices XXVII and XXVIII. 

It follows from the data given in this  appendix that the mean field 
intensity in clouds m o r e  than 200 m thick depends only slightly on their  
thickness.  The maximum field intensity increases  with the cloud thickness,  
but the r a t e  of this  increase  is slow. 

Appendix XXVIII gives the influence of the cloud thickness on the field 
a t  all the three  investigation points. I t  can be noticed that as one moves 
to  the south, the maximum field intensities increase  with the cloud thickness 
fas te r  than the mean intensities. 

The investigated clouds differed in their  e lec t r ic  s t ructure ,  but a lmost  
all the s t ruc tu res  could be reduced to four basic  types. 
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FIGURE 21. Mean field in tens i tyE( l ) ,  maximum field intensity E m a x  (2). mean Q ( 3 )  and maximum qmax 
(4) rate of aircraft charging as a function of the cloud thickness d .  

The figures on the curves give the number of soundings. Leningrad: a-Sc: b-Ns; Kiev: 
c- Sc, d -Ns; Tashkent: e- Sc. f - Ns. 
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F r o m  the data of 70 soundings in Leningrad, positively polarized clouds 
w e r e  observed in 28 c a s e s  (41%); positive space charges  were  situated 
in their upper par t ,  and negative charges  in their  l o w e r  par t .  In this 
case,  an excess  positive charge was observed in the clouds. The field 
var ia t ion with altitude in the cloud in this ca se  is shown in Figure 28a 
( the ordinate gives  the reduced cloud altitude). The field variation 
in individual clouds is close to the averaged variation. 

I-. . . . . , . . . . - I ~  . . . . I . . . . . 
-3.0 -iO - iO 0 l0 p e .s .u:/ m' 

FIGURE 28. Reduced variation of the electric field E ( a )  and of the space charge 
(b) in St-type clouds. 

1- positively polarized clouds (27  cases); 8-negatively polarized clouds 
( 7  cases); 3- posirivelychargedclouds ( 1 6  cases); 4- negatively charged 
clouds ( 6  cases). 

F igure  28b gives the charge distribution in the cloud. The mean 
positive charge situated in the upper par t  of the cloud i s  approximately 
+2.5 e.s.u./m2 with a mean space charge density of about 2.2X10-2e.s.u./m3, 
and the mean negative charge i s  -2 .5  e . s .u . /m2 with a mean density of 
-1.6X10-2 e.s.u./m3. The mean excess  positive charge of the cloud is 
2.7 e.s.u./m2 with a density of 0.7X10-2 e.s .u . /m3.  Appendix XLa gives 
the field variation with altitude in clouds of a given e lec t r ic  s t ruc ture  on 
individual days. The value of u, the root-mean-square deviation f rom the 
value in individual clouds, is a l so  given there .  

In seven cases  (-10 %), a negative cloud polarization was observed. 
Negative space charges  were  situated in i t s  upper par t ,  and positive 
charges  in i t s  lower pa r t ,  The ver t ical  field profile in these clouds is 
given in F igure  28a. Although the number of investigated clouds is small ,  
the basic  fea tures  of this variation a r e  fa i r ly  c lear .  The meanmagnitude 
of the upper, negative charge in these clouds is -9  e .s .u . /m2 with a mean 
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charge  density of about -0.5X10-2 e.s.u./m3; the mean magnitude of the 
lower, positive charge is approximately 9 e . s .u . /m2 with a mean space  
charge  density of 2.4XlO-' e.s.u./m3. The excess  charge in this ca se  is 
small ,  amounting to2.5 e .s .u . /m2 with a m e a n  densityof 0.7X10-2 e.s.u./m3. 
It is important  to note that the field intensity in clouds of this s t ruc ­
ture w a s  found to be the highest. Appendix XLb gives the field var ia­
tion with altitude in clouds of this  s t ruc ture .  

A number of the clouds investigated dispiayed unipolar charge,  both 
positively and negatively charged clouds being observed. 

Eighteen clouds (27 % of a l l  the cases)  were found to be positively 
charged. The field variation with altitude in these clouds is shown in 
F igure  28a and in Appendix XLc. The mean charge of a unit column 
extending from the cloud base to i t s  top w a s  7 .5  e.s.u./m2, and the mean 
space charge density w a s  2.4X10-' e.s.u./m3. As a rule ,  these clouds 
w e r e  500-1 000 m thick. 

Six clouds w e r e  negatively charged. The field profile in them is shown 
in Figure 28a and in Appendix XLd. The mean negative charge  amounted 
to  -6.4 e.s.u./m2, the mean charge density being about l . Z X l O - '  e.s.u./m3; 
a t  the upper and lower cloud boundaries, the charge density decreased  
sharply. The total charge of the cloud was always positive (with the 
exception, of course,  of unipolar, negatively charged clouds). The negative 
charge density was lower a s  a ru le  than the positive charge density. Data 
on the space charge densi t ies  in clouds of different s t ruc tu res  a r e  given 
in  Appendix XXI. Several  multiply-charged clouds were  observed among 
those of the St-type. The field intensity and space charge density a r e  
highest in multiply-charged clouds. AS a rule ,  multiply-charged clouds 
are thicker than doubly and singly-charged clouds. 

The field vec tors  above and below charge clouds having unipolar charge  
w e r e  mos t  often opposite in direction. 

S t ra tus  clouds can considerably affect  the var ia t ion of the field in the 
atmosphere.  Figure 29a gives the field variation with altitude on days 
when s t r a tus  clouds prevai l .  Only those cases  where clouds of other  types 
did not exis t  a r e  considered. The field variation on days when St clouds 
prevail, plotted for 37 ascents ,  shows that s t r a tus  clouds not only modify 
the field, but a l so  affect i t s  variation beneath the clouds. Under their  
influence, a negative space charge appeared near  the ea r th ' s  surface.  A 
negative space charge was a l so  observed somewhat higher than the clouds, 
a t  altitudes of 1800-3000m and higher than 5G00m. 

The field profiles on days when s t ra t i f ied clouds prevai l  r e semble  the 
field variation in the case  of prof i les  of Group III on c l ea r  days, i.e.,  
in the zone occupied by s t ra t i f ied clouds, the atmosphere t r ans fe r s  charges  
to the ear th .  

It follows from the data of Figure 29a that the mean field intensity under 
s t ra t i f ied clouds in the layer  0-200m is lower than on days with f a i r  weather, 
and this is due to the appearance of a negative space charge a t  the ea r th ' s  
surface.  Under the influence of s t ra t i f ied clouds, the potential a t  an 
altitude of 6000m dec reases  (Appendix XIX, V 6 0 ~ ) ;whereas  on c l ea r  days 
i t  amounts to 220  kv, on days when s t ra t i f ied cloudiness prevai ls ,  it is 
equal to 170 kv. The total charge  of a unit a i r  column in the layer  
0-6000 m (Appendix XIX, Qo-6000) is hardly influenced by s t ra t i f ied clouds. 
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FIGURE 29. Field variation with altitude near Leningrad when clouds of some 
single type prevail in the absence of a l l  other types. 

a- Sf (37 cases); b- Sc (117 cases); c- As (30 cases); d- Cs (11 cases); 
e- Ns (75 cases). The shaded area denotes the region occupied by theclouds. 

It should be noted that the potential difference between the upper and 
lower boundaries of s t ra t i f ied clouds depends la rge ly  on their thickness 
and may be considerable, sometimes on c l ea r  days, even exceeding the 
potential of the atmosphere a t  an altitude of 6000m. The dependence of 
the potential difference A V  on the cloud thickness is shown in Table 12 ,  
which is based on data of observations made in 1959. 

TABLE 12. 

Cloud thickness, m . . .. 100-200 200-500 500-1000 
AV8 kv . . .  . .  . .  . . . . .  1 6  47 - 177 

It follows from the data of Table 1 2  that the potential difference A V  in 
clouds thicker than 500 m has the opposite sign and is comparable in 
magnitude to the potential Vao, in c l ea r  weather. 

Appendix XXXV gives  summary  data on the e lec t r ic  charac te r i s t ics  
of clouds with different e lec t r ic  s t ruc tures .  

The relat ionships  between the e lec t r ic  s t ruc ture  and the mean thickness 
of clouds and between the e lec t r ic  s t ruc ture  and the mean altitude of their  
lower boundary are given respect ively in Appendices XXXIa and XXXIb. 
We s e e  that doubly-charged clouds a r e  thicker than singly-charged ones. 
The re  a r e  st i l l  insufficient data on clouds with a m o r e  complex e lec t r ic  
s t ruc ture  than those considered. 

The  mean altitude of the lower boundary of clouds apparently plays an 
insignificant ro le  in  the formation of some type of e lec t r ic  s t ruc ture .  

The electric charac te r i s t ics  of s t ra t i f ied clouds v a r y  somewhat f rom 
summer  to winter. This  is i l lustrated by the data of Appendices XXXII 
and XXXIII, f rom which i t  follows that in  winter, the absolute mean values-
E and mean maximum values E,,, of the field intensity a r e  lower.  The 
potential differences (V,-Vi) between the upper and lower cloud boundaries and 
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both the mean Qand the absolute mean maximum I&axl  values of an air­
c ra f t ' s  charging r a t e  a r e  considerably sma l l e r  in winter. 

§ 3. ELECTRIC STRUCTURE O F  STRATOCUMULUS 
CLOUDS 

In this section, data of investigations in 1958-1959 on approximately 
three  hundred and fifty s t ra tocumulus clouds a r e  analyzed. 

The thickness of the investigated clouds var ied between 100 and 1800m. 
Thei r  mean thickness was 500m,  and the mean altitude of the lower 
boundary was about 800m.  

The mean field intensity in them was + 0.3 v /cm,  the maximum 
Emn, = 14.0v/cm,  the minimum E m =  -16.Ov/cm. More detailed e lec t r ic  
charac te r i s t ics  of these clouds a r e  given in Appendix XIX. 

In individual clouds, the mean values of the field intensity may differ 
considerably from those given in Appendix XIX. 

Appendix XXVI gives  the probability of mean field intensity values  
(averaged over  thickness in te rva ls  of 100 m)  in s t ra tocumulus clouds. 
Over 80 7' of the measured  values of the field were in the range  from 
-2  to 4 v / cm,  with a lmost  50 70in a narrow interval  f rom 0 to 2 v / cm.  

The dependence of the mean E and maximum E,,, (calculated a s  the 
mean of the absolute maximum values for  all  the clouds) field intensity, 
and a l so  of the excess  space charge p, on the cloud thickness is given in 
Appendices XXVII, XXVIII, and XXIX. Figure 27 gives the dependence 
for  different observation points. The mean field intensity in s t ra to­
cumulus clouds depends only slightly on their  thickness, and the mean 
maximum field intensity inc reases  a lmost  l inear ly  with the cloud thickness. 
The dependence of the field intensity of clouds on their thickness does not 
vary  appreciably with geographical latitude, 

Winter and summer  s t ra tocumulus clouds have somewhat different 
charac te r i s t ics ,  a s  can be seen  f rom the data of Appendices XXXII, 
XXXIII and XXXIV. It follows f rom these data that clouds with a negative 
polar i ty  prevai l  in summer  and clouds with a positive polar i ty  prevai l  in 
winter. The field intensity in summer  clouds is higher than in winter 
clouds; the mean excess  charge of clouds is a l so  l a rge r  in summer .  

The e lec t r ic  s t ruc tu res  of s t ra tocumulus clouds a l so  differed, but like 
the s t ruc tu res  of s t r a tus  clouds, they could be reduced to four basic  types. 
Only a cer ta in  number of clouds (about ten) had a more  complex s t ruc ture ,  
not corresponding to those given below. 

Of the approximately 170 clouds investigated in Leningrad, 85 were  
positively polarized. In this case,  an excess  positive charge was observed 
in the clouds. The variation of the field E with altitude in clouds of this 
s t ruc ture  is shown by curve 1 in Figure 30a ( the ordinate gives  the 
reduced cloud height). The variation of the field in individual clouds is 
close to the averaged variation shown in Figure 30a. Appendix XLIa 
gives  the field variation with altitude in individual clouds (reduced 
variation). The smal l  value of the root-mean-square deviation (I f rom the 
mean value is not worth considering. 
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FIGURE 3 0 .  Reduced variation of the field E (a )  and of the space charge (b) 
in  Sc clouds. 

1- positively polarized clouds (77 cases); 2- negatively polarized clouds 
(23  cases); 3- positively charged clouds (41 cases); 4- negatively charged 
clouds (13 cases). 

The lower  third of the cloudhad anegat ive space charge of -1.6 e .s .u . /m2 with 
ameandens i tyof -2 .1  X10-2e.s.u./m3. Themeanexcesspos i t ive  charge of the  
cloudwas 4.2.e.s.u./m2withameandensityof 1.1 X10-2 e.s.u./m3. The upper 
two thirds  of the cloud had a positive charge of 5.8 e .s .u . /m2 with a mean 
density of 1.6X e.s .u . /m3.  By represent ing the e lec t r ic  s t ruc ture  of 
the cloud a s  two oppositely charged l a y e r s  with an excess  positive charge, 
i t  is possible to obtain the data given in Appendix XXX. 

Twenty-six clouds have a negative polarization and an excess  positive 
charge.  The field variation in these clouds i s  shown in Figure 30a ( 2 ) .  
The variation of the field in individual clouds i s  given in Appendix XLIb. 
It is significant that the field in these clouds was negative. The upper 
third of the clouds has  a negative charge of -5 e .s .u . /m2 with a mean 
density of 4.1 X l O - '  e.s.u./m3; the lower two thirds  had a positive charge 
of 7.5 e.s.u./m2 with a mean density of 2.6X10-2 e.s.u./m3. The mean 
excess  positive charge was 2.5 e . s .u . /m2 , and i t s  mean density is 
0.3X10-2 e.s.u./m3. The field r o s e  and fell a lmost  linearly, i. e., the 
space  charge density in  the corresponding sect ions was constant over  the 
height of the clouds. The e lec t r ic  s t ruc ture  of this  cloud can a l so  be 
represented  a s  two oppositely chargec l a y e r s  with an excess  charge.  
Data on this s t ruc ture  a r e  given in Appendix X X X .  

Many stratocumulus clouds were  unipolar. For ty  one clouds had a 
positive charge. The field profile in these clouds is shown in F igure  30a(  3 )  
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(Appendix X1,IIIc). It is important  to note that such a var ia t ion of the 
field is often observed a l so  when the e lec t r ic  field above and below the 
cloud i s  positive. The charge  of these clouds w a s  on the average  
6.9 e.s.u./m2 with a mean space charge density of 2X10-' e.s.u./m3. 

Fourteen clouds were  found to  be negatively charged. The field 
variation w i t h  altitude in this ca se  is shown in Figure 30a / 4 /  and in 
Appendix XLIIId. As follows from these data, the negative charge is 
concentrated mainly in the upper half of the cloud. The magnitude of this 
charge was about -11 e.s.u./m2 with a mean density of -1.9X10-'e.s.u./m3. 
The space charge density in the upper pa r t  of the cloud exceeded this  value 
by a factor of three.  Clouds of this s t ruc ture  had the highest f ie ldintensi t ies .  

In addition to the types of s t ruc tu res  considered, severa l  ca ses  w e r e  
observed when the charges  in the clouds were small ,  and the fields c rea ted  
by them were hardly noticeable. These cases  a r e  r e f e r r e d  to uncharged 
clouds. Multiply-charged clouds were observed in 9 cases. The influence 
of the cloud thickness and of the altitude of i t s  base  on the type of e lec t r ic  
s t ruc ture  is shown in Appendices XXXIa and XXXIb. It is seen  that with 
increasing mean cloud thickness there  is a tendency for  the e lec t r ic  
s t ruc ture  to become complex. The altitude of the lower cloud boundary 
does not affect the type of s t ruc ture  to any significant degree.  

Stratocumulus clouds considerably affect the field profile. F igure  29b 
gives  the field variation with altitude in days with s t ra tocumulus clouds. 
The curve is based on the data of 117 soundings on days when there  w e r e  
no clouds of other types. Stratocumulus clouds reduce the field a t  the 
ea r th ' s  surface and increase  i t  a t  high altitudes; like s t r a tus  clouds, they 
change the field direction above the upper boundary and give rise to a 
negative space charge above the clouds. The field profile grea t ly  r e sembles  
the prof i les  of group I11 on c l ea r  days. In Figure 29b, the range  of 
altitudes a t  which the s t ra tocumulus clouds were situated on the days of the 
investigations is shaded. 

F igu res  31 gives the field var ia t ions with altitude in the presence  of 
s t ra tocumulus clouds with a given type of e lec t r ic  s t ruc ture  and in the 
absence of clouds of other  types. The ordinate gives  the reduced 
heights, i. e., the heights obtained by dividing the region from the ea r th  
to the cloud into five par t s ,  the clouds itself into ten p a r t s  and, finally, the 
region above the cloud into five par t s .  For each par t ,  the mean e lec t r ic  
field intensity was found. 

A s  can be seen, the indicated prof i les  show both general  fea tures  and 
sha rp  differences. Thus, in all cases ,  the e lec t r ic  field below the cloud 
va r i e s  ve ry  little, and the space charge below the cloud is therefore  ve ry  
smal l .  Below positively polarized and positively charged clouds, the 
electric field values a r e  higher on the average than below negative and 
negatively polarized clouds. Below positively polarized and positively 
charged clouds the mean space charge is negative, and below negatively 
polar ized and negatively charged clouds, positive. 

The field prof i les  in clouds were  discussed above. 
A layer  of negative charge is situated above all clouds except in the 

case  of negatively charged clouds, above which a layer  of positive charge 
is situated. Above this layer ,  the field intensi t ies  and the charges  a r e  
smal l .  
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The potential of the atmosphere a t  an altitude of 6000m on days when 
s t ra tocumulus clouds prevai l  is approximately 170 kv, i .  e., somewhat 
lower than the potential VeOwin c lear -weather  days. In turn, the mean 
charge in the layer  f rom 0 to 6000m (&-,,) is one third that a s  on 
days with c lear  weather (Appendix XIX). 

The potential difference between the upper and lower boundaries of 
s t ra tocumulus clouds depends to a la rge  extent on their thickness, often 
amounting to an appreciable fraction of the a tmosphere ' s  potential on 
c l ea r  days a t  6000m,  and somet imes  even exceeding it.  In many cases ,  
the potential difference between cloud boundaries has  a sign opposite to  
the potential of the atmosphere in the 0-6000m layer .  Table 13 gives the 
potential difference A V  between the upper and lower boundaries of 90 s t ra to­
cumulus clouds investigated in Leningrad in 1959. 

TABLE 13. 

Cloud thickness. m . , . . 100-200 200-500 500-1000 1000-1800 
A\' kv . . . . . . . . . . . . . 2 2 1  - 40 - 235 

It should not be considered that clouds of l a rge  thicknesses  necessar i ly  
have a negative potential drop. In many cases ,  a positive potential 
difference i s  a l so  observed; thus, f rom investigations in 1958, the 
potential difference between the boundaries of s t ra tocumulus clouds more  
than lOOOm thick was about 100 kv. 

b 
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FIGURE 31. Variation of the electric field E with the reduced height DIDo in the presence of stratocumulus 
clouds with a definite type of electric structure and in the absence of clouds of other type. 

a - in the case of positively polarized clouds (72 cases); b- in the case of negatively polarized clouds 
(20 cases); c- in the case of positively charged clouds (38 cases); d- in  the case of negatively charged 
clouds (10 cases). 



4 4. ELECTRIC STRUCTURE OF ALTOSTRATUS 
CLOUDS 

In this section, data of investigations on 218 clouds a r e  analyzed. 
The mean field intensity in them was about -2  v / c m ,  the maximum 

being 6.5v/cm and the minimum 14.5v/cm.  The mean thickness of the 
investigated clouds was 950m, and the mean altitude of their  lower 
boundary 3400m. More detailed data on these clouds a r e  given in 
Appendix XIX. In individual clouds, the field may appreciably deviate 
f rom the mean values given. Appendix XXVI gives data on the distribution 
of the measured  field values in a l tostratus  clouds. The field values a r e  
averaged over a l aye r  l 0 0 m  thick. More than 80 70of a l l  the casCs a r e  
found within the field range f rom -1 v / c m  to 6 v / c m ,  with more  than 50 70 
of all the values within the range from -1 v / c m  to 3 v / cm.  

The mean field intensity in these clouds, according to data of measu re ­
ments  in Leningrad and Kiev, i nc reases  with the thickness, and the 
maximum field intensity in them inc reases  ve ry  strongly with the thickness.  
The mean field intensity in thick clouds is on the average (Appendices 
XXVII-XXIX) 8 t imes as h-rgh a s  in thin clouds, and the maximum field 
intensity is 2 6  t imes a s  high. The potential difference between the cloud 
boundaries i nc reases  ve ry  rapidly with i t s  thickness. When the cloud 
thickness inc reases  by l e s s  than a factor  of 10, the potential difference 
(VU- Vi)  i nc reases  by mere than a factor  of 40. 

Since both the mean IQI and the maximum mean lGmaxla i rc raf t  charge 
also strongly inc reases  with the cloud thickness, it  can be assumed that 
with increasing thickness of clouds, their  liquid water content and the 
par t ic le  s i z e s  in them inc rease  considerably. Although special  measu re ­
ments  have not been made, i t  can be said with certainty that the high field 
intensit ies in thicker clouds a r e  no doubt connected with the enlargement 
of the par t ic les  in them up to the s ize  of ra in  par t ic les ,  and, in a number 
of cases ,  with the appearance of precipitating zones in them. 

The electr ic  s ta te  of a l tostratus  clouds va r i e s  great ly  with the changing 
of the seasons (Appendices XXXII-XXXIV). In summer ,  both the mean El, 
and the maximum mean values E,,, of the field a r e  considerably higher 
than in winter a t  a l l  the observation points. Accordingly, the potential 
difference (VU- Vi) between the upper and lower cloud boundaries i s  l a rger ;  
the excess  space charge in clouds is also l a rge r  a s  a rule,  and so  on. 

This  intensification of the e lec t r ic  phenomena occurring in clouds is 
par t icular ly  noticeable in the passage from winter to summer  in Tashkent. 
It should be noted that these clouds often consist  of solid par t ic les  inwinter .  

The four basic e lec t r ic  s t ruc tu res  indicated above a r e  a lso observed in 
a l tostratus  clouds. 

According to data of measurements  in Leningrad, of 89 clouds in­
vestigated, 2 6  had a positive polarization (F igu re  32, curve 1 and 
Appendix XLIIa). The upper positive charge was approximately 3 e.s.u. /m2, 
the lower positive charge was 4.8 e.s.u./m2, and the excess  charge was 
negative, being equal to -1.9 e.s.u./m2. *; If we r ep resen t  the cloud a s  a 
polarized layer  with an excess  negative charge,  then the upper polarized 
charge w i l l  be 2.9 e.s.u./m2andthelowerpolarizedcharge, -2.9e.s.u./m2. 

[We suggest this sentence should read: The  upper positive charge was approximately 3 e.s.u./m2, the 
lower negative charge was -4.8 e.s.u./m2, and the excess charge was negative, being equal to  
-1.8 e.s.u./m2.1 

16 




. . . . . I - .  . . . . , . . 
.25 -20 %5 -10 -05 0 05 1.0 15 20 25 30 3.7 LQE. v/cm 

b 

. . . , . . . .  I . . .  , 

30 IO 0 l.b ' ~ ' ' 2.0 p'e.;.u./mz 

FIGURE :32. Reduced \ariation of the electric field E (a) and of the space 
charge (b) in clouds of the type As. 

1- positively polarized clouds ( 2 6  cases); 2- negatively polarized clouds 
( 2 3  cases); 3 - posltlvely charged clouds (18 cases); 4- negatively charged 
clouds (10 cases); 5- weakly charged clouds. 

The spread  of the individual values f rom the mean value is comparatively 
small  (Appendix XLIIa). In 23 cases ,  a negative cloud polarization was 
observed. The upper, negative charge was -3.2 e.s.u./m2 and the lower, 
positive charge,  3.2 e . s .u . /mz.  The excess  charge was z e r o  (F igu re  32b, 
curve 2 and Appendix XLIIb). 

It should be noted that in the case  of this s t ruc ture ,  the field maintains  
negative values throughout the whole cloud thickness. 

In both types of polarized clouds, the charges  were  concentrated a t  
their boundaries; in the middle pa r t  of the clouds, the space charges  were  
negligibly smal l .  Positively charged clouds were  observed in 18 cases  
(Appendix XLIIc and Figure  32), the mean charge in them being 15.7e.s.u./m2; 
s ince the number of clouds investigated is small ,  the mean deviation (1. 

(Appendix XLIIc) is comparatively la rge .  
In 10  of the clouds investigated, only negative space charges  with a 

mean value of -6.1 e.s.u./m2 were observed (F igu re  32a, curve 4 and 
Appendix XLIId). In this ca se  too, all the measured  fields were  negative. 

Finally, in 10  cases  very  weakly charged clouds in  which the field 
hardly var ied with altitude were  observed (Appendix XLIIe). 

The dependence of the e lec t r ic  s t ruc ture  of clouds on the i r  thickness 
and on the altitude of their  lower boundary may be seen  f rom the data  of 
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of Appendices XXXIa and XXXIb. I t  follows from Appendix XXXTa that, in 
general, thick clouds have a tendency toward a more  complex e lec t r ic  
s t ruc ture .  The altitude of the lower cloud boundary does not appreciably 
affect the type of e lec t r ic  s t ruc ture  (Appendix XXXIc). 

Altostratus  clouds great ly  affect the field variation with altitude. 
F igure  29c gives  the field variation with altitude in days when only clouds 
of this type w e r e  observed. The range of altitudes at which the investigated 
clouds w e r e  observed is shaded. 

As follows from the figure, a l tostratus  clouds appreciably modify the 
field a t  the e a r t h ' s  surface.  A considerable negative space charge is 
c rea ted  under  the cloud, which r i s e s  up to the lower boundary of the cloud. 
The potential a t  an altitude of 6000m r i s e s  up to 265 kv (Appendix XIX). 
The potential difference between the cloud boundaries is about 87  kv on the 
average.  The  f i e l d  variation with altitude again r e sembles  the profiles of 
group 111 during c l ea r  weather, but the mean field intensi t ies  a r e  consider­
ably higher than during c l ea r  weather. 

5 5. ELECTRIC STRUCTURE OF CIRROSTRATUS 
CLOUDS 

The comparat ively smal l  number of c i r ros t r a tus  clouds investigated 
/ 4 8 /  makes  i t  possible  to make only a general  es t imate  of their  char ­
ac te r i s t ics ,  without c la im to  a high reliability of the mean data given 
(Appendix XIX). The mean field intensity in c i r ros t r a tus  clouds is 0 v /cm,  
the maximum absolute value is 20.0v/cm, and the minimum, 9.Ov/cm. 
The mean thickness of the investigated clouds is about 1100 m, and the 
mean altitude of their  lower boundary 5500 m .  

iy 
, 
/

I , . , . 
!Z.O -1.6 -12 -08 -0.4 0 0.4 084 v /cm 

FIGURE 33. Reduced variation of the electric field E in Cs clouds. 

1- positively polarized clouds (8cases); 2- negatively polari­
zed clouds (6 cases); 3- negatively charged clouds(2cases). 



More detailed data on these clouds a r e  given in Appendix XIX. In specific 
pa r t s  of the cloud, the field may appreciably d i f f e r  f rom the mean values 
given. Appendix XXVI gives data on the distribution of the mean field 
intensi t ies  in c i r ros t r a tus  clouds. The intensi t ies  a r e  averaged over 
l a y e r s  lOOm thick, Over  80 70of all the field values fall into the interval  
f rom -2 to 4v /cm,  and over 50 70into the interval  f rom -2  to 1 v /cm.  

The e lec t r ic  s t ruc tures  of c i r ros t r a tus  clouds may be more  complex 
than those considered ea r l i e r .  

Of the 48 cloud; investigated over  Leningrad, 8 were positively 
polarized (F igure  33, curve 1, and Appendix XI>JIIa). The charge in the 
upper pa r t  was 2.7 e.s.u. /m2, and in the lower pa r t  -2 .6  e .s .u . /m2;  the 
excess  charge  was 0.1 e.s.u./mz. 

Six clouds w e r e  negatively polarized. The charge in their  upper pa r t  
was -3.5 e .s .u . /m2,  and in their  lower par t ,  1.6 e.s.u. /m2; the excess  
charge was -1.9e.s .u . /m2 (F igu re  33, curve 2, and Appendix XIJIIb). 
Two clouds were  found to be of single-negative charge (Appendix XLIIIc). 

Six clouds had in thc lower pa r t  a positive chai-ge of a mean density 
of 3.5 e.s.u./m2, in the central  par t ,  a negative charge with a mean 
density of -3.7 e .s .u . /mz and in the upper pa r t  again a positive charge with 
a density of 3.5 e . s .u . /m2.  The excess  charge of the cloud positive 
and equal to 3.3 e .s .u . /niz  (Appendix XT,IIId). 

Six cases  were observed whcrc there  w a s  a positive ciiarga in the 
middle of the cloud and negative charges  in i t s  upper and lower pa r t s  
(App,-ndix XLIIIe) . 

In 3 clou-1s negative, positive, again nngative and positive charges  
a l ternated,  the whole cloud having a smal l  positive charge (Appendix XLIIIf). 
In 3 cases ,  the clouds were found to be very  weakly charged (F igu re  33, 
curve 3, and Appendix XLIIIg) . 

Cir ros t r a tus  clouds considerably affect the var ia t ion of the field with 
altitude. We re tu rn  to Figure 29d, which gives  the field variation with 
altitude on days when clouds only of the type under  consideration were 
observed.  The range of altitudes a t  which the clouds under consideration 
were  observed i s  shaded; under these high-lying clouds, the field a t  the 
ea r th ' s  surface i s  reduced. A positive charge,  but of sma l l e r  magnitude 
than in the case  of c lear  weather prof i les  of group I, r ema ins  under the 
cloud. The 6000m potential i s  somewhat higher than on days with c lear  
weather. The potential difference between the cloud boundaries is -323 kv 
on the average (Appendix XIX).  Thus, C s  clou%isconsiderably affect the 
e lec t r ic  field throughout the whole thickness of the t roposphere.  

§ 6. ELECTRICITY OF NIMBOSTRATUS CLOUDS 

The appearance of nimbostratus  clouds in the atmosphere has  a very 
l a r g e  effect on i t s  e lec t r ic  charac te r i s t ics .  

Precipitation, which is capable of generat ing a significant e lec t r ic  
current ,  considerably modifies the electr i f icat ion conditions of clouds 
and of the atmosphere and makes  possible  their  charging to significant 
potentials, creat ing considerable space charges.  
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However, i t  st i l l  r ema ins  unclear  how precipitation par t ic les  f rom 
s t r a tus  clouds a r e  charged ( th i s  being the p rocess  in the clouds which 
l eads  to  the i r  charging), how the conditions of development of a cloud 
affect i t s  e lec t r ic  charac te r i s t ics ,  and how i t s  e lec t r ic  charac te r i s t ics  
affect the development of the cloud. 

Investigations in recent  yea r s  have shown that the existence of nimbo­
s t r a tus  clouds is closely re la ted  to their  e lec t r ic  proper t ies .  

On one hand, the e lec t r ic  charac te r i s t ics  of clouds are the r e su l t  of 
their  development and can (par t icu lar ly  the macrocharac te r i s t ics )  s e r v e  
as an indicator character iz ing the s ta te  of the cloud. As  was shown ea r l i e r ,  
a number of the e lec t r ic  Character is t ics  of many fo rms  of clouds va ry  
considerably with a var ia t ion of the a i r  moments  in them / 2 6 / ,  with the 
enlargement  of par t ic les  /19, 9 6 / ,  and with a variation of cloud proper t ies  
such a s  thickness. 

On the other hand, a number of p rocesses  which determine the s ta te  
of clouds depend on their  e lec t r ic  charac te r i s t ics .  In par t icular ,  as the 
e lec t r ic  charges  of sma l l  d rops  grow, the probability of their  collisions 
inc reases  i f  the charges  a r e  of different s igns /38 ,5 /  and the e lec t r ic  
fo rces  can have a decisive ro l e  in this case .  With the r i s e  of the e lec t r ic  
field, the coalescence efficiency of colliding drops with a d iameter  of 
hundreds of microns  increases ,  amounting to l e s s  than 113 in the absence 
of an e lec t r ic  field, and reaching a lmost  9/10 in fields of 1 5 v / c m  /81 / .  
It can be expected (although this  effect has  not yet been studied experimental­
ly) that an even g rea t e r  ro le  than this might be played by the e lec t r ic  field 
in the coalescence of cloud drops.  

Investigations on nimbostratus  clouds may be helpful to  some extent 
in studying the development conditions of thunder clouds, although a 
complete identification of the conditions of their  development, reducing 
the differences only to the scales of the phenomena a s  assumed by 
ChaImers  171 1, cannot be expected. The point is tha there  is a cu r ren t  con­
nected with precipitation charging nimbostratus  clouds, and this aspect  
of the p rocess  i s  common fo r  nimbostratus  and for  s t ra tocumulus clouds, 
although the conditions of par t ic le  electrification in the two types of clouds 
are no doubt different. The e lec t r ic  p rocesses  taking place in s t ra to­
cumulus clouds may be considered a s  occurr ing and a s  being quasi-
stationary, this  considerably facilitating study of the conditions of their  
charging by precipitation. In nimbostratus  clouds, a s  well a s  in 
cumulonimbus clouds, conduction and diffusion cu r ren t s  occur, which 
reduce the polarization and charge of the clouds. At the same  time, the 
l a rge  e lec t r ic  f ie lds  existing in thunder clouds, which give rise to  point 
d i scharges  on the ear th  and f rom drops  in clouds, affecting p rocesses  of 
par t ic le  f reezing and vapor t ransport ,  generation of lightning, e tc . ,  cause 
the p rocesses  in cumulonimbus clouds to  differ f rom those in nimbostratus  
clouds. The investigation of the e lec t r ic  charac te r i s t ics  of nimbostratus  
clouds is also important  for  the study of a tmospheric  e lectr ic i ty  in general ,  
supplementing the information on the e lec t r ic  s ta te  of the atmosphere and 
the conditions of i t s  charging. 

Many invest igators  pointed out the importance and complexity of 
investigating the e lec t r ic  s t ruc ture  of nimbostratus  clouds. Sivarama­
krishnan / 1 0 6 /  wrote in 1962: "In any discussion on the origin of 
e lec t r ic i ty  c a r r i e d  by ra in  and of charges  causing variation of the field, 
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i t  is necessa ry  to consider the e lec t r ic  s t ruc ture  of the cloud." He goes 
on to say: "Very little, however, is known about the e lec t r ic  s t ruc ture  of 
clouds giving a continuous rain,  i. e., n imbostratus  clouds. . . . I' He a lso  
mentions the experimental  difficulties of such an investigation. Chalmers  
1711 wrote in 1958: "Electr ic  effects undoubtedly occur  in  connection 
with nimbostratus  clouds, but these a r e  much l e s s  intense than those 
associated with cumulonimbus clouds, and a r e  therefore  1 2 s ~eas i ly  
investigated. " He goes on to say: "The e lec t r ic  s t ruc ture  of nimbo­
s t r a tus  clouds is not only of in te res t  in itself, but the r e su l t s  obtained 
may a l so  have some bear ing on the problems of charge separat ion in 
cumulonimbus clouds. 

The f i r s t  attempt a t  establishing the e lec t r ic  s t ruc ture  of nimbostratus  
clouds was  made by Chalmers  1711. In h i s  calculations, he used data on 
the a i r - ea r th  cu r ren t  and on the field a t  the sur face  upon the passage of 
these clouds. He a l so  made a number of assumptions regarding the 
conditions under which electrification of precipitation par t ic les  takes  place 
and the leve ls  where this occurs .  Using the above method, Chalmers  
obtained severa l  possible e lec t r ic  s t ruc tu res  of these clouds. 

The f i r s t  experimental  investigations 117,201 general ized the macro-
charac te r i s t ics  of nimbostratus  clouds. For the f i r s t  time, experimen­
tal data on the magnitudes and ver t ical  distribution of the e lec t r ic  
field in these clouds were examined and an at tempt  was made a t  
determining their  e lec t r ic  s t ruc ture .  

In 1171 ,  in par t icular ,  i t  was pointed out that the e lec t r ic  s t ruc ture  of 
nimbostratus  clouds in a number of cases  is more  complex than the 
s t ruc ture  of other clouds of s t ra t i f ied fo rms .  We assgmed that these 
r e su l t s  could to some extent be due to  differences in  the data-processing 
methods used. 

This  section gives r e su l t s  of a fur ther  study of data obtained during 
systematic  soundings of the e lec t r ic  field variation with altitude using the 
technique descr ibed ea r l i e r .  

To obtain typical prof i les  of the e lec t r ic  field in the case  of nimbo­
s t r a tus  clouds, the method of reduced altitudes, mentioned a t  the beginning 
of the chapter, was used.  

In data-processing,  considerable u s e  was made of data given in 1391. 
Separate  comparisons were made of the field intensities a t  the reduced 
altitudes below the clouds, in the clouds, and above them. The data of 
investigations ca r r i ed  out in Leningrad were mainly used. 

It is known 171  I that nimbostratus  clouds f rom which r a in  fa l l s  have 
different e lec t r ic  charac te r i s t ics  to those from which snow falls.  An 
attempt w a s  therefore  made to  find out the respect ive fea tures  of clouds 
giving liquid and solid precipitation. 

E l e c t r i c  s t r u c t u r e  o f  r a i n - p r o d u c i n g  
n i m b o s t r a t u s  c l o u d s  

The field distribution in these clouds is shown in F igure  34. The 
cases  in F igure  34a correspond to positive cloud polarization, and the 
cases  in  F igure  34b to  negative polarization. Judging f rom the number of 
cases, both polar izat ions a r e  equally probable in  nimbostratus  clouds. 
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Let u s  consider the case  in Figure 34a. The graph is based on the 
averaging of data on 31 clouds with a mean thickness of -2500m and a 
mean altitude of the lower boundary of -800 m. The field under the cloud 
is positive, small  in magnitude, and weakly decreasing with altitude. A 
negative charge is situated in the lower par t  of the cloud, and a positive 
charge in the upper par t .  The charge density a t  the top and the base  of 
the cloud i s  higher than in its center .  

The charge  of the a i r  under the cloud i s  0.8 e.s.u./m2. The charge 
situated in the lower third of the cloud is -15 e.s.u./m2. The charge in 
the center  of the cloud i s  very  small ,  amounting to -1.5 e.s.u./m2. A 
charge of 10 e.s.u./m2 is situated a t  the upper boundary of the cloud. .A 
positive charge of 2.7e.s.u./m2 is situated in a l aye r  of lOOOm above the 
cloud. The cloud on the whole is not only polarized, but also charged 
negatively with a charge of -5 e .s .u . /mz.  The whole atmospheric layer  
up to an altitude of 6000m is a lso  charged with a negative charge of 
-2.7e.s.u./m2 on the average. The potential a t  an altitude of 6000m on 
days with clouds of this  type i s  -1500kv, on the average reaching-32 X 1O3kv on individual days. 

Let u s  consider F igu re  34b, where the case of a negative cloud 
polarization is shown. The graph is based on the averaged data on 2 7  clouds 
having a mean thickness of 2000m and a mean lower boundary altitude 
of 900m. 

The field under a typical cloud i s  negative and weakly dec reases ,  which 
cor responds  to a small  positive charge under the cloud (about 3.0 e.s.u. /m2).  
The charge in the lower pa r t  of the cloud i s  positive, amounting to appro­
ximately 11.4e.s.u./m2. The charge of the upper two-thirds of the cloud 
is negative, amounting to approximately -10.5 e.s.u./mz. Above the cloud, 
there  is a negative charge  of about -3e.s .u . /m2.  

The cloud a s  a whole has a small  positive charge (about 1 e .s .u . /m2),  
The whole l aye r  of the a tmosphere  f rom the surface to an altitude of 
6000m has  a negative charge  of approximately -2  e.s .u./m2. The potential 
a t  an altitude of 6000m in the case of clouds of this type is on the average 
700 kv, reaching 4000 kv on individual days. 

E l e c t r i c  s t r u c t u r e  o f  s n o w - p r o d u c i n g  
n i m b o s t r a t u s  c l o u d s  

The distribution of the e lec t r ic  field in these clouds is shown in 
Figure 35. 

The case in F igure  35a cor responds  to a positive cloud polarization, 
and the case  in F igure  35b to a negative cloud polarization; the case in 
Figure 35c is somewhat specific, being intermediate between the f i r s t  
two. F rom the number of different polarization cases ,  the f i r s t  two a r e  
equally probable, the third occurring considerably more  ra re ly .  

We now consider the case of Figure 35a, which p resen t s  the distribution 
of the e lec t r ic  field in a positively polarized cloud, based on data on 
37 clouds with a mean thickness of 2000m and a mean lower boundary 
altitude of approximately 1000 m. 
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FIGURE 35. Reduced vari­
ation of the electric field 
E and charge distribution q 
in  NEclouds giving precipi­
tation in the form of snow; 
from measurements made  in 
Leningrad during 1958-1963. 

a - positively polarized 
clouds (37 cased:  b- nega­
tively polarized clouds 
(29 cases); c- clouds with 
three extrema of the electric 
field (13 cases); 1.b.and 
u.b.-the lower and upper 
boundaries of the clouds. 
The  alt i tude is given in re­
lative units, but the  rela­
tionship of the  sections sur­
face  lower boundary, lower 
boundary- upper boundary, 
and upper boundary- 6000 m, 
correspond t o  the  true alt i­
tudes. The  encircled figures 
give the charge magnitude 
in e.s.u. /mZ. 

84 



The e lec t r ic  field under a typical cloud is positive and rises slightly with 
altitude. In the lower half of the cloud, and immediately beneath it,  the 
e lec t r ic  field r i s e s  a lmost  linearly. In the upper half of the cloud, the 
field decreases ,  this decrease  bzing :;teeper in the upper pa r t  of the cloud. 
Above the cloud, the field continues f i r s t  to  decrease  to  smal l  negative 
values, and then slowly r e tu rns  to sma l l  positive values; a t  the maximum 
sounding altitude, i t  becomes equal to 0.2 v / cm.  The negative charge 
ben-.ath the cloud is about -1 e.s.u./m2; the negative charge in  the lower 
pa r t  of cloud is about -4  e.s.u./m2; the positive charge in the upper pa r t  
of the cloud is approximately 5 e.s.u./m2; the negative charge above the 
cloud is approximately -0.8 e.s.u./m2. The cloud as a whole is positively 
chargcd ( 2  e.s.u./m2). The whole atmospheric  layer  up to  an altitude of 
6000 ni is a l so  positively charged (0.5 e .s .u . /m2).  

The potential a t  an altitude of 6000 m is 250 kv on the average.  
Le t  u s  consider  the distribution of f ie lds  in negatively polar ized nimbo­

s t r a tus  clouds giving precipitation in the fo rm of snow. The graph of the 
field var ia t ion with altitude in this ca se  is based on averaged data  on 
2 9  clouds with a mean lower boundary altitude of -600m, and a mean 
thickncss of -3000m (Figure  35b). The e lec t r ic  field under a typical 
cloucl i s  mainly negative and slightly dec reases  with altitude, which 
cor responds  to a positive charge under the clouds of - 06.e.s.u./m2. The 
absolute value of the e lec t r ic  ficld in the lower third of the cloud r i s e s  
steeply up to the maximuin value (-3.6 v / c m ) .  In the center  of the cloud 
the field va r i e s  only slightly with altitude, and in the upper third i t  
decreases ;  this  decrease  i s  approximately l inear  and continues by the 
s a m e  law a lso  above the cloud. The charge  in the lower p a r t  of the cloud 
is approximately 9 e.s.u./m2, in the center  of the cloud approximately 
-0.3 e.s.u./m2, in the upper  third of the cloud approximately -2.7 e.s.u./m2, 
and above the cloud approvimately -3.5 e.s.u./mz. 

The cloud as a whole is positively charged (-6e.s .u . /m2).  The whole 
atmospheric  layer  up to 6009 m is a l so  positively charged ( - 3 e.s.u. /m2).  

The potential a t  an altitude of 6000 m is about 600 kv. In a few cases  
clouds were observed which had a negative e lec t r ic  field and ex t r ema  
in both their  upper  and lower par t s .  

The e lec t r ic  field distribution in these clouds is given in Figure 35c, 
which is based on averaged data on 1 3  clouds with a mean thickness of-3300 m and a mean lower boundary altitude of -600 m. 

The e lec t r ic  field under such a cloud is negative, increas ing  with 
altitude, slightly a t  f i r s t ,  and then more  and more  s teeply a s  i t  approaches 
the cloud. The field in the lower quar te r  of the cloud continues to inc rease  
in absolute value; i t  then decreases ,  increasing again in  the upper p a r t  
of the cloud. The s teepest  increase  is observed a t  the upper  boundary of 
the cloud. The e lec t r ic  field above the cloud dec reases  sharply in 
absolute value. 

The positive charge under the cloud is equal to -5.6 e.s.u./m2. The 
positive charge in the lower p a r t  of the cloud is equal to -4e.s .u . /m2;  
the negative charge  in the center  of the cloud is equal to approximately 
-6 e.s.u. /m2; the positive charge in the upper pa r t  of the cloud is equal 
to - 3  e.s.u./m2; the negative charge above the cloud is equal to 
approximately 9 e.s.u./mz. The cloud a s  a whole has  a sma l l  negative 
charge  of -0.5 e.s.u./m2. 
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The ent i re  a tmospherer ic  layer  f rom the surface to 6000m is a lso  
negatively charged (-3 e.s.u./m2). The potential a t  an altitude of 6000 m 
is -1700 kv. 

In r e a l  clouds, the actual values of the field may differ f rom the mean 
values given above; for example, field intensit ies reaching approximately 
- 2 3  v / c m  have been observed in individual clouds. The mean field 
intensit ies exceed 15 v / c m  (Appendix LII). 

E l e c t r i c  s t r u c t u r e  o f  m i x e d  n i m b o s t r a t u s  
c l o u d s  

In this section, clouds which precipitate r a i n  or snow, but in which the 
0" i so therm passes  through the cloud, a r e  considered. In this case,  direct  
use of the technique used e a r l i e r  for finding the character is t ic  s t ruc ture  
l eads  to the conclusion that such clouds consist  of four charges  lying one 
above the other.  It has been assumed that the e lec t r ic  s t ruc tu re  of the 
cloud in this case is affected by the altitude of the 0" isotherm. 

We reca l l  that the method of reduced alt i tudes can give positive resu l t s  
if  in the averaging sections the observed s t ruc ture  is a function of the 
altitude alone. The averaging was therefore made for the reduced thick­
nesses  corresponding to the altitude intervals  between the lower cloud edge 
and the level of the 0" isotherm,  and between the level of the 0" i so therm 
and the altitude of the upper cloud edge. The field distribution in these 
clouds i s  shown in Figure 36 ,  which i s  based on averaged data obtained 
during flights in mixed nimbostratus clouds over Leningrad, Kiev, and 
Tashkent. 

-5 -4 -3 -2 -1 0 I 2 3 4 5 6 7 8 9 IO I 1  12 13E,v /cm 

FIGURE 36. Reduced variation of the electric field E in Ns clouds of a mixed structure. 

1-Leningrad, 1958-1962 (52 cases); 2- Kiev, 1960-1963 (11cases); 3- Tashkent, 1960-1961 (16 cases); 
1.b.and u.b. - t he  lower and upper boundaries of the clouds. 
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FIGURE 37. Reduced variation of the electric field E in Ns clouds of a mixed structure. 

1- Leningrad, 1960-1962 (18 cases); 2- Kiev, 1960-1962 (1 cases); 3- Tashkent. 1Y60-1Y61 
(10cases); 1.b. and u.b. - lower and upper boundaries of the clouds. 

c m  

FIGURE 38. Reduced variation of t he  e lectr ic  field E and charge distribution q in Ns clouds of a mixed struc­
ture, based on measurements made in Leningrad during 1958-1963. 

a - positively polarized clouds (36 cases): b- negatively polarized clouds (15 cases); 1.b. and u.b.-lower 
and upper cloud boundaries. The encircled figures give the charge magnitude in e.s.u./m2. 
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It should be noted that allowance for  the passage of the 0" i so therm 
showed clouds of this type to have a comparatively s imple typical s t ruc ture ,  
surpr i s ing ly  resembling in external  fo rm that obtained by Simpson and 
Scraze  for cumulonimbus clouds. Figure 36 plainly shows that the maximum 
fields and charges  in mixed nimbostratus  clouds occur  in  the region above 
the 0" isotherm.  As a rule ,  a smal l  positive charge is situated beneath 
the cloud and in i t s  lower par t ,  a l a rge  negative charge higher up, and a 
l a rge  positive charge in the upper  pa r t  of the cloud, Above the cloud, 
there  is general ly  a smal l  positive charge.  

We conclude f rom the graph that the passage of the 0" isotherm through 
a cloud apparently has  a significant effect on the electrification p rocesses  
in it.  

The influence of the tempera ture  in clouds on their  electrification 
p rocesses  is considered in more  detail in Figure 37, where field prof i les  
pertaining to  the following altitude intervals  a r e  presented: ground level  -
the lower cloud boundary; the lower cloud boundary - the 0" isotherm; 
the 0" isotherm - the -10" isotherm; the -10" isotherm - the upper cloud 
boundary; and above the upper cloud boundary. Based on a smal l  number 
of cases ,  these graphs show, despite insufficient averaging, that the region 
of the field maximum, or  the region of charge separat ion in clouds of 
mixed s t ruc ture ,  l i e s  in the tempera ture  interval  f rom 0' to -10" and -12", 
i. e., in the tempera ture  range where liquid and solid par t ic les  most  
probably coexist and where intensive electrification processes ,  connected 
with their  coexistence, occur .  

The data of F igures  36 and 37 a l so  show the r a t e  of increase  in e lec t r i ­
fication in mixed nimbostratus  clouds as one moves to the south. The 
maximum field in a "typical" cloud over  Leningrad is approximately 4 v / cm,  
over Kiev 6 v /cm,  and over  Tashkent m o r e  than 19  v / cm.  With decreasing 
latitude, the mean values of the field in clouds a l so  increase  (about 1 v / c m  
over  Leningrad, about 3.5 v / c m  over Kiev, and more  than 11 v / c m  over  
Tashkent). The charges  in the clouds a l so  increase  accordingly. A m o r e  
detailed examination of the e lec t r ic  s t ruc ture  of mixed nimbostratus  
clouds showed that severa l  types of cloud polarization are a l so  encountered 
among them, the most  typical being positive polarization (36 out of 60 cases)  
and negative polarization (15 out of 60 cases ) .  

The graphs  corresponding to these types of polarization a r e  given in 
Figure 38. 

Le t  u s  consider  in Figure 38a the case  of positive cloud polarization. 
The graph is based on averaged data for  36 clouds having a mean thickness 
of about 3500 m and a mean lower boundary altitude of approximately 800 m.  
The e lec t r ic  field under the cloud and in i t s  lower third is ve ry  low and 
dec reases  slightly with altitude, which corresponds to a smal l  positive 
charge under  the cloud (about 2 e.s.u./m2). The lower pa r t  of the cloud has  
a smal l  negative charge (-2 e.s.u. /m2). The re  is a l a rge  negative charge 
(about -24e.s.u./m2) in the immediate  vicinity of the 0" isotherm.  The 
upper p a r t  of the cloud has  a l a rge  positive charge (approximately 
16e.s.u./m2), and the layer  nea r  the clouds has  a positive charge 
(approximately 3 e.s.u./m2). Higher up, the charge is pract ical ly  zero.  
The total charge of the cloud is negative (about -8 e .s .u . /m2).  The total 
charge of the atmosphere is a l so  negative (approximately - 2  e.s.u. /m2).  
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The potential a t  an altitude of 6000 m is approximately 2000 kv. 
Le t  u s  consider the case  (F igure  38b) when the polarization of the cloud 

is negative. The graph is based on averaged data for 15  clouds with a 
mean thickness of approximately 3000 m and a mean lower boundary 
altitude of 900m. 

The e lec t r ic  field under the cloud and in the cloud i s  negative and 
becomes positive only above the cloud. 

Beneath the cloud and in i ts  lower par t ,  the e lec t r ic  field intensity is 
low, slightly decreasing with altitude, which corresponds to  a smal l  
positive charge under the cloud (about 0.8 e.s.u./m2). 

The maximum field intensities occur somewhat higher than the 0' 
isotherm.  

The positive charge in the cloud is approximately 29e.s.u./m2, and the 
negative charge a t  the upper cloud boundary i s  approximately -30 e.s.u./m2. 
Directly above the cloud, there  is a layer  of negative charge (-3e.s .u . /m2),  
and higher up, a layer  of positive charge (3e . s .u . /m2) .  As  a whole, the 
cloud i s  a lmost  uncharged, and the total charge of the atmosphere is smal l  
and negative, about -2.5 e.s.u./m2. The potential at  6000m is approximately 
-2000 kv. 

T y p i c a l  s t r u c t u r e s  of n i m b o s t r a t u s  c l o u d s  

The typical s t ruc tures  obtained for nimbostratus  clouds a r e  given in 
F igures  34, 35, and 38. As  can be seen, the e lec t r ic  s t ruc tu res  of pure-
water clouds, snow clouds, and mixed-structure  clouds a r e  very  s imi la r .  

Mixed-structure clouds a r e  positively polarized in about 70 % of the 
cases ,  water clouds in about 5470 of the cases ,  and snow clouds in about 
47 70of the cases .  A positive charge in the case  of negative cloud polar iza­
tion, and a negative charge in the case of positive cloud polarization 
generally ex is t s  in the lower par t  of the cloud and beneath i t .  It should 
be noted that  individual clouds may have e lec t r ic  f ie lds  and s t ruc tu res  
differing from the mean typical ones described above. Figure 39 gives 
the field variation in a cloud the lower par t  of which contained a positive 
charge,  and the upper par t ,  a negative charge (actual  altitude given in 
Figure 39). It follows from the figure that, beginning from an altitude of 
500 m, precipitation falling from it i s  negatively charged. 

Figure 39 a l so  shows the field distribution in a cloud of a mixeds t ruc ture ,  
in which, with a "normal" s t ructure ,  field intensi t ies  reaching 150 v / c m  
and space charge densi t ies  exceeding 1 e .s .u . /m3 (i.e., c lose to  the values 
encountered in thunder clouds) were observed. 

As indicated ea r l i e r ,  Chalmers  /71/ studied in England the e lec t r ic  
cur ren t  and field a t  ground level upon the passage of nimbostratus  clouds. 
He pointed out that af ter  averaging the data of all observations,  the cur ren t  
density f rom snow-producing clouds is equal to  -3.5X amp/m2,  and 
the field intensity is equal on the average to  - 5 7  v / c m ,  whereas  in  the 
case  of ra in-forming clouds, the mean total ver t ica l  cur ren t  is equal to 
+ 3.8XlO-l2 a m p / m 2  with a mean field intensity of - 1 7 6 v / m .  Although 
Chalmers  specially points out that under conditions prevail ing in England, 
the fall of liquid precipitation from pure water  clouds is improbable,  the 
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analysis  technique applied by him did not make i t  possible to  check this 
assumption, and we shall consider Chalmers '  data a s  pertaining both to  
mixed, and t o  pure-water  clouds. 

H. m 

-20 0 20 4.0 60 80 100 120 W E ,  v/cm 

I t 
-6 -4 -2 Of, v/cm 

FIGURE 39. Reduced variation of the electric field E and electric structure in 
individual Ns clouds having a mixed structure. 

a - Leningrad, 26 August 1959, 6 hr, mixed-structure clouds: b- Leningrad, 
1 7  December 1959, 18 hr, cloud entirely in the region of below 0°C; 
c-Leningrad, 16 June 1959. 17 hr 30 min, "warm" cloud. Theencirclednum­
bers give the charge magnitude in e.s.u./mz. 

Chalmers '  data show that negatively charged par t ic les  fall out f rom 
snow clouds in the case  of a negative field, whereas  in the case of other 
types of nimbostratus  clouds, the so-called m i r r o r  effect appears ,  i. e., 
the e lec t r ic  field a t  ground level beneath the clouds has  a sign opposite 
to the precipitation cur ren t  f rom them. Sivaramakrishnan 11061,  who 
studied in India the e lec t r ic  charac te r i s t ics  associated with nimbostratus 
clouds (a l so  a t  ground level) ,  a l so  points out the existence of the m i r r o r  
effect on the bas i s  of over 200 observations.  The conditions under 
which Sivaramakrishnan car r ied  out his  measurements  made i t  possible 
for  him to study the electr ic i ty  only of those clouds which gave liquid 
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precipitation. In contrast  to the data  of Chalmers  1711, Simpson 11051 

noticed that in England the sign of the charge of snow flakes a t  ground level 

is opposite to the sign of the field, and that with clouds giving snow, 

positive fields are observed when the snow f lakes  a r e  negatively charged. 


Chalmers  1711 attempted on the bas i s  of h i s  observations and some 
genera l  considerations to determine the e lec t r ic  s t ruc tu res  of snow- and 
rain-forming clouds. The absence of actual data on the p rocesses  of the 
electrification of precipitation par t ic les ,  or a t  l ea s t  on the leve ls  a t  which 
this  electrification occurs ,  made i t  necessa ry  for  him to  consider  severa l  
possible schemes  assuming the electrification of par t ic les  to occur  e i ther  
in the clouds, o r  a t  ground level, or between the cloud and the ear th .  

Data on the height distribution of the potential in the case  of ra in-
precipitating nimbostratus  clouds, which w e r e  obtained by Chalmers  171/, 
a r e  given in Figure 40 (Appendix XLIV). Curve 1 corresponds to Chalmers '  
assumption that electrification is observed in that region of the cloud where 
snow melting takes  place. Figure 40 a l so  gives the experimental  curve 2 
obtained by u s  for  positively polarized rain-precipi ta t ing clouds. As can  
be infer red  f rom a comparison of the curves ,  Chalmers  succeeded in 
sat isfactor i ly  conveying the general  charac te r  of the curve.  Our data 
unambiguously show that in the case  of ra in-precipi ta t ing clouds, the main 
p rocess  of precipitation par t ic le  electrification takes  place in the clouds. 
In clouds of a mixed s t ructure ,  the main electrification zone is situated 
in the region of the 0" isotherm.  

I I I I I I 

0 .?u 60 40 720 m v x  104 
FIGURE 40. Potential distribution in rain and snow nimbostratus clouds. 

1- "warm*' clouds (calculated by Chalmers /11/ on the  assumption that the electrification of drops 
takes place in the clouds): 2- Ns rain clouds (obtained from measurements made  a t  G W ) ;  3- snow 
clouds (potential distribution calculated by Chalmers /11/on t he  assumption that the particles are 
electrified in  the cloud): 4- potential distribution (calculated by Chalmers /11/on the  assumption 
that particle electrification takes place a t  the surface); 5- height distribution of potential (obtained 
from measurements made  a t  G W ) ;  6- calculated by Chalmers /11/ for rain clouds on the assumption 
that particle electrification takes place a t  the surface: 1.b. and u.b. - lower and upper cloudboundaries. 
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This r e su l t  l a rge ly  explains the data obtained by Rei te r  1991 on the 
conduction cu r ren t  and field a t  a number of mountain s ta t ions when these 
happen to be situated in nimbostratus  clouds. In those p a r t s  of mixed-
s t ruc ture  clouds where only snow w a s  observed, a positive field occur s  
during 90 % of the whole observation period; in regions where both r a in  
and snow were  observed simultaneously, this ra t io  fell to approximately 
30 %. In reg ions  with r a i n  alone, the r a t io  became equal to only 10  %. 
Despite all the difficulties connected with observation in mountains, when 
the position of the station with r e spec t  to the cloud is not accurately known, 
the c loseness  of the ea r th  affects the p rocesses  in the clouds, and i t  is not 
known whether other  clouds affect the measurement  r e su l t s .  R e i t e r ' s  data  
a r e  w e l l  explained by Figures  34, 35, and 38. 

The probability of a negative field appearing in the region of the 0" 
i so therm inc reases  a s  one moves downward, and approaches 90 70. 

The r e su l t s  of Chalmers '  calculations 1711, r e fe r r ing  to snow-
precipitating clouds, a r e  a l so  given in Figure 40. Curve 3 is plotted on 
the assumption that the main  charging of snowflakes takes  place within the 
cloud, and curve  4 on the assumption that the charging takes  place a t  
ground level, or a t  a low altitude. F o r  comparison, our data (curve  5) ,  
obtained by integration of the experimental  curve of Figure 35a, a r e  plotted 
on the graph.  Curve 5 is in  c loser  agreement  with curve 3, obtained by 
Chalmers ,  and thus the conclusion that the main electrification p rocesses  
in these clouds a r e  connected with collisions and fractionation of snowflakes 
inside the cloud is confirmed. In fact ,  the space charge distribution ob­
tained for  snow-precipitating clouds unambiguously indicates that the 
electrification of snowflakes takes  place in the middle of the cloud. 

The discrepancy between curve 3, obtained by Chalmers ,  and the 
experimental  data  (F igu re  35b and c) is explained natural ly  i f  w e  r emember  
that C h d m e r s ,  in cont ras t  to other authors, did not observe the m i r r o r  
effect in the case  of snow-precipitating clouds, i. e., he  mainly studied 
positively polarized clouds. If the m i r r o r  effect mentioned by Simpson 11051  
appears  in the case  of mixed clouds, and the cur ren t  in the case  of a 
negative field is positive, the use  of Chalmers '  scheme 171 I is conducive 
to  the dependence represented  by curve 1 in Figure 40. This  dependence, 
corresponding to the case  of charging inside the cloud, is s imi l a r  to the 
one obtained experimentally. 

Thus, the e lec t r ic i ty  of nimbostratus  clouds is connected in all c a s e s  
with p rocesses  which take place in the clouds themselves .  The appearance 
of a negative cloud polarization is apparently connected with electr i f icat ion 
mechanisms other than those acting in  positively polarized clouds. F r o m  
the field var ia t ion in these clouds the conclusion may be reached that a l so  
in  this  ca se  the electrification of par t ic les  takes  place inside the cloud. 

Only in  individual ca ses  can i t  be assumed that the electrification of 
precipitation par t ic les  takes  place a t  ground level. It is possible that the 
mechanisms which lead both to a positive and to a negative cloud polar iza­
tion take place in a lmost  all the clouds investigated, and that differences 
in polarization a r e  due to the fact  that one of the electrification mechanisms 
predominates .  Thus, for  example, in mixed clouds, electrification upon 
snow melting, electrification upon disintegration of snow part ic les ,  charging 
due to dec rease  of the conductivity in clouds, charging due to  contact 
potential difference, and so  on, may lead to different  electrification signs. 
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An i l lustrat ion of the field variation in the case of simultaneous action 
of two mechanisms (one more powerful than the other, but comparable in 
magnitude) may possibly be the field variation in snow-precipitating clouds, 
shown in Figure 35c. It can be assumed that this field variation is caused 
by the presence in the cloud of a mechanism which leads to intensive 
negative polarization (the curve completed by the broken line) and of a 
l e s s  powerful mechanism which leads  to positive polarization. 
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Chapter V 

SCHEME OF ELECTRIC PROCESSES IN 
THE A TMOSPHE R E  

§I. STRUCTURE O F  THE ELECTRIC FIELD OF 
THE FREE ATMOSPHERE 

It was a l ready  mentioned in Chapter I that many assumptions made on 
the bas i s  of the spher ica l  condenser theory can be checked by means  of 
systematic  soundings of th2 atmospheric  e lectr ic-f ie ld  var ia t ion with 
altitude. A s  shown by data given in this work, the variation of the e lec t r ic  
field with altitude even on fa i r -weather  days i s  often not monotonous; the 
field on days when s t ra t i f ied clouds prevai l  generally has  a maximum a t  
definite altitudes. The variation of the e lec t r ic  potential with altitude is 
accordingly a l so  not monotonous. 

The time var ia t ions of the potential a t  an altitude of 6000m a t  var ious 
observation points were found not to be synchronous and were  equal nei ther  
by amplitude nor by phase, for  both diurnal and annual var ia t ions.  These 
var ia t ions were  a l so  found to disagree with the corresponding uni tary 
var ia t ions of the field ( s e e  F igures  1 and 18). The relat ive diurnal 
var ia t ions of the potential a t  a height of 6000 m amounted to 28,22, and 
50 % in Leningrad, Kiev, and Tashkent respect ively during the International 
Meteorological Interval in  June 1958. 

The mean values of the potential during the variation per iods a l so  differ 
considerably f rom those calculated on the bas i s  of the spherical  condenser 
scheme. During the International Meteorological Interval in June 1958, 
the mean potential a t  an altitude of 6000m was approximately 230 kv in  
Leningrad, 169  kv in Kiev, and 370 kv in Tashkent. During the International 
Meteorological Interval  in September 1958, the values of the potential a t  
these points were 220,  170, and 110 kv, and during the International 
Meteorological Interval in December 1958, they were 140,140,  and 150 kv. 

The mean potential values  on fair-weather  days a t  an altitude of 6000 m 
during 1958-1961 were  140 kv in Leningrad, over  300 kv in  Kiev, and about 
205 kv in Tashkent (Appendices XVI and XVII). 

Stratified clouds cause l a rge  deviations both of the mean values of the 
potential a t  an altitude of 6000m, and of their  var ia t ions a t  individual 
observation points (Appendix XVIII) . 

The diurnal uni tary var ia t ion of the potential gradient was observed a t  
the stations only in comparatively narrow altitude intervals .  Above and 
below these altitudes, the e lec t r ic  field variation w a s  determined mainly 
by the variation of the local  space charges in the atmosphere.  
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On the other hand, Clark 1741 observed in measurements  made over  
oceans uni tary variation of the potential a t  an altitude of 6000m. The 
number of measurements  a t  C la rk ' s  disposal was smal l  (only 5 full 
soundings and another one the r e su l t s  of which were  extrapolated to the 
requi red  altitude), and the time of the soundings was not very  successfully 
chosen (i t  did not coincide with the t ime of the diurnal maximum). The 
6 points obtained by Clark  lay  near  the variation curve of the potential a t  
an altitude calculated f rom data on the diurnal uni tary variation, which was 
measured  during the voyage of Carnegie in 1928-1929 on the bas i s  of the 
spher ica l  condenser theory. The correlat ion coefficient between the 
measured  and calculated potentials was 0.89. The calculated potential of 
the ionosphere was  290 k v f  10 70. 

According to  our measurements ,  this quantity should on the average 
amount to  220-260 kv onc lea r  days, but for  Kiev, for  example, i t  i nc reases  
to  approximately 340 kv, and for  Leningrad dec reases  to 170 kv. 

At the same  time, on fair-weather  days, potentials exceeding the values 
of 220-260 kv and 290 kv are often observed a t  an altitude of 6000 m; much 
smal le r ,  including negative, potentials can a l so  be observed. These c a s e s  
cannot be due to redis t r ibut ion of the voltages a s  a r e su l t  of conductivity 
var ia t ions in individual sect ions of the atmosphere.  

In fact, p rocesses  taking place in the t roposphere general ly  lead to  an 
increase  in  res i s tance  in the lower l aye r s  of the atmosphere.  The 
measurements  made by Clark 1741 over oceans per ta in  to the pures t  
conditions. Measurements  over the continents a r e  made under considerably 
m o r e  polluted conditions, and consequently, lower conductivities exis t  in 
the lower l a y e r s  of the atmosphere.  According to Uchikava' s data / 1111, 
for  example, the appearance of an inversion causing accumulation of 
pollutants in the exchange layer  of the atmosphere a lmost  doubles the 
atmospheric  res i s tance  in this layer .  Similar  var ia t ions follow from the 
works of Sagalyn and Fausher  /100,101/ .  Thus, a decrease  in the 
potential a t  an altitude of 6000 m cannot be at t r ibuted ei ther  to a res i s tance  
dec rease  in the lower layers ,  or  to a corresponding res i s tance  increase  in  
the atmospheric  l a y e r s  above 6000 m.  

There  a r e  two possible ways of explaining the appearance of potentials 
a t  an  altitude of 6000m which exceed that of the ionosphere. It should be 
assumed ei ther  that space charges c rea ted  by a mechanism different f rom 
that responsible  for  the ver t ical  redis t r ibut ion of the conductivity exist 
above the place of measurement ,  or  that there  is no potential difference 
between the ea r th  and the ionosphere which would determine the e lec t r ic  
field profile and i t s  variation together with the ver t ica l  conductivity 
distribution. Small  and even negative potentials a t  the height of 6000 m 
may  be explained only by the influence of space charges  of the atmosphere.  

Thus, the number of relationships obtained cannot be explained by the 
spherical  condenser theory in i t s  p resent  form.  We w i l l  now consider a 
possible  way of explaining the observed effects. 
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$ 2 .  CHARGE EXCHANGE BETWEEN THE EARTH 
AND THE ATMOSPHERE, AND THE MECHANISM 
DETERMINING ELECTRIC FIELD VARIATIONS 
COMMON TO THE ENTIRE GLOBE 

The solution of the sys tem of equations common to th? whole ea r th  and 
descr ibing e lec t r ic  p rocesses  in the atmosphere and charge exchange 
between the ea r th  and the atmosphere involves the description of generation 
and separat ion of charges  in the atmosphere, of conduction cu r ren t s  in it, 
and the effect of the e lec t r ic  field on these processes .  

As long a s  there  a r e  n o  data on these processes ,  one should consider  
individual components of the overal l  balance of cu r ren t s  which produce 
charge exchange. 

Essentially, two approaches to the solution of the problem of charge 
exchange between the ear th  and the atmosphere a r e  possible. A conducting 
atmosphere can be considered and, by determining the external  e m f ' s  
acting in it, the cu r ren t s  may b i  calculated and the dynamics of the 
p rocess  thus studied f rom th2 electrodynamic point of view. Obtaining 
the instantaneous values of the charge distribution in the atmosphere in 
successive t ime intervals ,  i t  is possible to solve the electrostat ic  problem 
for  each interval  and, by comparing successive distributions, to solve by 
means  of cer ta in  assumptions the problem of how one quasistatic distribution 
t r ans fo rms  into another. It is more  convenient to in te rpre t  the measure­
ments  descr ibed in the preceding chapters  in the second way. 

Le t  u s  consider  the solution of the problem of the field and charge 
distribution in a neutral  sys tem consisting of a poorly conducting medium 
(F igure  41) bounded by two concentric "ungrounded" highly conductive 
sphe res  (1) and (2 )  ( i .e. ,  the scheme on which the spherical  condenser 
theory is based). 

Suppose a point charge - 9  is somehow removed f rom a neutral ,  poorly 
conducting atmospheric  medium and t ransfer red  to sphere  (1).  Suppose 
the region f rom which this charge is removed l i e s  a t  a dis tance hl f rom 
the internal  sphere  ( the ear th) .  Then a t  the moment immediately af ter  
the charge t ransfer ,  the field in the whole space between spheres  (1) and ( 2 )  
can be represented  a s  being due to a charge f9; a charge - 9 ,  which is 
uniformly distributed over the whole surface of sphere  (1) (or concentrated 
in i t s  center) ;  and charges  induced in the sphere  a s  follows: - 9 , ,  situated 
a t  a point lying on the s t ra ight  l ine  joining the center  of the sphere  and the center  

hof the charge  + 9  a t  a distance hl'=+ 
i ++ f rom the sur face  of the sphere;  

a charge + 9 , ,  situated in the center  of the sphere  (or uniformly distributed 
over  i t s  surface) ;  a charge - 42, induced by the charge + 9 in the hollow 
sphere  (2 ) ;  a charge equal to  i t  + q ~ ,which provides  the quasineutrality 
of sphere  (2 )  and which is uniformly distributed over  sphere  (2 ) ;  and two 
infinite series of charges ,  consisting of successive ref lect ions of the 
considered charges  in the opposite sphere and of the ref lect ions of these 
ref lected charges.  The rapid decrease  in the importance of these ref lected 
charges  with increasing number of the t e r m  in the series makes  it possible 
to  re ta in  only the f i r s t  t e r m s  of the expansion in the solution of th i sproblem 
(in our  case) ,  and to consider only the effect of these. Since the r e a l  
altitudes of charge formation in the atmosphere, not exceeding 10 km, are 
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very  smal l  compared with the rad ius  of the ear th ,  i t  can a l so  be assumed 
that hl'=hl and h2'=h2. The distribution of the charges  will then r e semble  
that shown in Figure 42.  

T - ( ) - 4 2  
2 2 


FIGURE 41. Distribution of induced charges FIGURE 42. Distribution of proper and induced 
in the system of the earth (l), ionosphere ( Z ) ,  charges in system of the earth ( l ) ,  ionosphere 
and atmosphere (3).  (2). and atmosphere ( 3 ) .  

An important resul t  of those considerations i s  the conclusion that the 
sdt t l ins  of a charge on the conducting sphere  (1) leads to the appearance 
of a local field, created by the charges+q,  -ql, -qz, in addition to  a weaker 
field common to the whole surface between the concentric spheres .  which 
i s  creatzd by the charges  - q and + q1 (s i tuated on the sur face  of the internal  
sphere) ,  and by the charge q2 (s i tuated on the internal  sur faces  of the 
external  sphere) .  

It follows from Gauss' theorem that q,+qZ=q, and therefore ,  the field 
in the ent i re  space between the spheres  will be created by the charge 
-9+ql=-q2 on sphere ( l ) ,  and by the charge +q2 on sphere  ( Z ) ,  and w i l l  
thus bz confined in space ( 3 ) .  

Neglecting the curvature  of the spherical  surfaces ,  the magnitudes of 
the charges  q, and q 2  can be givenby the expressions: 

The e r r o r  due to the neglect of the sur face  curva ture  amounts to  a 

f ract ion of qI and 92 which does not exceed G,i.e., negligibly smal l .  

This  dependence of the magnitude of the induced charges,  which c rea t e  the 
field outside the disturbance zone, on the altitude of the charge in a poorly 
conducting zone leads  to the following conclusions: 

a) in  cases  where the altitude of charge location in a poorly-conducting 
zone is very  smal l  compared with the zone thickness, the t ransfer  of a 
charge of opposite sign io  the internal  sphere  does not cause the appearance 
of a field on the whole sphere,  and the field disturbance is of a loca l  nature; 
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b) the field intensit ies on the surface of the internal conducting sphere 
and the potential difference between the sphe res  largely depend on the 
ra t io  of the altitude of the center  of the charge (which remains  in the 
poorly conducting zone) to the whole thickness of the la t ter .  

If we apply the model under consideration to the earth,  atmosphere,  
and ionosphere, i t  is found that for altitudes of charge appearance f rom 
0 to approximately 10 km and an altitude of the ionosphere of about 100 km 
(or  60-70 km according to the data of I s rae l  and Kasemir  /84/),only l e s s  
than a tenth of the total charge reaching the ea r th  participates in the 
creation of the general  field of the ea r th  and i t s  variations.  In this case,  
thunderstorm activity cannot cause more  than a tenth or a twentieth of the 
observed diurnal variations in the electr ic  field. 

The balance of cu r ren t s  between the ea r th  and the atmosphere in 
thunderstorm and nonthunderstorm regions is estimated with e r r o r s  
apparently not exceeding 50 %. As is shown in the works of Gish and Wait, 
Stergis,  Rein and Kangas /79,107 /, cur ren t s  f rom thunderclouds do not in any 
case  exceed 2000 amp over the ent i re  surface of the ear th .  It is indicated 
in 131 / that this f igure i s  overestimated, since a number of thunder­
clouds a r e  negatively polarized. On the other hand, the magnitude of 
the ear th ' s  charge and i t s  variations,  considered in 1601,  is estimated 
with an e r r o r  not exceeding 50 70 1151 .  

The balance of the cu r ren t s  in the ear th-a tmosphere  system and the 
appearance of a unitary variation in accordance with the spherical  condenser 

1 
/ 

3 
H 

1 
I 

FIGURE 43. Scheme illustrating the calcula­
tion of the altitude at which the unitary varia­
tion appears. 

1-earrh; '2-ionosphere; 3-the layer where 
the uni:ary variation appears; q, and q, -
charges of a unit atmospheric column, lying 
above and below the layer (3); a, and a, -the 
densities of charges induced in (1) and ('2); 
E,. E,. �2 and E, -the fields created respective­
ly by the four charges mentioned. 

scheme a r e  guaranteed by assuming that 
the whole charge from thunderclouds 
reaching the ea r th  provides for unitary 
variations.  F r o m  the point of view of 
the above-given considerations,  in o rde r  
to obtain the observed unitary field 
variations,  the amount of charge a r r iv ing  
from thunderclouds and consequently, the 
cu r ren t s  f rom them, must  be ten t imes 
l a r g e r ,  which is actually observed. To 
eliminate this contradiction, it i s  assumed 
that the altitude of the region in which 
charges  a r e  induced i s  low, and comparable 
with the altitude a t  which excess  charges  
appear.  Applied to the atmosphere,  this 
affirmation means  that region (2 )  is 
situated in a poorly-conducting pa r t  of the 
atmosphere.  But in this case,  charges  
of region (2)  cannot participate in  the 
creation of relatively fast  field variations 
such a s  the diurnal unitary field variations.  
Then, to obtain relatively short-period 
field variations common to the whole globe, 
they should be assumed to be created only 
by a variation of the total charge of the 
globe. A s  an alternative,  i t  could be 
assumed that the total effect of all 
thunderclouds c rea t e s  some superposition 
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of the fields of all the local  induced charges  which appears  as the general  
field of the ear th  but, a s  w a s  shown by Pierce 1981, an  es t imate  of the 
ro le  of thunderclouds in this ca se  shows that only 1 / 2 0  of the diurnal  
uni tary var ia t ion can be attributed to this mechanism, if w e  assume that 
hl+hz>>hl (F igure  42) and thus neglect the effect of charges  ref lected in the 
atmosphere. Consequently, this mechanism of field creat ion does not 
play an important  ro le .  

The altitude a t  which those charges  induced by the charges  appearing 
in the atmosphere occur  strongly depends on the r a t e  a t  which the charges  
in the atmosphere appear .  Using the above-indicated fact  that the diurnal 
uni tary var ia t ion over  continents appears  in a definite altitude range,  the 
effective altitude hl+hZr where region (2)  in the atmosphere for  p rocesses  
las t ing 24 hours  begins, can be calculated. 

The relaxat ion t ime in the atmosphere, which is determined by i t s  
conductivity, does not exceed 400 sec in fa i r -weather  conditions, and 
r a r e l y  exceeds 4000 sec even when the atmosphere is relat ively s t rongly 
polluted, so  i t  is negligibly smal l  compared with the t ime of passage of 
the diurnal field wave. It may therefore  be assumed that the effective 
altitude of region ( 2 ) ,  f rom data on the diurnal variation, is c lose  to the 
effective altitude a l so  for  fas te r  field var ia t ions which l a s t  m o r e  than 
severa l  hundreds or even thousands of seconds. 

We now est imate  the altitude of region ( 2 ) .  The appearance of the 
uni tary var ia t ion only in a comparatively thin layer  a t  some altitude hl may 
be  due to the f ac t  that a t  this altitude, the fields due to  a tmospheric  space 
charges lying above and below this layer  and to charges  induced by the 
la t te r  in the ear th  and in the upper conducting l a y e r s  of the atmosphere 
compensate each other ,  as is shown in Figure 43. In this  case,  the 
condition of the appearance of uni tary variation in  a l aye r  high up can be 
written in the form 

E, +E2+Ea +E4=0 I (21 )  

where E l  is the e lec t r ic  field due to a tmospheric  space charges  q, lying 
below the level  where the uni tary variation appears; E2 is the e lec t r ic  
field due to a tmospheric  space charges QZ lying above this level; Es and E,. 
a r e  the fields due to charges  induced in the ear th  and in upper l a y e r s  of 
the atmosphere respectively. 

If the atmospheric  charge a t  some altitude h is p=p(h), then, neglecting 
the curvature  of the ea r th  in  the one-dimensional problem, which is 
applicable on c lear  days, the following expressions can be written for  the 
fields E l ,  El ,  E$, and E , :  

E I ---44aql=-44?r j y p ( h ) d h ,  

E2=4xqz =4~ 4 p (h)dh, 
hY 

H 


E a = 4 r j v p ( h ) d h ,  
0 

N 
E,=- 4x j h 

p (h)dh, 
0 
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where h, is the altitude a t  which the uni tary variation appears; h is the 
cu r ren t  coordinate; H is the effective altitudc of the bounrlary of region (2), 
in which charges  a r e  induced by the atmospheric  space charges.  It should 
be borne in  mind in this connection that in rea l i ty  the charges  u2, which 
c rea t e  the field E,, a r e  situated within a given thickness; the time in 
which the i r  distribution is established may be considerable, but in quai-
s ta t ionary conditions, a charge which does not have well-defined altitude 
can be considered as concentrated a t  some altitude H .  Equations ( 2 4 )  
and (25 )  a r e  s imi l a r  to equation ( 2 0 ) ;  the charges  induced by a plane layer  
of charge P, situated between two conducting planes h,+hZ=H apart ,  can be 
calculatsd f r o m  the relat ion ships: 

H - h  h 
PI=HP and ~ ~ = ~ p . 

For many cases  on c l ea r  days, the space charge variation with altituce 
can be represented  by the formula (Chapter  111) 

p =poePoh.  

Then, substituting in equation (21) the express ions  of i t s  terms from 
( 2 2 ) - ( 2 5 ) , " :  we obtain 

After integrating and carrying out the algebraic  t ransformations,  we 
obtain the equation 

which r e l a t e s  the altitudes h, and H .  
Equation ( 2 7 )  makes  i t  possible to find H i f  h, is known (Table  14). The 

calculations a r e  made for  two values of the coefficient u, which charac te r ize  
the regular i ty  in dec rease  of the e lec t r ic  field with altitude: over the 
continents u =  10-3m-1, and over the oceans a = 2 .5X10-4m-1(Cla rk /74 / ) .  

TABLE 14. Values of altitude H o f  equalizing layer ( m )  
_ _ _ - ~ 

a m-' 
200 2000 

~­

500 r:O: :::," ~ 5000 

2.5 X lo4 400 1000 2000 4000 
-. -~ 

* 	 Equation (7) gives the dependence of both the proper charges and induced charges on altitude, but 
formulas (22)-(25) should contain only the magnitudes o f  the proper charges. However, for a rough 
estimate of H (7) can  be used. 
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The second solution of equation (27 ) ,  H = 0, corresponds to a change 
of the reference system, in which the origin of the coordinates is assumed 
to be situated a t  the altitude of the effective layer .  

Thus, the calculation r e su l t s  strengthen the conclusion obtained ear l ie r :  
the effective altitude, a t  which charges induced in the atmosphere a r e  
situated, var ies  within the troposphere and may often drop to its lower 
layers .  

It is not advisable, therefore, to look for the altitude of the equalizing 
layer  f rom the r a t e  of establishment of an equal potential in the upper 
l aye r s  of the atmosphere ( the method of I s rae l  and Kasemir  /84/),since 
the charges  which compensate the ea r th ' s  field a r e  situated at altitudes at  
which the conductivity is low, and they cannot provide equalization in the 
required time. 

We now consider in more  detail the concept of the effective altitude H .  
If a t  a distance H f rom the ear th ,  we produce in a solid metal l ic  body a 
cavity concentric with the ear th ,  then with the given posit ions of space 
charges,  the field distribution at  the ea r th ' s  surface w i l l  be the s a m e  a s  
in the rea l  case .  Thus, the field due to charges  situated in the atmosphere 
and on the ear th  does not penetrate  beyond the altitude H .  It should then 
be borne in mind that in reality, the charges  which c rea te  the field E a r e  
situated in some very  la rge  layer  exceeding H. 

The time taken to es tabl ish their  distribution may be considerable 
since i t  i s  determined by the relaxation t ime of the field a t  these altitudes, 
but in quasistationary conditions the ver t ical ly  distributed charge can be 
considered a s  concentrated at  some altitude H. 

Thus, the second "condenser plate" i s  situated at  low altitudes in a 
poorly-conducting zone of the atmosphere.  I t s  effective altitude depends 
on the height distribution of space charges.  The field var ia t ions close to  
ground level, having both a global and a local charac te r ,  w i l l  be affected, 
not only by the magnitudes of the charges  in the atmosphere,  a l so  by 
their  height distribution. An upward displacement of the space charges  
wi l l  resu l t  in a decrease  in the field at ground level, and a downward 
displacement will resu l t  in an increase  in the field. An increase  in 
atmospheric turbulence in cases  where the charges  a r e  created high up 
contributes to a r i s e  in the field a t  ground level, and when the charges  a r e  
created a t  the ea r th ' s  surface,  i t  contributes to a decrease  in the field a t  
ground level. It should be noted that this p rocess  does not often take place 
in pure form,  since atmosp!ieric turbulence, in addition to displacing 
charges,  often contributes to  their  appearance,  which may mask i t s  
influence on the field variation at  the surface due to the variation of the 
altitudes of a l ready existing charges.  

We now consider somewhat c loser  the influence of the heightdistribution 
of charges  on the creat ion of field variations at  ground level. The field 
E ,  a t  ground level can be represented a s  a sum of the field due to  the 
proper  charge of the ear th  Ee and of the field due to local  space charges  of 
the atmosphere Ea: 

E, =E, +E.. (28) 

As indicated above, only a cer ta in  f ract ion m of the charge Q reaching 
the ear th  will c rea te  a field common to the whole globe 

&=". Q ( 2 9 )  
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where R is the rad ius  of the ear th .  
The field due to  the space charges  in the atmosphere is 

where n gives  the fract ion of the l ines  of force  from a charge situated in  
the atmosphere which enclose the ear th .  

The valucs of m and n depend on the height distribution of space charge 
sources  in the atmosphere,  on i t s  conductivity, and on the atmospheric  
turbulence 

H 

Eg=m $+ 4 x n  p dh.  
0 

P r o c e s s e s  resul t ing in an upward displacement of charges  cause a 
decrease  in in and n; processes  resul t ing in a downward displacement of 
charges  cause an increase  in m and n .  For the indicated values of the 
effective altitudes, n may va ry  from 0 to 1. The value obtained for  m i s  
averagltd over  the whole globe, anti can therefore  vary  within nar rower  

l imi t s .  For a given region (equation ( 2 0 ) )  mi=-,hli  where hli and Hia r e  

respect ively the altitude of the excess  charge 9i and the effective altitude 
in the region i. 

For the ear th  a s  a whole 

If we introduce the concept of some mean excess  charge density Tiin 
the atmosp%ere,  then 

It follows from formula (33 )  that, although mi in the i-th region can, 
like n, vary  from 0 to 1, on the average, m should naturally vary  over the 
ea r th ' s  surface within considerably nar rower  l imi t s .  However, the global 
effects on the value of m over the whole sur face  of the ear th  ( the change of 
seasons  with allowance for the difference in the distribution of continents 
and s e a s  of both hemispheres ,  the diurnal variation of the continental a r e a  
illuminated by the sun, etc.) may be expected to lead to var ia t ions in m and 
to  corresponding var ia t ions in E,.  

Local  time var ia t ions in n may be considerably l a r g e r  than var ia t ions 
in m, thus causing considerable var ia t ions in the local  field Ea 
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where hj and H a r e  the altitudes of the charges  9j and the effective altitude 
in the given region respectively.  Introducing the concept of some altitude 
average charge 7, an expression character iz ing n can be obtained 

The altitude of the charges  hl, can vary  from 0 to H, causing the indicated 
variation in n f rom 0 to 1, and accordingly, a considerable variation in the 
local field. 

The following conclusions may be drawn from the present  section. 
1.  The e lec t r ic  field in the atmosphere i s  due to the action of charges  

situated throughout the troposphere and on the ea r th ’ s  surface.  
2. Global var ia t ions in the e lec t r ic  field a r e  determined by the t ime 

variations, averaged over  the whole surface of the ear th ,  of both the 
magnitudes of the charges  reaching the ear th ,  and of the height distribution 
of the charges  left  in the atmosphere;  they therefore  depend on such factors  
as the height distribution of charge generation zones, the r a t e  of charge 
separation, the conductivity profile of the atmosphere,  and turbulent 
mixing in the atmosphere.  

3. Local var ia t ions of the atmospheric e lec t r ic  field a r e  determined 
both by the magnitude of the charges  situated in the atmosphere,  and by 
their  height distribution. Local variations therefore  depend on such factors  
a s  the r a t e  of appearance and separation of local charges ,  and the con­
ductivity and turbulence profiles of the atmosphere.  

S3. SCHEME O F  ELECTRIC PROCESSES I N  
FAIR-WEATHER REGIONS 

A simple scheme of the e lec t r ic  processes  in fa i r -weather  regions follows 
from the analysis  given in the previous sections. We assume that the 
conductivity h in an atmosphere f ree  from space charges  inc reases  with 
the altitude h according to some law h=h(h) ,  and that an e lec t r ic  field of 
the ear th  with an intensity E at the surface i s  “applied” in this region. 

During the equalization t ime T=$.4.6 a steady cur ren t  i is established in 

the atmosphere,  and the field distribution with altitude will have the form 

where E,  and hB a r e  the field at  the surface and conductivity respectively.  
If the conductivity increases  with altitude by an exponential law,  as is the 
case  over oceans and polar regions and m o r e  r a r e l y  over  continents, the 
field w i l l  decrease  with altitude by the same  law. 

This  case  is shown in Figure 44. As indicated in Chapter I11 ( s e e  
Figure lo) ,  such prof i les  a r e  indeed observed over continents during 
fa i r  weather in approximately 40 % of the cases .  We called them profi les  
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of Group I. With these profiles, the field var ia t ions common to the whole ear th  
may  c lear ly  appear  a t  all altitudes, their  amplitude decreasing with 

altitude in accordance with the increase  
in conductivity. This  case  is s imi l a r  to  
that investigated by Clark  1741. In cases 
where, for  some  reason,  additional space 
charges  a r i s e  a t  some altitude in the 
atmosphere, the field prof i le  may differ 
f rom that considered above. Le t  u s  assume,  
for  example, that the conductivity within 
some altitude interval  does not rise, but 
r ema ins  constant. Then in s ta t ionary 
conditions, the field in this section w i l l  

rE. 'v/cm not va ry  with altitude, i. e., there  will be 
no space charges  in this  zone. If in the 

FIGLIRE 44. Field profiles. s ame  altitude interval  the conductivity 
a-in an atmosphere without additional space dec reases  with altitude, a region of 
charges; b-in an  atmosphere into which negative spacecharge ar ises  in this 
positive space charges are carried; c-in an altitude interval, and the field there will 
atmosphere in  which charge separation and rise with altitude.
generation takes place. 

If some charge is t ransfer red  by a i r  
cu r ren t s  to the atmospheric  region under 

invzstigation, or i t  a r i s e s  a s  a r e su l t  of the fall of charged par t ic les  by 
gravity, ex t rema may  appear  on the field profiles. The field prof i les  in 
these cases  will be s imi l a r  to that of GroupIII shown in Figure 44c. 
Prof i les  of this type very  often appear in fair-weather zones due to  dust in 
tlne lower l aye r s  of the atmosphere and the resul t ing decrease  in conductivity, 
a s  was shown in the section dealing with the effect of pollution in the 
atmosphere on the field variation with altitude. 

In the case  of prof i les  of GroupIII, the e lec t r ic  field high up w i l l  be 
la rge ly  determined by the distribution of local  space charges,  and the 
uni tary var ia t ions of the field w i l l  affect only some very  narrow altitude 
interval, where the field of the local  space charges  is comparatively weak. 
The potential over these regions w i l l  accordingly depend not only on the 
field common for  the whole ear th ,  but a l so  on the magnitude and height 
distribution of the local  space charges.  

The s t ra t i f icat ion of space charges  (which is charac te r i s t ic  of profiles 
of Group 1II)may resu l t ,  a s  z o m s  where these prof i les  appear  become 
sources  of charging of the ea r th  and affect the magnitudes of the uni tary 
var ia t ions.  

If additional positive space charges a r r ive  in a zone with a conductivity 
decreasing exponentially with altitude from some other reg ions  of the 
ear th ,  as a r e su l t  of advective t ransfer ,  the e lec t r ic  field due to the ea r th ' s  
charge may a l ready  be "shielded" a t  re la t ively low altitudes. In th i s  case ,  
the field natural ly  does not penetrate  above the "shielding" layer .  This  is 
the way in  which the prof i les  of Group I1 (F igure  44b) a r i s e .  It should be 
noted that the altitude a t  which the field drops to  z e r o  is in the case  of 
Group-IIprOfileS close to the altitude a t  which the "center  of gravity" of 
the positive space charge is situated in the case  of Group-I11 profiles. This  
confirms the assumption regarding the ro le  of advectivc t ransfer  of positive 
charges  in  the formation of Group-I1 profiles. In the case  of Group-I1 
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profiles, the potential of high l aye r s  of the atmosphere depends la rge ly  on 
the magnitude and position of local space charges.  

It should be noted that the field variations over continents and oceans 
differ considerably in their r a t e s  of field decrease  with altitude even in 
the case  of group-I profiles. Over continents the coefficient in the exponent 
( formula (6), Chapter 111) i s  a = 1km-l, whereas,  according to Clark ' s  
data 1741, over oceans a = 0.25 km-'. This  difference, being the resu l t  of 
the increased degree of pollution over the continents a s  compared with 
over the oceans, indicates that the potential of high l a y e r s  of the atmosphere 
a l so  should differ considerably over oceans and over continents. In fact, 
the potential V at an altitude H in the case  of Group-I profiles i s  

If we assume that the exponential r i s e  in conductivity can be extrapolated 
to considerable altitudes (50-100 km) then, neglecting the second t e r m  in 
the brackets ,  we find that the potential at  these altitudes w i l l  be four t imes 
a s  l a rge  over oceans a s  over continents. This  once more  emphasized the 
difficulty to which the concepts of the spherical  condenser theory lead. 

It should a l so  be recal led that seasonal  variations of the field prof i les ,  
which a r e  connected with a variation of the coefficient a for  profiles of 
Groups1 and 11, and with a variation of the altitude and amplitude of the 
maximum in the case  of Group-I11 profiles, a r e  observed. 

Under different measurement  conditions, these seasonal variations 
appear  differently. In Leningrad and Tashkent, for example, the value 
of the coefficient a increases  in passing from summer  to winter. The 
field maxima in the case of Group-IIIprofiles l i e  lower in winter than in 
summer .  Generally, in these regions,  the main space charges  in the 
airnosphere a r e  observed to approach the ear th  when passing from s u m m e r  
to winter. This  is in agreement with the fact that convective a i r  motions 
a r e  weaker in winter than in summer,  and the t ranspor t  of space charges  
due to eddy diffusion decreases .  

These pecul iar i t ies  of the field variation in Leningrad a r e  a l so  due to 
the fact  that the surface a i r  ionization decreases  in winter owing to the 
snow cover,  which prevents the r e l ease  of radioactive emanations.  A 
decrease  in the r a t e  of ionization contributes to a decrease  in the surface 
a i r  conductivity, which resu l t s  in an increase  in the field intensity in the 
surface layer  during winter. 

In Kiev, the opposite variation of the field prof i les  upon the transition 
from winter to  summer  is observed, and although these var ia t ions a r e  
sma l l e r  in absolute magnitude than those in Leningrad and Tashkent, they 
a r e  appreciably large.  The Kiev anomaly i s  connected with pecul iar i t ies  
in the height distribution of a tmospheric  pollution. According to  E. S. 
Selezneva 1541, the ver t ical  distribution of nuclei  in the Kiev region 
decreases  with altitude more  sharply in s u m m e r  than in winter. 

I t  was mentioned in Chapter I11 that diurnal var ia t ions in the r a t e  of 
decrease  of the field with altitude and of the altitudes and magnitudes of 
the field maxima a r e  a l so  observed. Along with the seasonal  and diurnal 
var ia t ions in the charge of an air column extending from 0 to  6000m, the 
mentioned variations in the altitude of the "center  of gravity" of the space 
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charges  in the atmosphere,  leading to a modification of the effective 
altitude, affect diurnal and seasonal var ia t ions of both the local  and 
possibly the uni tary surface field. 

The fact  that the effective altitude a t  which charges  induced in the 
atmosphere a r e  situated is only a few ki lometers  o r  even hundreds of 
m e t e r s  above the ea r th ' s  surface leads  to another conclusion. The field 
l ines  f rom the atmospheric  charges  diverge a lmost  equally toward the 
ea r th ' s  sur face  and into the atmosphere (50-60  76 of the total number  of 
l ines  ending a t  the ear th) .  A d i rec t  r e su l t  of this is that the actual  field 
f rom the proper  charges  of the ear th ,  with which the corresponding f ie lds  
f rom the atmospheric  charges  inevitably combine, is approximately only 
0 .66  of the observed field even in  fa i r -weather  regions.  Accordingly, the 
total charge of the ear th  should amount to about 3.5 X 1O5 coulombs, if  we 
take, as is accepted, a value of 130 v /m for  the mean e lec t r ic  field 
intensity at ground level. 

The data of the l a s t  th ree  sect ions lead to the conclusion that, even in  
fa i r -weather  conditions, the field variation with altitude and the diurnal  
variation over  continents a r e  mainly due to var ia t ions in the magnitude 
and position of the space charges in the atmosphere.  The field var ia t ion 
with altitude is closely related to the distribution of impuri t ies  in the 
atmosphere,  and is therefore  dependent on convection in the atmosphere.  
In conditions other than fair  weather, the pollution in the atmosphere 
should have an even l a r g e r  influence. 

§ 4. ELECTRICITY OF STRATUS CLOUDS WHICH 
DO NOT PRODUCE PRECIPITATION 

It follows f rom the data given above that s t r a tus  clouds considerably 
modify the e lec t r ic  s ta te  of the atmosphere. Separated charges  exis t  in  
the clouds, and these may be spread out and ca r r i ed  by a i r  cu r ren t s  into 
neighboring regions of the atmosphere, and a l so  may  reach  the ea r th  in 
convective cur ren ts .  It is highly probable that this  charge circulation in  
the ear th-atmosphere system plays a ro le  in the creat ion and maintenance 
of the e lec t r ic  field of the atmosphere,  and the regular i t ies  of this  
circulation affect the laws of variation of the e lec t r ic  field. In the presence  
of s t r a tus  clouds, a negative space charge is a lmost  always observed a t  the 
surface,  decreasing the e lec t r ic  field s t rength a t  the surface.  

The potential of the atmosphere a t  an altitude of 6000 m va r i e s  con­
siderably on cloudy days. On c l ea r  days, this potential is V,,, = 200-220 kv, 
and the charge of an air column 6000m high with a base  of 1m2 is 
Qwow =2.5-3.0 e.s.u./mz. St clouds a s  a ru le  reduce the total potential 
of the atmosphere,  evidently owing to the negative charge beneath them 
and to the fact  that the e lec t r ic  f ie lds  above the clouds ve ry  rapidly fall 
off to zero,  i. e., the field f r o m  the charges  of the cloud compensates  the 
e lec t r ic  field of the ear th .  

Sc clouds a l so  somewhat modify the total potential of the atmosphere,  
evidently owing to the negative charge beneath the clouds. The potentia! 
drop in  the cloud i t se l f  is negligible, and on the average positive. Above 
the cloud, a region of negative field contributing to a decrease  in the total 
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potential is often observed, and higher up, the field is positive and r ema ins  
considerable  up to altitudes of 5000- 6000 m.  

Owing to the negative charges  below and above the cloud, the total charge 
of an a i r  column is sma l l e r  than on c lear  days. 

Clouds of the As form r a i s e  the potential of the atmosphere and reduce 
the total charge of an a i r  column mainly due to  a redis t r ibut ion of the 
charges  in the atmosphere, since the potential drop in the cloud itself 
is negligible on the average (approximately 90kv), and the excess  charge 
of the cloud is about 1 e.s.u./mz. 

C s  clouds do not, on the average, modify the potential and charge of 
the atmosphere.  In individual cases ,  C s  clouds reduce the total potential 
of the atmosphere, mainly owing to a potential drop a t  the cloud boundaries 
(Appendix XIX) . 

The distribution and magnitude of charges  in the atmosphere in the case  
of N s  clouds va ry  within wide l imits ;  the potential of the atmosphere and 
the charge of an air column a r e  considerably l a r g e r  than in c lear  weather. 

The highest e lec t r ic  field intensi t ies  w e r e  observed in N s  clouds, being 
approximately 200 v / c m  in mixed N s  clouds. 

Appendix XXVI gives the percentage distribution of e lec t r ic  fields in 
s t ra t i f ied clouds. The e lec t r ic  f ie lds  mos t  often encountered have 
intensi t ies  of f rom -1 to + 3  v/cm,  the fields in high-altitude crystal l ine 
clouds of the type C s  very  often being negative. 

Studies of the e lec t r ic  field var ia t ions inside s t ra t i f ied .clouds showed 
that mainly four types of field var ia t ions in the clouds a r e  encountered; 
these correspond to four types of cloud electrification: 1) positively 
polarized clouds with an excess  positive charge; 2) negatively polarized 
clouds with an excess  positive charge; 3) positively charged unipolar 
clouds; 4) negatively charged unipolar clouds. 

In addition, uncharged clouds a r e  encountered, in which the e lec t r ic  
field is sma l l  and hardly var ies .  Uncharged clouds amount to approximately 
4 $ of all St and Sc clouds, approximately 11 70of all As clouds, and 
approximately 1 3  70of all  C s  clouds; uncharged N s  clouds were  not 
observed. Clouds with three, four, and more  charges  a r e  a l so  encountered. 
Among St and Sc, the percentage ofmultiply-charged clouds is low ( - 5 TO), 
and among As amounts to approximately 1 0  70. Multiply-charged N s  and C s  
clouds a r e  more  often encountered. 

The equation of the variation of the e lec t r ic  field with altitude z in the 
middle pa r t  of s t ra t i f ied clouds can in general  be written in the form 

E = a +  b (2- h) +c(z -h)Z, (38) 

where a, b and c a r e  coefficients, z is the ver t ical  coordinate (measured  
upward f rom the cloud base) ,  and h is the altitude in the cloud a t  which the 
maximum field intensity occurs .  This  equation may be suitable for  
descr ibing the four basic  types of e lec t r ic  s t ruc tures .  

Table 15 gives the mean thicknesses  of singly -charged, doubly-charged 
and multiply-charged clouds. It follows f rom the table that with increasing 
cloud thickness, the number of charges  in  i t  increases .  

As the thickness of the clouds increases ,  the i r  e lec t r ic  charac te r i s t ics  
change: the mean and maximum field intensi t ies  in the cloud, the potential 
difference between the boundaries of the cloud, and the r a t e  of a i r c ra f t  
charging all increase  (see Figure 27) .  It is interest ing to note that with 
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increasing cloud thickness, the r a t i o  of the maximum to the mean field 
intensity inc reases  ( i t  is clear ly  seen in the graphs of Figure 27  that the 
mean and maximum field curves  diverge); this is due to the inc rease  in 
nonuniformities in thick clouds. 

The charges  of a cloud a l so  depend on i t s  ver t ical  thickness: thicker 
clouds contain l a r g e r  charges.  The space charge  density is also higher 
in thicker clouds (Appendix XXVII). 

The thickness of clouds inc reases  a s  a resu l t  of an i nc rease  in their  
liquid-water content and the concentration of drops.  Since these elements 
were not measured  in our investigations, i t  is only possible to get an idea 
of this from indirect  data, e .  g., from the a i rc raf t  charge,  which was 
measured in a l l  the investigations. F o r  a given a i rc raf t  sounding at  a 
constant velocity, the charge inc reases  with increasing concentration of 
par t ic les  and liquid-water content of the cloud, and, although the re  is no 
simple formula relat ing all these elements,  it  can nevertheless  be affirmed 
that in places where the number of par t ic les  i s  l a r g e  and their  s ize  l a r g e r ,  
the charging of an a i rc raf t  is more  intensive, a s  shown in 1141. 

TABLE 1 5  

I Position of charges in  the cloud 
Type of 

cloud + - * I ~ IMulriple-charged 
clouds 

450 700 
43 0 700 

I 
900 1500 

940 600 2000 

loo1 
The l a s t  two columns of Appendices XXVII-XXIX give the a i rc raf t  charges  

(the mean, lgl, and the maximum, I QmaxIrin clouds of different thicknesses).  
We can see  that with increasing cloud thickness, a i rc raf t  charging in them 
inc reases  very  strongly, and consequently, the concentration and s izes  of 
the drops rapidly increase with the cloud thickness. It can be assumed 
that the inc rease  in the extrema1 values of the field in clouds is connected 
with the increase in these elements.  

A number of observed pecul iar i t ies  in the s t ruc tu res  of s t ra tus  clouds 
can be explained by means  of a ve ry  simple scheme. 

Suppose that under the influence of the electr ic  charge of the ea r th  and 
of the space charge of the atmosphere,  a field intensity E ,  has se t  up 
a t  the lower cloud boundary, and an intensity E ,  a t  the upper cloudboundary 
(F igu re  45). Let the atmospheric conductivity a t  these levels  have the 
values hl and hz. Then, i f  a cloud with conductivity b appears  in the 
atmosphere (&<Al and &<An), we can write for the s ta t ionary conditions, 

1which se t  in approximately af ter  a t ime z = ~ ,an equation based on the 

assumption of a constant ver t ical  current  

E EAl a , = A  2 %  =AiEi=’.iE;, (39) 

where &‘ and b‘’ a r e  respectively the conductivities in the lower and upper 
p a r t s  of the cloud, and Eo‘ and E { ,  the field intensit ies a t  the respect ive 
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points of the cloud. Field discontinuities a r i s e  on the cloud boundary: 

AE, =E,, -E; and AE2=E: -E,  

or, using equation ( 3 9 ) ,  

bE,  =E,,  -E,,-$ =E,, ( 1  -2)
and 0 

A E 2 = E , , & - E E , = E , , ( ~ - 1 )h0 

The following charges  then appear on the cloud boundaries: 

4Aql = and Aq, = 7, 
or 

Since the conductivity in the cloud may  be up to 20 t imes  a s  low a s  that 
in a c l ea r  a tmosphere /36,100,101 / the field in the cloud rises accordingly. 
The calculation demonstrated can be improved by introducing the relation­
ship between the conductivity and par t ic le  spectrum in the atmosphere,  
if w e  know the s ize  and height distribution of par t ic les  in the cloud, the 
distribution of the ionization intensity over  the cloud thickness, and other 
pa rame te r s  necessa ry  for  a complete solution of the ionization-recombina­
tion equation for  an aerosol  layer ,  in which the distribution of par t ic les  
and consequently, a l so  of the conductivities a r e  given ( th i s  solution was 
obtained to the f i r s t  approximation by I. B. Pudovkina and Yu. S. Sedunov 
/48 /). However, such a calculation in the case of real clouds hardly 
gives  more  than the calculation we have presented,  owing to insufficient 
data on the micros t ruc ture  of the clouds investigated. 

It is obvious that under normal  conditions, when the field is positive, 
the upper pa r t  of the cloud w i l l  be positively charged, and the lower par t ,  

ti 


FIGURE 45. A scheme illustrating the charg­
ing of a poorly conducting layer by conduction 
CllrrPnfC--._-..I. 

negatively charged. Since the conductivity 
below an inversion is low and inc reases  
sharply in the inversion itself / l o o ,  1 0 1/, 
the charge 42 forming a t  the upper boundary 
of a s t ra t i f ied cloud, which usua l lyappears  
under an inversion, is natural ly  l a r g e r  than 
the charge q1 ar i s ing  a t  i t s  lower boundary. 
An increase  in the conductivity with altitude 
should lead to  the same  effect. Theposi t ive 
charge acquired by a cloud is therefore  
l a r g e r  than the negative charge. 

The conductivity of clouds is lower, the 
l a r g e r  the number of par t ic les  in them. 
I 

An increase  should therefore  be observed .in zones where the number of cloud 
par t ic les  increases .  These  zones can be 
found f rom the increase  in the a i r c ra f t  
charge. In fact, comparing the f ie lds  in 

s t ra t i f ied  clouds in summer  and winter (Appendices XXXII, XXXIV), we 
find that in summer  the mean values of the field intensity and i t s  mean 
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absolute and maximum values, a s  w e l l  as the excess  space charges  a r e  
l a r g e r  than in winter; the a i r c ra f t  charge is a l so  l a r g e r  in summer .  
Comparison of the field and charges  in s t r a tus  and s t ra tocumulus clouds 
a l so  shows that these a r e  l a r g e r  in s t ra tocumulus clouds than in s t r a tus  
clouds, which can again be attributed to the fact  that the conductivity in 
stratocuinulus clouds is lower, s ince an a i r c ra f t  is more  intensively 
charged in them than in s t r a tus  clouds. 

The scheme presented can explain the observed phenomena quantitatively 
in a number of cases  since the field intensity in s t r a tus  clouds is a s  a ru le  
only 3-5 t imes  a s  high a s  the field in a c lear  a tmosphere,  and this, as 
a l ready  indicated, approximately corresponds to the conductivity values 
in clouds. 

It should be noted that the appearance of clouds having a charge of a 
single sign can be relat ively s imply explained by the existence under or 
above the cloud of a poorly conducting layer ,  which is connected with the 
appearance of a l a rge  number of par t ic les ,  for  example, of dust admixtures, 
or  with the t r ans fe r  of a charge of one sign by convection or diffusion. In 
fact, a layer  with a high dust content i s  very  often situated under  clouds, 
par t icular ly  under  subinversion clouds. In this case, the influence of a 
reduced conductivity may lead (in af ie ld  of normal  direction, according 
to the scheme considered above) to the formation of a negative charge 
under this cloud, and of a positive charge in the cloud. 

The appearance in a cloud and i t s  surrounding zone of an updraft or 
downdraft may  lead to the same  effect, i .e.,  unipolar cloud charging. 
If u is the mobility of light ions which c rea t e  the conduction cur ren t  and 
E i s  the field a t  the cloud boundary, then the displacement velocity of the 
ions in the field is v=uE.  The field a t  the boundary of the clouds investigated 
var ied from one to seve ra l  v / cm with a mobility of 2 -4cm2/sec .  v. This  
means  that the velocity of the ions w i l l  be -1- lOcm/sec .  If the mean 
velocity of the updraf t  is w>u,  then in the case  of cloud charging by a 
conduction cu r ren t  icon a cloud w i l l  acquire  in a field of normal  direction 
a negative charge  spread  throughout the whole cloud thickness, and in a 
negative field, a positive charge.  Cloud drops  passing through the upper  
cloud boundary w i l l  evaporate, and a positive space charge due to ions 
left af ter  the evaporation of drops w i l l  appear  in  the a i r  above the cloud. 
If w i v ,  the negative charge w i l l  a l so  occupy the main pa r t  of the cloud 
volume, If the cloud is engulfed by a descending cu r ren t  with a mean 
velocity w ,  and w > o ,  then the cloud in a normal  direction field w i l l  have 
a unipolar positive charge.  Drops falling under the cloud a l so  evaporate, 
and the ions left  in them form a negative space charge beneath the cloud. 
Ifw<v,  the main p a r t  of the cloud wi l l  be positively charged. Thus, 
ver t ical ly  oriented air motions with velocities of -1-10 c m / s e c  should 
lead to unipolar cloud charging. 

The appearance a t  one of the boundaries of s t r a tus  clouds of considerable 
diffusion cu r ren t s  (i.e.. a l a rge  gradient of the space charge density and 
considerable  turbulence) may obviously lead to unipolarly charged clouds. 
Thus, for  example, this scheme explains the appearance of a negative 
charge  beneath a cloud as being due to turbulent motions under the cloud 
which spread  the negative charge, which, in turn, is accumulated by the 
cu r ren t  iconin the lower  pa r t  of the cloud, and the whole region between 
the cloud and the ea r th  gradually fills with a negative charge.  

I IO 



In fact, a s  shown by M. A. German 181 ,  the turbulent mixing coefficient 
k in St-Sc clouds is approximately 40-50 m-2. Under observed space charge 

density gradients  2,ofthe o rde r  of magnitude of 10-11-10-12 e .s .u . /cm4,  

beneath clouds, the diffusion cu r ren t  is i , j = k g  -1O-l6-1 0-17 amp/cm2.  

Thus, the diffusion cur ren t  may in a number of cases  amount to an 
appreciable fraction of the total cur ren t .  Since the conduction cur ren t  
beneath clouds is usually sma l l e r  than the normal  values (owing to  the 
decrease  in field intensity and in conductivity a s  a resu l t  of the pollution 
of the atmosphere,  which usually occurs  under  inversions) ,  the diffusion 
cur ren t  can sometimes be assumed a s  being equal to the conduction 
cu r ren t  and to considerably affect the t ranspor t  of space charges.  At the 
upper boundary of s t r a tus  and s t ra tocumulus clouds, turbulent motions, 
which usually appear  under inversion layers ,  a r e  weak, and spreading of 
the positive charge is hindered. A s  a resu l t ,  the excess  positive charge 
in the clouds should grow even more .  

This  scheme,  however, cannot explain cer ta in  pecul iar i t ies  of the 
e lec t r ic  s t ruc ture  of s t r a tus  clouds. In 75 7/0 of the cases ,  a positive 
polarization of s t ra tocumulus clouds did in fact occur  in a positive field, 
but in 1 0  70of the cases ,  it occurs  in a negative field. In addition, in 10 70 
of the cases ,  the field above the cloud was positive and below the cloud 
negative. Negative polarization of s t ra tocumulus clouds occurred  in 1/ 3  
of the cases  in a negative field ( a s  i s  requi red  by the scheme under 
consideration), in 113 of the cases  in a positive field, and inapproximately 
113 of the cases ,  the field above the cloud was positive and below the cloud 
negative. Unipolar negative cloud charges  a r o s e  in five out of thir teen 
cases  in a positive field, in three c a s e s  in a negative field, and in five 
cases ,  the field above the cloud was positive and below the cloud negative. 

We now consider in more  detail the height distribution of the field in 
clouds of a given e lec t r ic  s t ruc ture .  For this purpose, w e  examine the 
field prof i les  occurr ing in the case  of s t ra tocumulus clouds. Figure 31 
gives  the height distribution of the field in the case  of s t ra tocumulus 
cloudiness polarized positively (F igu re  31 a) and negatively (F igure  31b), 
charged positively (F igure  31 c) and charged negatively (F igu re  31 d) . In 
all the plottings, re la t ive heights D/Do a r e  used where for  Do. equal to 
unity, the altitude of the lower boundary of the clouds, the thickness of 
the clouds, and the distance between the upper  boundary of the clouds and 
the upper sounding level (6000 m) w e r e  successively taken. The data given 
r e f e r  to days when only s t ra tocumulus clouds prevailed. A s  follows f rom 
the graphs of Figure 31, all  the basic  e lec t r ic  s t ruc tu res  a r i s e  in a positive 
atmospheric  field. 

By comparing the graphs of Figure 31, an at tempt  can be made to explain 
them on the bas i s  of an assumption regard ing  the ro le  of ver t ical  a i r  motions 
in the creat ion of unipolar clouds f rom initially polarized ones. In fact, a 
comparison of the above-mentioned pa i r s  shows that the charge distribution 
in a cloud shown in Figure 31a t ransforms into the distribution shown in 
Figure 31b, if the distribution curve of the field is "lowered1' with r e spec t  
to the lower cloud boundary. This  may occur  e i ther  upon the appearance 
of a downdraft, or due to  the existence of a l aye r  of reduced conductivity 
above the cloud. 
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The field distribution shown in Figure 31a t ransforms into the distribution 
shown in F igure  31d, if the distribution curve of the field is "lifted" with 
r e spec t  to the cloud. This  may occur  e i ther  in the case  of an updraft, or 
upon the appearance of a reduced conductivity zone above the cloud. Since 
usual ly  the a i r  above a cloud is pure,  i t  is highly probable that an initially 
normally polarized cloud begins to t ransform into a negatively charged one 
due to the presence  of an updraft in it. It should be noted that the ver t ical  
dimensions in the relat ive scale  used a r e  strongly distorted. The mean 
altitude of the lower cloud boundary is approximately 500 m, the mean 
cloud thickness  va r i e s  approximately from 200 m for  unipolarly charged 
clouds to  400m for  polarized clouds, and the thickness of the zone between 
the upper cloud boundary and the sounding ceiling is approximately 5000 m.  
The negative charge zones above polarized clouds and above positively 
charged clouds, and the positive charge zones above negatively charged 
clouds, extend over  a layer  thicker than the cloud itself. The appearance 
of even comparat ively thin clouds thus significantly affects the field 
distribution throughout the whole thickness of the atmosphere.  

The absolute value of the field in negatively polarized and negatively 
charged clouds is higher than in other types of clouds. 

The negative cloud polarization cannot be explained by some removal  
of charges  occurr ing  in the cloud due to conduction cu r ren t s  in a normal  
field. It should be noted that the charges  in a negatively polarized cloud 
a rose  in a field having a direction not conducive to their appearance. In 
fact, the conductivity in these clouds is cer ta inly lower than in a c l ea r  
a tmosphere.  Consequently, the normal  field of the ear th  should be severa l  
t imes  s t ronger  in them. The potential drop in a cloud of 400 m mean 
thickness should have been from about +50 to -200 kv, whereas  i t  is 
approximately -50 kv. Thus, due to charge  generation and separat ion in 

, 	 the cloud, a potential difference of a t  l eas t  -100 kv, and somet imes  even 
-250 kv, is crea ted .  

It can be s imi la r ly  assumed that positively polarized clouds a r e  la rge ly  
connected with active generation of charges  in them. This  confirms the 
assumption that the negative charge is small ,  and that the field above them, 
as w e l l  as above negatively polarized clouds, a lmost  does not decrease  up 
to  altitudes of 6000m. 

Also notable is the fact that the potential differences between the upper 
and lower cloud boundaries A V  in a number of clouds of all the fo rms  
considered a r e  comparable  with the potential at 6000m (VSm) in c l ea r  
weather, somet imes  exceeding it, and often even being comparab1.e to 
V m  by absolute value, although opposite in  sign. 

It should be assumed that s t ra t i f ied clouds begin to behave in a number 
of c a s e s  not a s  a passive res i s tance  but a s  voltage generators .  

In analyzing the initial data, it can be assumed that charges  accumulate 
in thin clouds (up  to 500m) according to the considered scheme of charge 
accumulation in  a section of high res i s tance .  In thicker clouds, additional 
charge generation arises, and this may play the basic ro le  in clouds thicker 
than 1000 m.  

The generation mechanism of these charges  is a t  p resent  not a t  all  c lear ;  
even less c lear  is the way in which s t rongly charged clouds a r i s e  in cases  
where the external  field does not contribute to it, and charges  a r e  not 
c a r r i e d  away from the cloud with precipitation. It is obvious that to be 
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able to answer these questions, a more  detailed study into the elementary 
mechanisms of charging of par t ic les  in these clouds and into the conditions 
of charge t ranspor t  f rom them is necessary .  The observed charge genera­
tion in clouds r equ i r e s  that l a rge  par t ic les  in  them should be positively 
charged, and smal l  par t ic les ,  negatively charged. I t  is, however, not SO 

simple to decide which electrification mechanism in these finely- dispersed 
and often purely warm clouds can develop to a sufficient extent. The 
mechanism of diffusion and random electrification cannot provide the 
necessa ry  unipolarity in the charging of smal l  and l a rge  par t ic les  in 
these clouds; an analysis  of Wilson's mechanism l eads  to the s a m e  
conclusion. For cer ta in  reasons  par t ic le  charging in a field cannot 
provide the required electrification, and the mechanism of Els te r  and 
Geitel in Sa r to r ' s  modification 11021 gives a weakening r a the r  than an 
intensification of the field in  the cloud for  our  conditions. 

To  explain the observed effect, i t  would be possible  a t  f i r s t  sight to 
use  the electr i f icat ion mechanism considered by Y a .  I. Frenkel '  162 1.  
Owing to the electrokinetic potential of water, d rops  capture  negative 
ions f rom the a i r ,  becoming negatively charged. Since the charge of drops  
is proportional to their  radius ,  a negative charge should accumulate in 
the lower pa r t  of the cloud. :: In reality, as pointed out in  a number of 
cases  (where  charge generation took place in clouds), they were positively 
charged in the lower par t .  There  a r e  no grounds for  assuming that drops 
with an electrokinetic potential of an opposite sign, which would lead to 
positive charging of drops,  may appear in a cloud. 

In attempting to find a possible electrification mechanism,  one should 
consider  the mechanism of electrification due to  the contact potential 
difference between l a rge  and small  par t ic les .  D. Turne r  / l l O /  noticed 
that ra indrops  of different rad i i  have different  sal ini t ies ,  the NaCl content 
varying by a factor  of th ree  for  drops with rad i i  f rom 0.15 to 0.25 mm.  
S. M. Shmeter  / 6 5 /  showed that the concentration of chlor ides  in ra inwater  
is closely related to the s izes  of the cloud drops.  The chlorine concentra­
tion in drops of rad i i  1 -15p  rapidly decreases  with increasing drop radius ,  
decreasing by a factor  of a lmost  l o 4  for  drops with a rad ius  of 1 5 p  a s  
compared with i t s  value for  drops with a radius  of 1 y. The chlorine 
concentration in drops  with radi i  between 20  and 1 3 O p  depends only slightly 
on the radius .  On the bas i s  of the data of E. S. Selezncva 1 5 5 1  and D. 
Turner  / l l O / ,  i t  may be concluded that a s  the par t ic les  grow fur ther ,  the 
chlorine concentration in drops with a radius  l a rge r  than 2 0 0 y  again r i s e s .  

The difference in the chemical composition of different s ized par t ic les  
shouid resu l t  in their  electrification on coming into contact and then 
dispersing. A s  was shown in / 2 5 / ,  the maximum potential to  which a 
l a rge  par t ic le  of rad ius  R ( f rom which small  par t ic les  split off on contact) 

is charged i s  vn,ax=VcTR where Vc is the contact potential difference 

between the ma te r i a l s  of the two par t ic les ,  and d is the dis tance 10-6-10-7cm 
a t  which charge exchange between the par t ic les  stops. A par t ic le  of 
rad ius  30y can be charged by this mechanism in the case  of V, = 10-2v  up 
to tens of volts, and in the case of Vc = 0.1 v, up to hundreds of volts. 

Depending on the chemical composition of the l a rge  and smal l  par t ic les ,  
the contact potential difference may charge the l a rge  par t ic les  when 
' In subinversion clouds, where large drops accumulate in  the upper part, the mechanism considered by 

Frenkel' can explain the negative polarization. 
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par t ic les  of different s i zes  split off e i ther  positively o r  negatively. We 
now consider  this  very  powerful e lectr i f icat ion mechanism in the clouds 
being studied. 

We calculate the charge which is acquired by a ta rge t  par t ic le  of 
rad ius  R ,  falling through a uniform monodisperse  cloud of smal l  drops 
of rad ius  r with a concentration n. Le t  t i e  fall velocity of the l a rge  and 
smal l  d rops  be v1  and 02 respectively. Suppose the fract ion captured 
from the total number of par t ic les  colliding with the large drop is 1 - k .  
Then the number of collisions where coalescence with the l a rge  drop does 
not occur  will be 

N =kn ( R+r)* (q-a2)t ,  (41  ) 

where f is the duration of the process .  
The charge acquired upon each such collision will be q=pY,r, where 

p is a factor  c lose to unity, and Vc is the contact potential difference 
between the l a rge  and smal l  par t ic les .  A s  long a s  the potential of the l a rge  
par t ic le  (which is much lower than that corresponding to the maximum 
charge Q acquired by it) depends only slightly on i t s  potential / 14 / ,  the 
par t ic le  acqui res  a charge Q = N q  in the course  of one second. 

Suppose a drop of rad ius  R = 30p  (fall velocity -11 cm/sec )  falls  through 
a cloud containing drops of radius  r = 5 p  (fall  velocity -0 .6cmIsec)  with 
a mean concentration of 100  ~ m - ~ .In this  case,  the drop undergoes during 
a period of 1000 s e c  about 50  collisions over a path of lOOm in the cloud, 
and these collisions can be assumed to occur  without coalescence, i.e.,  
k = 1. During each collision and subsequent separat ion,  a smal l  drop will 
acquire  a charge of one sign, and the l a rge  drop a r e  of another sign. Let  
u s  a s sume  that l a rge  drops a r e  being charged positively. The charge q1 
acquired by the smal l  drops is roughly equal to q=Vcr (assuming p = 1); 
in real i ty ,  owing to the increase  in the capacity of the smal l  drop when 
situated near  the l a rge  drop, the value of q w i l l  be somewhat l a r g e r .  
If Y,  = 0.1 v, then q =-1.5XlO-? e.s.u., and the l a rge  drop w i l l  acquire  
a charge Q = +1.5X10-7X50-10-5 e.s.u. over  the indicated lOOm path. 
In a 500m thick r ea l  cloud, this charge may grow to 5X10-5 e .s .u .  The 
potential thus acquired by the la rge  drop along a 500 m path i s  only 5 v, 
and along a 1 0 0  m path, about 1 v. These potentials a r e  much lower than 
the maximum potential V,,, which a l a rge  drop may acquire  in such conditions, 
and therefore ,  the effect of charge removal  by the small  drops can be 
disregarded 114-251.  The relaxation time of the charge of the la rge  drop, 
due to the air conductivity, should be not l e s s  than 1000-2000  sec  in a 
cloud, and therefore  the above magnitude of the charge Q will vary  by no 
m o r e  than a factor  of two a s  a resu l t  of flowing down into the a i r .  

Actual observations of par t ic le  charges  in s t r a tus  and stratocumulus 
clouds showed that the charges  on par t ic les  with a rad ius  of 2 - l o p  a r e  
very  close to those calculated in this work and r i s e  proportionally with 
the radius ,  the proportionality factor  varying from 13 to 20; drops of 5 p  
rad ius  c a r r y  a charge of f rom 0.35X l o e 7  to 0.5 X 1O-?  e.s.u. on the average 
157 ,  46, 47, 321. 

As mentioned above, the field in negatively polarized clouds r eaches  
-3 v /cm,  and the mean thickness of these clouds is 430 m.  For the creat ion 
of the corresponding charge, a concentration of la rge  drops ( rad ius  3 0 p )  
amounting to about 10-2cm-3 is necessary  in a 400 m thick cloud. These 
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e lec t r ic  charac te r i s t ics  can a l so  be obtained by assuming VC = 0.01 v, t but 
on the assumption that the concentration of drops  of these s i z e s  is 10-lcm-9 
Data of measurements  in clouds 14,901 show that such concentrations of 
l a r g e  par t ic les  a r e  indeed observed both in St and in Sc clouds. The 
density of the current ,  charging the cloud, which is produced by these 
par t ic les  i s  approximately 3X10-I6 amp/cm2.  It is obvious that i f  the 
magnitude of this cur ren t  dec reases  severa l  t imes,  the cloud w i l l  be 
charged by conduction current ,  in accordance with the scheme considered 
ea r l i e r .  If the concentration of l a rge  par t ic les  increases ,  and the var ia t ion 
of their  chemical  composition with r e spec t  to that of smal l  par t ic les  
c rea t e s  a contact potential difference between the respect ive par t ic les ,  the 
cloud charging cu r ren t  due to this contact potential difference may become 
predominant. 

It is premature  to calculate in detail the charging of par t ic les  which 
fall in a polydisperse cloud. Such calculations can easi ly  be made on the 
bas i s  of existing works dealing with the fall of drops  in clouds, but they 
cannot make a r e a l  improvement to the presented scheme until the 
dependence of the contact potential difference on the chemical  composition 
of the par t ic les  is found and i t s  dependence on the rad ius  of the 
par t ic les  in the investigated clouds determined more  accurately. 

The purpose in present ing the above es t imates  was to show just  how 
powerful a charging mechanism may exis t  in s t r a tus  clouds which do not 
produce precipitation, and to  what comparat ively s t rong  cloud-charging 
effects this  may lead. 

A natural  problem a r i s e s  - the extent to which the e lec t r ic  charac te r i s t ics  
of clouds ( the e lec t r ic  field in them and the charges  on individual par t ic les)  
affect p rocesses  of cloud development by influencing coalescence and con­
densation processes .  

Disregarding Levin 's  well-known works 1381 on the effect of e lec t r ic  
charges  on par t ic les  and of the e lec t r ic  field on their  re la t ive t ra jec tor ies ,  
i.e., on the "geometrical" collection coefficient, w e  note only that the 
influence of e lec t r ic  forces  on the coalescence of colliding drops  is not yet 
c lear ly  under stood. 

It was shown in a number of works that for  charged drops  the e lec t r ic  
charges  of the par t ic les  themselves  a s  well a s  the e lec t r ic  field can 
modify the collection efficiency. It i s  pointed out by Telford e t  al. / l o g /  
that charges  of opposite sign - e.s .u . increase the collection efficiency 
of 130p  drops by a factor  of 2-3 a s  compared with uncharged drops. The  
work of Goyer e t  al. 1811 shows that the collision efficiency of 6 0 0 p  and 
100 p drops  in a field of 15 v / cm increases  by a factor  of th ree  compared 
with that in the absence of a field, reaching approximately 90 % (i.e.,  
90 out of 100 drops  coalesce on colliding in the presence  of a field, and 
less than 30 in the absence of a field. ) They noticed that the efficiency of 
drop coalescence was considerably lower in the case  of drops  having 
charges  of the s a m e  sign. Unfortunately, s imi l a r  investigations have 
hardly been ca r r i ed  out for  sma l l e r  cloud par t ic les ,  and although it  can 
be expected that the coalescence efficiency of sma l l  d rops  on colliding 
should depend on the e lec t r ic  field in the cloud and on the charges  on the 
par t ic les  to an even l a rge r  extent than that of l a rge  drops,  experimental  

* 	 We recal l  that t he  diffusion potential of a solurion varies by approximately 50mv if the salt con­
centration changes by a single order of magnitude. 
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works in this  field have not been c a r r i e d  out. At the s a m e  time, 
Schotland and Kaplin 11041 showed that the coalescence coefficient for  
uncharged 11-21 p drops  colliding with sma l l e r  droplets  is v e r y  small .  

An increase  in the collision efficiency m a y  considerably affect cloud 
development processes ,  and the ro le  of e lec t r ic  forces  may  turn out to 
be crucial  in this  connection. Sa r to r  and Davis point out 11021 that the 
convergence of falling drops  with rad i i  of 19  and 1 5 p  i nc reases  in  a 
ver t ica l  field of 40v /cm,  the collision efficiency r i s ing  to 0.1 in this field 
f rom z e r o  in the absence of a field where the centers  of the drops are 
initially 6 p apa r t  (horizontally). 

A. L ieberman 191/ and Poteny observed that the introduction of charged 
drops into a chamber  filled with fog accelerated the fog dissipation. 

It i s  therefore  important  to investigate how the actual field intensi t ies  
measured  in a cloua affect the collision of the smal l  par t ic les ,  which a r e  
the main constituents of s t ra t i f ied clouds. 

The significant variation in the magnitude and distribution of space 
charges  in the atmosphere under  the influence of all  types of s t r a tus  
clouds including high level clouds should be noted. Stratified clouds cause 
e lec t r ic  polarization in the atmosphere.  The absolute value of the e lec t r ic  
charge of the a tmosphere  in the case  of Group I profiles may exceed the 
charges  existing in the atmosphere on c l ea r  days by severa l  t imes.  

The appearance of considerable  negative charges  a t  ground level 
c r ea t e s  conditions for  their  t r ans fe r  to the ear th .  The magnitude of these 
charges  is, of course ,  smal l  compared with those in thunderclouds. The 
charge in thunderclouds may  be 102-103t imes  as  l a rge  as the charges  in 
s t ra t i f ied clouds which do not produce precipitation. However, the a r e a  
covered by s t ra t i f ied clouds is m o r e  than 200 t imes  as l a rge  as that 
covered by thunder clouds . 

In these conditions, i t  is very  important  to es t imate  cor rec t ly  the 
contribution made by s t ra t i f ied clouds to the electrification of the ear th  
and of the atmosphere.  We do not as yet have a t  our disposal sufficient 
data for  such an est imate ,  since the data on the electr ic i ty  of s t r a tus  
clouds w e r e  obtained only a t  th ree  observation points. However, i t  is 
a l ready  c l ea r  that they do contribute considerably to the creat ion of the 
e lec t r ic  field of the atmosphere.  

The effect of the mechanism of charge generation is c lear ly  observed 
in  Cs, As, and N s  clouds. It is observed to an even l a rge r  extent in 
these clouds than in low-level clouds that the potential differences between 
the upper  and lower cloud boundaries with r ega rd  both to their magnitude 
and to their  s ign a r e  not caused by the potential difference between the 
ea r th  and the atmosphere.  

Concluding the present  section, we wish to point out that for  the f i r s t  
t ime a general  picture  of the e lec t r ic  s t ruc tu res  of clouds of different 
s t ra t i f icat ion f o r m s  was obtained; this turned out to be more  complex 
than w a s  previously assumed.  It was  establ ished that all s t ra t i f ied clouds 
may  in  fact  be charge  genera tors  and play a significant ro le  in the creat ion 
of the e lec t r ic  field of the atmosphere.  

It is necessa ry  to c a r r y  out microphysical  investigations of clouds in 
o r d e r  to  find out the r easons  for  the occurrence of different e lec t r ic  
s t ruc tu res  and determine the mechanism of charge generation operating 
in these  clouds. Of considerable in te res t  is laboratory investigation of 
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the possible occurrence in clouds of a potentially powerful mechanism of 
par t ic le  electrification due to contact potential difference between them. 
The geographical region covered by these investigations should a l so  be 
enlarged in o rde r  to  cor rec t ly  es t imate  the contribution made by s t ra t i f ied 
clouds to charge exchange between the ea r th  and the atmosphere.  

I 5 .  ELECTRICITY O F  NIMBOSTRATUS CLOUDS 

In o rde r  to  understand how charges  a r e  c rea ted  in nimbostratus  clouds 
and to obtain some quantitative es t imates  of the p rocesses  leading to the 
electrification of clouds, w e  now consider  their charging conditions in  
m o r e  detail. 

The complete solution to the problem of the electr ic i ty  in nimbostratus  
clouds involves solving a sys tem of equations which includes the ionization-
recombination equations for  light and heavy ions of both s igns and for  
cloud drops, an equation represent ing  the electrification of l a rge  par t ic les ,  
and Poisson ' s  equation. 

Sucha  system of equations could be solved to the f i r s t  approximation ( a s sum­
ing a constant cu r ren t  a t  different altitudes) with adequate knowledge of the 
conditions of par t ic le  electrification in clouds, the drop spectrum in them, and 
other  necessary  pa rame te r s  character iz ing the microphysics  of clouds, in 
par t icu lar  the influence of the e lec t r ic  field on the coalescence of drops.  

Since the necessa ry  data on clouds a r e  not available, we w i l l  deal only 
with the solution to the problem of the electrification of nimbostratus  
clouds to  the f i r s t  approximation using data on the e lec t r ic  s t ruc tu res  of 
clouds for  this  purpose. 

The total e lec t r ic  cu r ren t  flowing in the atmosphere a t  some level  can 
be represented  a s  a sum of four cu r ren t s  

I =  i, +iz +i, +i 4 ,  

where 

i, =EA, iz =2 qmnmvm, 
m 

and where I is the ver t ical  cu r ren t  density; il, ill is, i, are respect ively 
the conduction cu r ren t  density, the precipitation cu r ren t  density, the 
diffusion cur ren t  density, and the convection cur ren t  density; E is the 
field intensity a t  the given level; h is the air conductivity; q,, n,, and v, 
a r e  respect ively the charge, concentration, and fall velocity of precipi ta­
tion par t ic les ;  k is the coefficient of turbulent mixing; p is the space 
charge; and v is the velocity of the ver t ica l  cur ren ts .  Equations (42 ) and 
(43 )  are based on the assumption that all the cur ren ts  move along a 
ver t ica l  axis .  

We denote the cur ren t  density through the upper cloud boundary by I ,  
and the cu r ren t  density through the lower cloud boundary by 1 2 .  Then, 
the t ime variation of the charge Q of a ver t ica l  air column of unit c r o s s  
section extending from the lower to  the upper  cloud boundary can be 
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represented  in the form: 

We now consider  the solution of this  equation in the case  of the model 
obtained for  a positively polarized nimbostratus  cloud, neglecting diffusion 
and convection cu r ren t s  and assuming that the precipitation cu r ren t  is 
independent of the e lec t r ic  field. The applicability of th i s  assumption is 
demonstrated below. 

In this  ca se  
I ,  =i, =-A,@,+ 2zQ), 

r2=f2 -i, =iz -A I  (El -2zQ), (45) 

where hU and hi are the conductivities nea r  the upper and lower cloud 
boundaries in a c l ea r  a tmosphere,  E ,  and El are the respect ive e lec t r ic  
field intensi t ies  before  the beginning of the cloud development, or 

If we assume that the precipitation and conduction cu r ren t s  above and 
below the cloud do not vary  with time, then the solution of (46 )  has  the 
form 

where c is determined from the condition that a t  the moment t = 0, Q = Q o  

= (A,+ *l)(�1 --E&. 
~ u 4 l - hl E1- ipr 

We consider  the values of the e lec t r ic  cu r ren t s  for  the positively 
polarized mixed cloud model, making use of the data in Figure 38a. The 
e lec t r ic  field a t  the sounding ceiling i s  - l .Zv /cm.  A s  was shown by 
Rein, Kangas, and Sterg is  11071, even the presence  of thunderclouds does 
not modify the conductivity above them. The conductivity above nimbo­
s t r a tus  clouds a t  an altitude of 6000m may therefore  be taken a s  equal on 
the average to the conductivity in a c l ea r  atmosphere, i. e., 11.5X e.s.u. 
( s e e  /83 / ) .  The conduction cur ren t  density a t  this  altitude is then equal 
to 2 X  lo-" amp/m2.  Since in these conditions, the diffusion coefficient 

(as shown in 181) does not exceed tens of m Z / s e c  and 2 does not exceed 

e.s.u./m4, the diffusion cu r ren t  density a t  this altitude is less than 
amp/m2 ,  i .  e., negligibly smal l  compared with that of the conduction 

cur ren t .  The convection cu r ren t  i4 a t  this altitude, even in the case  of a 
ver t ica l  velocity of 3 m / s e c ,  does not exceed 1 70of the conduction current ;  
although the ver t ical  wind velocities above clouds were  not measured ,  a 
velocity of 3 m / s e c  is c lear ly  overest imated for  the average picture  under 
consideration. Thus, a t  an altitude of 6000 m the whole cu r ren t  pract ical ly  
reduces  to the conduction cur ren t .  
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For our one-dimensional scheme in a quasistationary state, i t  can be 
assumed that the sum of all the cu r ren t s  a t  any altitude is equal to  the 
cu r ren t  a t  6000m, i.e., equal to 1.2X10-11 amp/m2.  

Per forming  s imi la r  calculations for  the region under the cloud, the 
conduction cu r ren t  density a t  the sur face  can be assumed not to exceed 

amp/m2,  the diffusion cu r ren t  density not to  exceed 2 X I O - l 4  amp/m2,  
and the convection cu r ren t  density i, to  equal amp/m2 only in  the 
case  of ver t ical  wind velocities of 1.5 m / s e c ,  which c lear ly  exceed the 
possible mean ver t ical  velocity. The precipitation cu r ren t  density il under 
the cloud should therefore  be equal to -1.2X10-11 amp/m2.  It is interest ing 
to compare these data with the value of 5X10-12-5X10-11 amp/m2 obtained 
for  the cu r ren t  density in Ireland /75, 76 / .  

Considering the p rocess  of cloud charging as a whole, one should take 
into consideration that, besides  the cu r ren t  in  the ' 'external' ' circuit. a 
pa r t  of the cu r ren t  of the "generator ,  " which charges  the cloud, should 
flow inside the generator .  

Conduction, diffusion, and convection cu r ren t s  hinder charge separat ion 
in a cloud. If we assume in accordance with German ' s  data /8 / ,  that the 
coefficient of turbulent diffusion in  these clouds is k = 50m2/sec ,  and the 
gradient of the space charge density in the region of the separat ion of the 
upper positive and negative charges  is 3 X  e.s .u . /m4,  then the diffusion 
cu r ren t  density a t  this level  is -5X10-12  amp/m2.  The convection cu r ren t  
may be equal to this cur ren t  only when the mean ver t ica l  wind velocity is 
1 m / s e c .  Estimation of conduction cu r ren t s  in  the cloud i s  very  difficult. 
But i f  we assume that in these clouds too, the conductivity is three  to four  
t imes a s  low a s  the normal  one /36, 66 / ,  the conduction cu r ren t  density 
in the clouds should not exceed 1X1 0-l1amp/m2.  The "leakage current"  
density of the "generator"  charging the cloud thus bare ly  exceeds 
2 x 1 0 - l 1  amp/m2. 

Hence, i t  follows that in regions of charge separation, the precipitation 
cu r ren t  density should r each  3 X l O - l '  amp/m2 .  A pa r t  of this current ,  
which compensates  for the "leakage current," is apparently connected 
with charge t ransfer  by relat ively smal l  d rops  which do not fall f rom 
the cloud. 

Formula  ( 4 7 )  makes  i t  possible to es t imate  the equilibrium magnitude 
of the charge in the cloud, and the t ime it  takes to reach  this. If w e  
assume that the conductivity above the upper cloud boundary is 5 X  e.s.u., 
then the equilibrium charge Q e ,  of a unit column for  the obtained cu r ren t  
density, which is reached af ter  a very  long time t ,  is equal to approximately 
-5 e.s.u./m2. 

The difference between the measured  and calculated values i s  apparent ly  
due to the approximate charac te r  of the initial es t imates  of the conductivity 
near  cloud boundaries. This  is confirmed by the fact  that a s imi la r  
calculation, using formula (47 ) ,  of the charge of an atmospheric  column 
extending f rom ground level  to the upper sounding boundary (where  the 
conductivity va r i e s  only slightly) gives a magnitude of the equilibrium 

I charge of the atmosphere close to  that found by measurement .  

The time to charge equilibrium f rom formula (47) is f--==1001 
4=(iU+a1) 

sec, 

i.e., in  pract ice ,  the t ime to equilibrium is about 500 sec .  Formula  ( 4 7 )  
w a s  derived on the assumption that the precipitation cu r ren t  is t ime-
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independent. In real i ty ,  the precipitation par t ic les  f rom s t ra tus  clouds 
fall a t  a velocity f rom approximately 1 to 4 m / s e c  (the r ad ius  of the 
corresponding drops va r i e s  f rom 100 to 5 0 0 p ) .  i.e., 500-2000 sec  a r e  
required for precipitation par t ic les  to r each  the surface.  Thus, the electr ic  
charac te r i s t ics  of the cloud should have sufficient t ime to r each  equilibrium 
values until the precipitation par t ic les  reach  the surface.  We should note 
in this connection that, according to Mason's data 1421, the t ime taken �or 
precipitation par t ic les  to f o r m  in a warm cloud should amount to seve ra l  
hours,  and r a t h e r  less in a mixed cloud 141. Consequently, the mentioned 
s t ruc ture  will appear only seve ra l  hour s  af ter  the formation of the cloud, 
and almost immediately a f te r  the beginning of precipitation. 

The positive space charge,  forming beneath a mixed cloud, is mostly 
due to positively charged precipitation par t ic les  falling f rom the cloud. 
According to r a d a r  observations,  the increase in drop s ize  in the lower 
pa r t  of nimbostratus clouds i s  imperceptible.  Consequently, their  fall 
velocity is more  or l e s s  constant. The space charge beneath the cloud 
and in i t s  lower pa r t  va r i e s  only slightly with altitude, amounting to about 

e.s.u./mz. 
To est imate  the relationship between this charge and the precipitation 

current ,  the fall velocity of the par t ic les  has to be known. In o rde r  to 
es t imate  the fall velocity of par t ic les ,  use can be made of Bes t ' s  formula 
1671 with the correct ions of Browne, Pa lmer ,  and Wormell / 6 9 /  for the 
relationship between the rain intensity R' ( m m l h r )  and the mean radius  7 
of the drops (mm) 

0.25r=Q.35R . 
Using formula (48 ) and space charge data, Table 16 can be drawn up, 

TABLE 16 

Precipitation intensity, mm/hr . . .  0.1 1 5 10 
Mean radius  of precipitation 

particles, m m  . . . . . . . . . . . .  0.2 0.35 0.5 0.6 
Alean fall  velocity of the  particles, 

m/sec . . . . . . . . . . . . . . . . .  1.6 3 4 4.6 
Mean charge per particle,  e.s.u. . .  4 x 1 0 m 5  2 ~ 1 0 ' ~  1 0 - ~  0 . 9 ~ 1 0 - ~  

The most  intense precipitation i s  f rom mixed and warm clouds. Taking 
approximately 1m m / h r  a s  the mean precipitation intensity from such 
clouds, we obtain that for  the indicated current  density, the space charge 

density p created by the par t ic les  ( p = k ,  where um i s  the fall velocity
Vm 

of the par t ic les)  is equal to 0 .9X10-2  e.s.u./m3; for a precipitation 
intensity of 5 m m / h r ,  p = 0.7X10-2 e.s.u./m3; for a precipitation intensity 
of 1 0 m m / h r ,  p = 0.5X10-2 e.s.u./m3, i . e . ,  the space charge values 
calculated for precipitation intensit ies of 0.1 -10 m m / h r  a r e  close to the 
total space calculated f rom data on the field variation with altitude. 

Thus, in continuous rains ,  in contrast  to showers / 1 2 / ,  the effect of 
displacement of the space charge of the a i r  together with drops i s  e i ther  
small  or  nonexistent; this difference i s  possibly due to the fact that s t rong 
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downdrafts, which a r e  absent in the case of nimbostratus clouds, form 
beneath shower clouds. 

On the bas i s  of data f rom measurements  made inIndia, Sivaramakrishnan 
/ 1 0 6 /  gives the following empir ical  relationship between the precipitation 
charge and the field E a t  ground level 

0.07(E - l), (49)  

where E i s  the field in v /cm,  and q i s  the charge of 1 cm3 of precipitation 
in e.s.u.; in addition, he points out that the charge of a unit ra in  volume 
is independent of the intensity of the rainfall .  In other words, the mean 
charge of individual par t ic les  is independent of the precipitation intensity, 

The electr ic  field in a cloud inc reases  with i t s  charge,  and the charge  
of the cloud inc reases  with the precipitation current .  The fact  that a 
relationship between the specific charge of clouds and the rainfall  intensity 
does not exis t  therefore shows that the assumption made in the derivation 
of formula ( 4 7 )  that the electrif ication of precipitation i s  independent of 
the field in the cloud is cor rec t .  

In o rde r  to find the extent to which formula ( 4 9 ) ,  obtained for  India, 
is applicable a t  mid-latitudes, it  is possible to compare the precipitation 
cu r ren t s  according to Sivaramakrishnan‘ s data with those obtained in  the 
present  work. The following formula was derived in 11061 on the bas i s  
of (48)  and ( 4 9 )  

2 = - 2 .  lO+(E- - l )R’ ,  (50) 

where i i s  the precipitation current  density in e .s .u . /m2.sec,  R‘ i s  the 
precipitation intensity in m m / h r ,  and E i s  the surface e lec t r ic  field 
in v / c m .  

F rom formula (50)  and the data of Figure 38a, i t  follows that a 
measured  cu r ren t  density of 1.2X10-11 amp/m2  should occur ( i f  the 
charging conditions in India and in our lat i tudes a r e  s imi la r )  under a 
precipitation intensity of about 1 . 5 m m I h r .  The charge of 1 g of precipitation 
par t ic les  will be in this ca se  approximately 0.1 e.s.u. according to 
formula (49  ) . 

As indicated above, however, the mean precipitation intensity for these 
clouds i s  1 m m / h r  or  less ;  this made i t  necessa ry  to assume that the 
charging r a t e  in clouds a t  mid-latitudes i s  often higher than at low alt i tudes.  
Thus, when the rainfall  intensity is 10mm/hr ,  the calculated charge of 1g 
of precipitation par t ic les  should be approximately 3 X  e.s.u. ,  when the 
intensity i s  5 m m / h r ,  i t  should be approximately 6 X 1 0 - 2  e .s .u . ,  and when 
the intensity i s  1 m m / h r ,  approximately 0.3 e .s .u .  

It should be noted that data on the charges  of individual par t ic les  falling 
f rom nimbostratus clouds obtained by different authors a r e  highly 
contradictory.  Thus, i t  i s  known that the mean charge of both positively 
and negatively charged drops va r i e s  within and e.s.u. 12,  61 ,731 ,  
the negative charge being somewhat l a r g e r  than the positive charge.  The 
number of positively charged drops i s  approximately equal to the number 
of negative ones. On the whole, however, the charge  c a r r i e d  by precipi ta­
tion f rom these clouds i s  positive. In Ireland, for example, according 
to 175 ,761 ,  1 g of positively charged drops c a r r i e s  away a charge of 
0.1 e.s.u. ,  and 1 g of negatively charged drops,  0.08 e.s.u. (curiously,  
the difference between these amounts i s  approximately equal to the 
previously mentioned value of 0.1 e.s.u. pe r  1 g) .  
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The data  of Table  16 make i t  possible to  understand why the measured  
charges  of individual par t ic les  a r e  smal l  and to determine the charge 
ca r r i ed  by precipitation f rom clouds to  the ear th .  In fact, the mean 
excess  positive charge  per  1 drop is only about e.s.u.with actual 
charges  of 10-3-10-4 e.s.u. 

Such a smal l  difference can be observed only in measurements  of a 
ve ry  l a rge  number of drops or  in d i rec t  measurements  of integral  'charges  -
the charge of a l a rge  amount of precipitation or of the precipitation cur ren t .  

Repeating these calculations for  positively polarized water  clouds, w e  
obtain that the density of the precipitation cur ren t  f rom them is 1 . 6 X  
X 10-l1amp/m2.  In the cloud itself, the "generator" l o ses  through "leakage 
cur ren ts ' '  are approximately 2 X lo-"  amo/m2 .  Thus, the cloud a s  a whole 
i s  charged by a cu r ren t  with a density of about 3.5X10-1' amp/m2 .  

The mean fall velocity of par t ic les  f rom a rain-producing cloud is 
somewhat higher than that f rom a snow-producing cloud. The space charge  
c rea ted  beneath a rain-producing cloud is due mainly to the charge of the 
r a in  par t ic les .  It should be noted that the field in nimbostratus  clouds 
may exceed 10-20  v / c m ,  i.  e., they have such a value under which the 
coalescence efficiency of colliding ra in  drops r i s e s  very  strongly I S 1  / .  

W e  now consider  the electrification conditions of negatively polarized 
nimbostratus  clouds ( the i r  e lec t r ic  charac te r i s t ics  a r e  represented in 
F igures  34b, 35b, c, and 28b). The existence of clouds of this polarization 
w a s  completely unexpected. 

It i s  notable that the space charge in precipitation from "warm" and 
mixed clouds is positive, i. e . ,  of the same  sign a s  the charge in the lower 
pa r t  of the cloud. The scheme of nimbostratus  cloud charging considered 
above cannot be effective in this  case  i f  one does not assume that, apa r t  
f rom the precipitation charge, a considerable charge (of opposite sign to 
the precipitation charge) situated in smal l  par t ic les  and in the a i r ,  
accumulates  under the cloud. This  assumption, though it  r equ i r e s  an 
experimental  check, s e e m s  improbable. The space charge on drops is 
l a r g e r  than that usually existing in the air. If, however, drops entrain a i r  
charged with an opposite sign to that of the charge of the drops,  then, for  
obvious reasons ,  the total charge of the a i r  above the cloud should have 
been sma l l e r  than the total charge of the drops,  which would have led to 
a field profile which inc reases  and does not, a s  i s  actually observed, 
decrease  with altitude. 

Another explanation of negative polarization may be the assumption that 
in these clouds, positively charged precipitation par t ic les  fall f rom the 
upper pa r t  of the clouds. In this case,  it is difficult to explain the forma­
tion of the lower, negative charge in the cloud. The conductivity in and 
below the cloud is very  smal l  compared with that above it, and it would 
seem that a negative compensating charge should have formed in  the upper 
pa r t  of the cloud and above it, and not in the lower pa r t  of the cloud and 
below it.  One may assume,  however, that f rom the upper pa r t  of the 
cloud, negatively charged precipitation par t ic les ,  and, f rom i t s  lower par t ,  
positively charged precipitation par t ic les  fall simultaneously. 

The difference in charging may  be due to recharg ing  of drops during 
their  fall, but i t  might possibly be due to two charging p rocesses  in the 
cloud, as was assumed by Chalmers  / 7 1 / .  It should be noted, however, 
that if one assumes ,  as Chalmers  does, that in mixed clouds, the electr i f i ­
cation in the upper  pa r t  of the cloud is due to the Workman-Reynolds 

122 

_ _  . ~ ~. .. . . . .. . . ..I..,, .... I 1.1.1 1.1111 m . I I ~ I I 



mechanism 11151, and in the lower pa r t  of the cloud, to mel t ing of 
par t ic les  in accordance with the Dinger-Gunn mechanism 1771,  then 
in pure  warm, negatively polarized clouds, some other  electrification 
mechanisms no doubt operate .  In par t icular ,  the mechanism of e lec t r i ­
fication due to  contact potential difference considered above may  lead to 
considerable electrification. If the space charge c rea ted  beneath the 
cloud by positively charged precipitation par t ic les  is l a r g e r  than that 
c rea ted  by negatively charged precipitation par t ic les ,  a positive charge 
a r i s e s  in the precipitation zone. In this case,  i t  may turn out that, 
because drops  having a charge of one sign a r e  on the average sma l l e r  
than those of the opposite sign, both a positive and a negative precipitation 
cur ren t  may flow then from the cloud, charging the cloud negatively, or 
positively, respect ively.  

In fact, the cu r ren t  i2 can in this ca se  be reDresented in the form ( s e e  (42) 
and (43)): 

where m, denotes summing over  positively charged par t ic les  and m- over  
negatively charged par t ic les ,  and the space charge of the precipitation 
can be represented in the form 

i. e., the total cu r ren t  and space charge of the precipitation may be ei ther  
of the same  or  of opposite signs, depending on the fall velocities of the 
par t ic les  and the charge distribution over par t ic les  of different s i zes .  

The two electrification p rocesses  may, of course,  a l so  take place in 
positively polarized clouds. In the above calculations, the electrification 
es t imates  w e r e  based on the total cur ren t .  Some disagreement  between 
the measured  space charge and that calculated from ver t ica l -cur ren t  
data is possibly due ( in  the case  of positively polarized clouds) to 
preferent ia l  electrification of l a rge  par t ic les  with a charge of one sign, 
and of smal l  par t ic les  with a charge of the opposite sign. 

The precipitation par t ic les  of negatively polarized snow-producing 
clouds ( s e e  Figure 35b) have a negative charge, and their  polarization may 
therefore  be due to the dropping of negatively charged par t ic les  f rom the 
lower pa r t  of the cloud and to positive charging of the upper par tof  the 
cloud and the a i r  above i t .  This  is confirmed by the charge distribution: 
a positive charge  is concentrated only in the upper pa r t  of the cloud and 
above it, the cent ra l  pa r t  of the cloud being weakly charged. The space 
charge of the precipitation under snow-producing positively polar ized 
clouds is a lmost  zero .  Whether this is due to the presence  of par t ic les  
of both s igns in the precipitation from the cloud, or to  the fact that there  
a r e  charges  of opposite s igns on the par t ic les  and in the a i r ,  can only be 
answered by car ry ing  out an experiment in which both the macros t ruc ture  
and the charges  of individual par t ic les  w i l l  be  measured .  That  positively 
polarized 'lsnowI' clouds are electrified owing to  a variation in their  
res i s tance  in the e lec t r ic  field of the atmosphere,  or in any case,  that 
this field plays a significant ro le  in their  electrification is not rejected; 
the low field intensity inside the cloud in par t icu lar ,  supports  this.  
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I t  can be expected that electrification p rocesses  conducive both to 
positive and to negative polarization may operate  in a number of snow 
clouds; s ince their  efficiency differs  considerably, one may  at tempt  to 
find clouds in which both types of electrification are superimposed.  
F igure  35c gives  the field variation with two ex t r ema  in snow clouds, 
F r o m  the broken curve in the figure w e  can see how the effects of 
the two mechanisms are superimposed. 

In concluding this section, i t  is interest ing to compare  the density of 
the precipitation cu r ren t  flowing beneath nimbostratus  clouds with that 
of the precipitation cu r ren t  flowing beneath thunderclouds. The density 
of the la t te r  is on the average amp/m2  /79,82/, i.e., lo4 t imes  as 
l a rge  a s  the cu r ren t  beneath nimbostratus  clouds. The precipitation 
intensity f rom thunderclouds is only 100 t imes  as high as that f rom nimbo­
s t r a tus  clouds. F o r m u l i  (50) does not apply in these conditions, which 
makes  i t  necessa ry  to assume that mechanism of charge generation different 
to  that in s t r a tus  clouds operates  in thunderclouds. 

Thus, the r e su l t s  of the investigation of nimbostratus  clouds show the 
following: 

1. Nimbostratus  clouds in the modera te  la t i tudes may be both positively 
and negatively polarized. A s  one moves to the south, the e lec t r ic  field and 
charges  in clouds increase .  

2. In the case  of positive polarization of "warm" and mixed clouds, a 
positive charge is situated in the upper pa r t  of the cloud and above it,  a 
considerable  negative charge in the middle and lower par t s ,  and again, 
a smal l  positive charge beneath the cloud. In positively polarized snow 
clouds the s t ruc ture  is s imi la r ,  but there  is no positive charge beneath 
the cloud. 

In the case  of negative polarization of ' 'warm" and mixed clouds, a negative 
charge is situated in the upper pa r t  of the cloud, a la rge  positive charge 
in the lower par t ,  and a smal l  positive charge beneath the cloud. In 
negatively polarized mixed clouds the s t ruc ture  is s imi la r ,  but the charge 
beneath the cloud is negative (Table 17). 

3 .  Charge formation in positively polarized mixed and warm clouds 
proceeds as follows: positively charged precipitation par t ic les  fall f rom 
the cloud, which r e su l t s  in negative charging of the cloud. The field of 
this negative charge causes  the appearance of a corresponding cur ren t  
in the upper pa r t  of the cloud and above it, and the formation of a positive 
charge in this  region. Equilibrium charging conditions in the cloud a r e  
reached when the total conduction cur ren t  above and beneath the cloud 
compensates  the precipitation current .  

4. The formation of th ree  charges  in a cloud may thus be the r e su l t  of 
a single mechanism of charging individual par t ic les .  It is interest ing to 
check whether the electrification of thunderclouds can a l so  be s imi la r ly  
explained by a single charging mechanism. 

5. The "mi r ro r "  effect beneath nimbostratus  clouds is connected with 
the fact  that positively charged precipitation par t ic les  falling f rom the 
cloud charge the l a t t e r  negatively, which r e su l t s  in the fall mainly of 
positively charged par t ic les  in  a negative field and of negatively charged 
precipitation par t ic les  in  a positive field. 

6.  Charge formation in negatively polarized mixed and "warm" clouds 
may r e su l t  f rom the fall of positively charged precipitation par t ic les  
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f rom the upper par t  of the cloud and of negatively charged par t ic les  
f rom i t  lower par t .  

TABLE 17 

Cliarge, e.s.u./m2 
Cloud cliaracrerisrics 

upper middle lo!der beneath the cloud i n  the cloud 

Positively polarized clouds 
hlixed clouds . . . . . .. . + 20 -25 + 2  1.2x10-u 3 ~ 1 0 - ~  
"Warm" clouds . . . . . . + 1 0  -16 +1 1 . 6 ~ 1 0 - ~ '  3.5x 
Snow-producing clouds . . + 6  - 5  -0.5 

Negatively polarized 
clouds 

hlixed clouds . . . .. . . . -34 + 28 + 2  

"Warm" clouds . .. . . , -1 0 +12 -0.2 
Snow-producing clouds . , - 6  + 10 -1 I 


7. The "mi r ro r "  effect may not exis t  beneath negatively polarized 
mixed and ' 'warm" clouds a s  well a s  beneath positively polarized snow 
clouds. 

8 .  Charge separation in mixed clouds takes place between the 0" 
isotherm and the -10 and -12" i so therms,  which i s  an indication of the 
ro le  of melting and freezing of drops in the electrification of these clouds. 
At the same time, the field and charges  in warm clouds a r e  comparable 
to those in mixed clouds, which is an indication of the considerable ro le  
of drop charging (not connected with phase t ransformations)  in the e lec t r i ­
fication of nimbostratus  clouds. 

9. Electrification p rocesses  in positively polarized snow clouds a r e  
weaker than in mixed and "warm" clouds. 

10. The field in mixed and "warm" clouds may exer t  a considerable 
influence on the coagulation of precipitation par t ic les  in them, since the 
e lec t r ic  field in them exeeds the values which contribute to intensified 
coagulation. 

S 6 .  THE INFLUENCE OF STRATIFIED CLOUDS ON 

THE AMPLITUDE O F  THE ELECTRIC CHARGE 

OF THE EARTH 


The charge Q t ransmit ted to the ea r th  in regions occupied by s t ra t i f ied 
clouds can be expressed by a formula s imi l a r  to  (32),  

where q is the charge of a unit a tmospheric  column in a region where i - th  
type cloudiness prevails; ip is the latitude; 9 is the longitude; m is a 
coefficient depending on the height distribution of the charge over the point 
chosen; and R is the rad ius  of the ear th .  
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To solve equation ( 5 1  ), one has  e i ther  to  know 9 and m over  the en t i re  
surface of the globe, or  to attempt to r e l a t e  q and m to cloudiness data. 
The second way is obviously s impler .  

Thus, in o rde r  to a s s e s s  the ro l e  played in the formation of the e lec t r ic  
field of the atmosphere by charge exchange between the ea r th  and the 
atmosphere on days when s t ra t i f ied clouds prevail, not only the charges  
a r i s ing  in the atmosphere under conditions of s t ra t i f ied cloudiness in 
different seasons  and in different physicogeographical regions, and the 
height distribution of these charges ,  but a l so  the distribution of these 
clouds over the ea r th  and the variation of this  distribution with time have 
to be known. Unfortunately, there  a r e  no comprehensive data a t  p resent  
e i ther  on the charge distribution in s t ra t i f ied clouds, or  on the distribution 
of these clouds. W e  can therefore  make only average,  general  es t imates  
of the magnitude of the charge t ransfer red  to the ear th ,  using the data 
given above. 

A s  indicated ea r l i e r ,  s t ra t i f ied clouds can be both positively and 
negatively polarized, and have positive and negative charges;  the probability 
of a given type of electrification may depend on the physicogeographical 
conditions and on the season. In our  es t imates ,  however, we have to 
assume that the mean charge magnitudes obtained f rom clouds of different 
types in the investigation regions can, under proper  extrapolation, be 
used f o r  es t imat ing the charges  in clouds over  the ent i re  globe. 

The mean charges  contained in a unit a tmospheric  column a t  var ious 
la t i tudes a r e  given in Table 18. 

TABLE 18 

Cloud form 

S t  + 2.3 + 2.6 
sc + 2.8 + 2.0 

Ns +4.2 + 14 
AS + 10.8 +3.4 + 4.0 

This  table presents  data on the total charge contained in an air column 
only 6000m high, but i t  should be borne in mind, f irst ly,  that this layer  
contains the main charges  of the atmosphere,  and secondly, that non­
allowance for  charges  situated above 6000m may on the average only 
underest imate  the ro le  of clouds in the formation of the global e lec t r ic  
field of the atmosphere.  Data on upper-level clouds, under the influence 
of which the negative charge of the ea r th  may r i s e  in absolute value, a r e  
omitted in the table. The effect of these clouds w i l l  be somewhat sma l l e r  
than that of s t r a tus  or  s t ra tocumulus clouds. 

The data of Table 18 show that the electrification of frontal precipitation-
producing clouds of s t ra t i f ied form (nimbostratus  and al tostratus)  va r i e s  
considerably with the latitude of the observation points, whereas  local  
s t ra t i f ied clouds, which do not produce precipitation, general ly  have 
approximately the s a m e  charges a t  different observation points. 

I26 



If we assume that the influence of longitude on the charge distribution 
in clouds can be neglected, and the influence of lati tude is taken into 
account by extrapolation of the data in  Table 18 to higher and lower 
lati tudes,  the charges  in  the a tmosphere  in  the c a s e  of s t ra t i f ied clouds 
can be calculated for  the whole ear th .  Table  19 presents  the magnitudes 
of charges  calculated for  different lati tudes in the c a s e  of nimbostratus 
clouds. 

TABLE 19 

Latitude 
internal, 

degrees 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90' 


Charge of 
a unit at­
mospheric 

column. 

e.s.u./m2 45 36 27 -8 8 3 1.5 I 0.5 


The values given in the table were  obtained e i ther  by interpolation, or 
by l inear  extrapolation of the measurement  resu l t s .  

A notable fact  is the rapid growth of the charges  a s  one moves to the 
south. The comparison made  above between the data of Sivaramakrishnan 
11061 and our calculations shows that nimbostratus clouds in India do in 
fact  become much m o r e  intensely electr i f ied than i n  Tashkent, 

It should be  noted that  the density of the mean  e lec t r ic  precipitation 
cu r ren t  for  the clouds investigated by Sivaramakrishnan was about 

amp/m2, Le., m o r e  than 80 t imes  a s  high as the calculated cu r ren t  
densit ies near  Leningrad and 30 t imes  as high a s  the  cu r ren t  densit ies 
measured  in  England. Thus, the charging of the e a r t h  by precipitation 
cu r ren t  is m o r e  intense than shown in Table  19  a s  one moves to the south. 
Nevertheless,  the data of this table have natural ly  to be  improved by 
subsequent measurements .  

To calculate the charging of the ear th ,  it is also necessa ry  to use  data 
on the degree  to which ear th ' s  surface a t  various la t i tudes is covered by 
clouds of different types. The present  work makes  u s e  of J. London's 
data 1921 on cloud cover of different types in  the nor thern  hemisphere.  
The information compiled by London probably consti tutes the only s u m m a r y  
of data available on the seasonal variation of cloud cover of definite types 
with latitude. Calculations made with formula  1511, using extrapolated 
data of Table  18 (see ,  for  example, Table  19) and neglecting the var ia t ions 
in  the coefficient m with latitude, show that fo r  the northern hemisphere,  
the influence of s t ra t i f ied  clouds on the charging of the e a r t h  a s  a whole 
is in  accordance with the data in Table  20. 

As m a y  be  seen  f rom Table 20, the l a r g e s t  contribution to charge 
exchange between the e a r t h  and the atmosphere is made  by  nimbostratus 
clouds, this being approximately four t imes  as l a r g e  a s  that  made  by 
s t r a tus  and stratocumulus clouds. 

The data obtained can  be extended to the southern  hemisphere but a s  
the l a r g e  water areas of the southern hemisphere may considerably modify 
the lati tudinal and seasonal  var ia t ions of the cloud cover a s  compared with 
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the nothern hemisphere  and affect the  magnitudes of cloud charges,  this  
can onIy be done in  a very  approximate manner. 

The data given by Shaw /lo31 could be the only source,  apar t  f r o m  
that used, in estimating the areas occupied by clouds, but these data  are 
of a very approximate nature, and m o r e  important,  they do not make  it 
possible to distinguish the specific types of cloudiness. 

TABLE 20- Charse nansferred by clouds to the e2nh in the northem hemisphere (couIombs) 

sr. sc 0 . 2 5 ~105 0.25~IO5 0.3 x 105 0.25~IO5 0.27~105 
NS 1.2~10~ 1.05xi05 1.2~10~ 1.15~10~ 1.15~lo5 
AS 0.5 x I O 5  0.5~10~ 0.55~10~ 0 . 8 5 ~LO5 0.55~10~ 

-Total 3.5~10~ 1.7~10~ '2.05~10~ 2.05 x105 1.95~105 

Nevertheless,  if w e  assume that the cloudiness in the southern hemi­
sphere  has  the same  e lec t r ic  charges  and the s a m e  distribution as in the 
northern hemisphere,  then i t  can be assumed that -4X105 coulombs of the 
ea r th ' s  charge wi l l  be c rea ted  by s t ra t i f ied  clouds, i. e., the charge of 
the ear th  depends not only on thundercloud activity, but a l so  on the activity 
of stratif ied clouds (wereca l l  that, as indicated above, the absolute value 
of the proper  charge of the ear th  does not exceed 3.5X105 coulombs). 

It is much m o r e  complicated to es t imate  the phase of the field var ia t ions 
(even only the annual variations) caused by these clouds. The approximate 
nature  of the est imated values of the mean charge makes  for  complete 
a rb i t r a r ines s  when est imat ing phase and amplitude relations.  In order  to 
est imate  the phase, it is n e c e s s a r y  to know the 'Longitudinal and latitudinal 
cloudiness variation, and the influence of different f o r m s  of the under­
lying sur face  on cloud electrif ication in g rea t e r  detail, and a l so  to take 
into account the var ia t ion in the altitude and thickness of the clouds in the 
indicated conditions. At present ,  init ial  data for  such es t imates  a r e  not 
available. But, as a re su l t  of the eLectric activity of stratif ied clouds, the 
charges  t r ans fe r r ed  to the ea r th  are of a magnitude comparable with the 
entire charge of the earth, and this makes  it n e c e s s a r y  to look �or more  
prec ise  re la t ionships  between the electrif ication of stratif ied clouds and 
uni tary var ia t ions ( f i r s t  and foremost,  the annual uni tary variation). 

In o r d e r  to determine these relationships, it is n e c e s s a r y  to c a r r y  
out investigations, s imi l a r  to those made by us, in  various pa r t s  of the 
globe, especial ly  at low latitudes and over the oceans. 
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A P P E N D I X  I 


Electric field variation with altitude on clear days (E+a, v/cm). 

Leningrad, 1958-1959 

Group 

100 
200 
400 
600 
800 

lo00 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3000 
3200 
3400 
3600 
3800 
4000 
4200 
4400 
4600 
4800 
5000 

No. of 
cases 

I 

1.38f0.04 
1.24+0.09 
1.01f0.07 
0.83fO .05 
0.69k0.04 
0.59f0.04 
0.51f0.03 
0.45f0.04 
0.39f0.04 
0.31 f 0 .  03 
0.22fO. 03 
0.16f0.03 
0.13+0.03 
0.1lk0.03 
O.lOfO.03 
0.09f0.03 
0.08+0.03 
0.07f0.03 
0.07f0.03 
0.07f0.03 
0.07kO .04 
0.07f0.03 
0 ns+0.02 
0 .MfO .02 
0.06f0.03 
0.06f0.02 

72 

1.17f0.36 
0.9120.33 
0.58fO. 09 
0.40f0.05 
0.32k0.06 
0.25f0.06 
0.18k0.05 
0.14k0.05 
0.09f0.05 
0.06f0.04 
0.05f0.05 
0.03f0.03 
0.03&0.04 
0.02kO. 03 
0.02f0.03 
0:01 k0.02 
0.02kO.03 
0.03f0.02 
0.OO+O. 03 
0.02f0.03 
0.01f0.03 
0.00f 0.02 
0.00_+0.02 
o.00*0.02 
0 .00~0 .02  
0.00+0. a2 

23 

I 1 1  

0.77f0.14 
0.9OfO.13 
1.15fO.W 
1.28f0.09 
1.20f0.09 
1.00+0. 10 
0.81f0.08 
0 . s s ~ 0 . 0 6  
0.54f0.05 
0.47f0.06 
0.44fO.06 

0.44fO.06 

0.46+0.07 
0.45fO. 09 
0.41f0.07 
0.38f0.06 
0.34f0.04 
0.31kO.04 
0.28f0.03 
0.2620.02 
0.23kO .02 
0.21*o .01 
0.20f0.01 
0.20+0.0I 
0.20f0.01 
0.20+0.01 

79 

IV 

~~ 

0.57f0.10 
0.52f0.08 
0.50fO .05 
0.48_f0.06 
0.44kO.06 

0.41f0.06 
0.37f0.05 
0.35+0.04 

0.34f0.04 
0.33f0.04 
0.32f0.05 
0.3ofO.04 
0.2820.04 
0.27kO. 04 
0.26f0.04 
0.25fO .04 
0.23f0.04 
0.2220.03 
0.2120 .03  
0.20fO. 03 
0.20f0.02 
0.20f0.02 
0.20f0.02 
0.Z O k O .  02 
0.20_f0.02 
0.20f0.02 

20 
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APPENDIX I1 

Electric field variation with altitude on clear days (�+a, v/cm). 
Kiev ,  1958-1959 

H ,  m l­
100 
200 
400 
600 
800 

1000 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3Ooo 
3200 
3400 
3600 
3800 
4Ooo 
4200 
4400 
4600 

4800 
5Ooo 
5200 
5400 
5600 
5800 
6Ooo 
No. of 
cases 

I- .-. .. . 

1.42k0.13 
1.29k0.13 
1.1020. 1@ 
0.94kO. 12 
0.79k0.11 
0.65+0.06 
0.58k0.08 
0.56k0.07 
0.5420.08 
0.50+0.08 
0.44k0.07 
0.40kO.06 

0.36k0.06 
0.33k0.07 
0.3OkO. 05 
0.27k0.04 
0.24kO. 05 
0.21F0.04 
0 19k0.03 
0.17k0.02 
0.1610.03 
0.15k0.03 
0.14$-0.O3 
0.13_f0.02 
0.12f0.02 
0.l lkO 02 
0.11*0.02 
0.10+0.02 
0.08+0.02 
0.07+ 0.02 
0.07f0.01 

20 

Group 

I I  

1.64k0.24 
1.55k0.23 
1.4420.22 
1.33k0.23 
1.22k0.26 
1.05k0.25 
0.90f0.18 
0.79k0.18 
0.71k0.16 
0.65k0.17 
0.61+O. 18 
0.57k0.14 
0.49k0.11 
0 37k0.14 
0.2220.12 
o.o9*o. 10 
0.01 t o .  10 

-0.05+0.09 
-0 12f0.11 
-0.17+0.10 
-0.20+0.08 
-0.21+0.09 
-0.22kO.09 
-0.22kO.07 
-0.21kO.08 
-0.22+0.07 
-0.2250.06 
-0 22k0.07 
-0.22+0.06 
-0.23k0.04 
-0.24k0.04 

23 

I l l  

1.27f0.13 
1.40k0.16 
1.65f0.14 
1.84k0.23 
1.87k0.24 
1.7920.21 
1.71f0.24 
1.58k0.27 
1.25.fO. 27 
0.98k0.22 
0.87k0.21 
0.93k0.19 
0.8920.16 
0 81k0.17 
0.72k0.17 
0.6220.17 
0.48k0.14 
0.32k0.11 
0.19&0.08 
0 . l O ~ O . l O  
0.05+0.08 
0.00kO. 09 

-0.07kO 08 
-0.12+0.08 
-0.14+0.07 
-0.13+0.06 
-0.14+0.06 
-0.16+0.06 
-0.16kO.07 
-0. I6_+0.07 
-0. I6+0.08 

43 
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APPENDIX I11 


Electric field variation with altitude on clear days (Eke, v/cm). 

Tashkent, 1958-1959 

Group 

100 

200 

400 

600 

800 
loo0 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3OOo 
3200 

3400 

3600 

3800 

4ooo 
4200 

4400 
4600 

4800 

5000 

No. of 
cases 

I 

1.23f0.09 

1.13f0.06 

0.95kO.05 

0.7820.04 

0.66f0.05 

0.57fO.04 

0.48fO.04 

0.4150.05 

0.38f0.04 

0.36f0.04 

0.35f0.03 

0.32f0.03 

0.29fO.04 

0.2620.03 

0.245-0.02 

0.22f0.02 

0.19f0.02 

0.17f0.02 

0.17f0.02 

0.15f0.02 

0.13f0.02 

O.ll_fO.O3 

O.llf0.02 

0.11f0.02 

0.1050.02 

O.lO~O.02 


49 


0.8150.56 

0.66f0.41 


' 	 0.4820.48 
0 :41 +O. 39 
0.38f0.41 
0.36fO 40 
0.32f0.06 
0.28fO 09 
0.24f0.04 
0.21fO.00 
0.1620.00 
0.11fO.04 
0.08&0. 04 
0.07f0.05 
0.06_+0.06 
0.04_+0.06 
0.02f0.04 

0.01f0.03 

4.0120.00 
-0.02f0.00 
-0.02f0.04 
4.0150.09 
4.02f0.05 
-0.05f0.08 
-0.07f0.06 
-0 .08+0.04 

4 


I l l  

0.64k0.10 
0.75fO 09 
0.882006 
0.96+0.08 
0.9Sk0.08 
0.95fO.09 
0.9OfO.09 
0.8320.10 
0.7620.09 
0.69k0.08 
0.61f0.08 
0.52f0.07 
0.44f0.06 
0.37+0.04 
0.3Of0.03 
0.23f0.03 
O.lSk0 03 
0.14f0.03 
0.09+0.04 
0.05fO .08 
0.03k0.04 
0.04f0.04 
0.05f0.05 
0.05f0.04 
0.04f0.03 
0.0320.03 


61 


IV 

0.3720.05 
0.3820.06 
0.3920.05 
0.41+O .04 
0.4310.04 
0.43k0.04 
0.40kO .04 
0.37f0.04 
0.36k0.04 
0.35k0.04 

0.32f0.04 

0.29k0.05 

0.26fO.04 

0.26k0.02 

0.25f0.03 

0.22k0.02 

0.20+0.02 

C.19k0.02 

0.19k0.03 

0.19k0.02 

0.19+0.02 

0.20k0.04 


0.20f0.02 

0.20+0.02 

0.20fO.02 

0.20+0.02 


21 




A P P E N D I X  IV 

Space charge density variation with altitude oi! clear days ( p  X l o 2e.s.u./m3). 
1958-1959 

Group 
.~H ,  m 

Leningrad Kiev 

100 0.37 0.69 -0.35 0.13 0.35 0.24 -0.35 

200 0 31 0.44 -0.33 0.03 0 25 0.15 -0.33 

400 0.24 0.24 -0.17 0.03 0.21 0.15 -0.25 

600 0.19 0.11 0.11 0.05 0.20 0.15 -0.04 

800 0.13 0.09 0.27 0.04 0.19 0.23 0.11 

1000 0.11 0.09 0.25 0.05 0.09 0.20 0.11 

1200 0.08 0.05 0.20 0.03 0.03 0.15 0.17 

1400 0.08 0 07 0.16 0.01 0.03 0.11 0.44 

1600 0.11 0.04 0.09 0.01 0.05 0.08 0.43 

1800 0.12 0.01 0.04 0.01 0.08 0.05 0.08 

2000 0.08 0.03 0.00 0.03 0.05 0.05 -0.08 

2200 0.04 0.00 -0.03 0.03 0.05 0.11 0 05 

2400 0.03 0.01 0.01 0.01 0.04 0.16 0.11 

2600 0.01 0.00 0.05 0.01 0.04 0.20 0.12 

2800 0.01 0.01 0.04 0.01 0.04 0.17 0.13 

3000 0.01 -0.01 0.05 0.03 0.04 0.11 0.19 

3200 0.01 -0.01 0.04 0.01 0.04 0.08 0.21 

3400 0.00 0.04 0.04 0.01 0.03 0.09 0.17 

3600 0.00 0.03 0.03 0.01 0.03 0.07 0.12 

3800 0 0 0  -0.01 0.04 0.00 0.01 0.04 0.07 

4000 0.00 -0 01 0.03 0.00 0.01 0.01 0.07 

4200 0.01 0.00 0.01 0.00 0.01 0.01 0.09 

4400 0.00 0.00 0 .OO 0.00 0.01 0.00 0.07 
4600 0.00 0.00 0.00 0.00 0.01 -0.01 0.03 
4800 0.00 0.00 0.00 0.00 0.01 0.01 -0 01 
5000 0.00 0.00 0.00 0.00 0.00 -0.01 0.01 
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A P P E N D I X  V 


Space charge density variation with altitude on clear days (p X lo*e.s.u./m3). 

Tashkent, 1958-1959 

I 11 

100 0.27 0.40 

200 0.24 0.24 

400 0.23 0.09 

600 0.16 0.04 

800 0.12 0.03 

loo0 0.12 0.05 

1200 0.09 0.05 

1400 0.04 0.05 

1600 0.03 0.04 

1800 0.01 0.07 

2000 0.04 0.07 

2200 0.04 0.04 

2400 0.04 0.01 

2600 0.03 0.01 

2800 0.03 0.03 

3000 0.04 0.03 

3200 0.03 0.01 

3400 0.00 0.03 

3600 0.03 0.01 

3800 0.03 0.00 

4Ooo 0 03 -0.01 

4200 0.00 0.01 

4400 0.00 0.04 

4600 0.01 0.03 

4800 0.00 0.01 

5000 0.00 0.01 

Group 

1 1 1  
~. 

~ 

-0.29 

-0.17 

-0.11 

-0.03 

0.04 

0.07 

0.09 
0.09 

0.09 

0.11 

0.12 

0.11 

0.09 

0.09 
0.09 

0.07 

0.05 

0.07 

0.05 

0.03 

-0.01 

-0.01 

0.00 

0.01 

0.01 

0.01 

IV 

-0.03 

-0.01 

-0.03 

-0.03 

0.00 

0.04 

0.04 

0.01 

0.01 

0.04 

0.04 

0.04 

0.00 

0.01 

0.04 

0.03 

0.01 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

142 

I 




A P P E N D I X  V I  


Lliurnal transformation of the electric field profile (E+o,  v/cm), local time. 

Leningrad, LY5S- 1959 


Group I 

H ,  in 2 hours 5hours 14 hours 17hours 

100 1.56k0.22 1.42k0.22 1.83k0.62 1.65k0.17 

200 1.33kO.19 1.19$-0.09 1.60k0.40 1.38+0.10 

400 1 .06+0.20 0.94k0.09 1.32f0.19 1.05+0.06 

600 0.82kO 07 0. 83$-0.09 1.06+0.15 0.84k0.07 

800 0.64k0.06 0 74k0.10 0.76+0.16 0.70+0 06 
1000 0.57k0.07 0.62 t o .  09 0.49$-0.11 0.58+0.06 

1200 0.50kO.06 0.5220.07 0.34+0 13 0.50+0.04 

1400 0.44f0.06 0.44k0.06 0.30+0.15 0.47+0. 05 

1600 0.41k0.08 0.352 0  .04 0.30+0.16 0.46+0.06 

1800 0.41k 0  .OO 0.28*0.06 0.29+0.11 0.43+0.05 

2000 0.3920.06 0.25k0.02 0.26+0.11 0.41+O. 04 

2200 0.35k0.04 0.26+0.04 0.22f 0  .09 0.39f0.04 

2400 0.32kO.04 0.2720.04 0 .19 to .  13 0.35k0.04 

2600 0.29k0.06 0.25k0.04 0.19k0.25 0.32f0.03 

2800 0.26k0.05 0.23f0.04 0.20+0.20 0.30+0.03 
3000 0.2350.05 0.22f0.03 0.19+0.10 0.2920.03 

3200 0.2320. 05 0.20+0.02 0.17f0.17 0.27k0.02 

3400 0.25k0.05 0.19+0.03 0.17k0.15 0.26+0.02 
3600 0.26k0.04 0.19+0.02 0.17F0.08 0.2320.03 
3800 0.24k0.04 0.18,O. 02 0.17+0.03 0.23k0.03 

4Ooo 0.22f0.03 0.18k0.02 0.18&0.05 0.26k0.07 

4200 0.21k0.03 0.18+0.02 0.19+0.05 0.25k0.03 

4400 0.20+0 02 0.18+0.02 0 1810.04 0.22k0.02 

4600 0.19+0.02 0.18+0.04 0.19k0.06 0.22f0.02 
4800 0.18k0.02 0.1S k O  .02 0.20+0.06 0.22k0.03 

5Ooo 0 . 1 9 ~ 0 . 0 l  0.18+0.02 0.20f0.05 0.21f 0  .03 

No.  of 14 14 10 23 
cases 

00-6000 4.15 3.30 4.35 3.83 
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APPENDIX VI1 


Diurnal transformation of the electric field profile (Eku, v/cm), local time. 

Leningrad, 1958-1959 


100 

200 

400 

600 

800 


lo00 

1200 

1400 

1600 

1800 

2 m  
2200 

2400 

2600 

2800 

3OOo 

3200 

3400 

3600 

3800 

4000 

4200 

4400 

4600 

4800 

5000 


No. of 
cases 

Q0-6W 

Group I11 

2 hours 5 hours 14 hours 17hours 

0.37k0.24 0.20f0.24 0.79k0.46 0.83f0.20 
0.4520. 24 0.31k0.27 0.83f0.37 0.88k0.17 
0.62k0.14 0.68+0 14 0.79f0.44 0.88k0.07 
0.65f0.08 0.7720.14 0.77kO. 26 O.S6_+0.09 
0.7620.09 0.76k0.14 0.77k0.10 0.8420. OR 
0.67k0.09 0.68+0.20 0.70k0.22 0.75k0.12 
0.5620.08 0.59f0.14 0.52f0.10 0.64fO.W 
0.48f0.08 0.48fO. 14 0.37f0.06 0.54k0.10 
0.42k0.08 0.41f 0 .  16 0.28k0.06 0.49f0.12 
0.39kO. 10 0.41_+0.10 0.24kO. 00 0.47f0.10 
0.40k0.16 0.51+0.10 0.25f0.10 0.45f0.11 
0.44k0.15 0.59kO. 12 0 3120.14 0.47f0.14 
0.4920. 14 0.64f0.12 0.37k0.24 0.53k0.17 
0.53k0.14 0.7OkO. 18 0.38k0.20 0.49k0.14 
0.54k0.16 0.8lk0.16 0.3620.12 0.39k0.10 
0.5lkO. 12 0.87k0.21 0.30*0.12 0.34kO. 10 
0.43k0.09 0.68+0.12 0,23_f0.08 0.31f0.09 
0.36kO. 06 0.42t0.10 0.18f0.07 0.3Ok0.08 
O.Sf0.03 0.32f0.07 0.15_f0.03 0.2820 .09 
O.Sk0.03 0.27k0.04 0.13f0.02 0.25f0.06 
0.2620.03 0.2220.03 0.12fiO.05 0.22k0.04 
0.19f0.03 0.19_f0.02 O.ll_t0.00 0.18_f0.03 
0.18f0.03 0.18f0.02 0.11kO.00 0.17_f0.02 
0.17f0.04 0.17f0.02 O . l l ~ O . 0 0  0.18+0.02 
O.lSk0.04 0.16f0.03 0.12f0.00 0.17f0.01 
0.14f0.03 0.15f0.02 0.09f0.04 0.15f0.01 

20 29 6 29 

3.00 5.65 2.80 2.53 
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APPENDIX VI11 


Diurnal transformation of the electric field profile (Eka,v/cm). local time. 

Kiev, 1958-1959 

100 
200 
400 
600 

800 

lo00 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3OOo 
3200 
3400 
3600 
3800 
4000 
4200 
4400 
4600 
4800 
5OOo 
5200 
5400 
5600 
5800 
6Ooo 
No. of 

Grc- 1 1  Groi-. .. ._ . 

3 hours 15hours 3 hours 15 hours 

1.35k0.12 2.1720.19 1.35f0.14 1.07k0.15 
1.12f0.14 1.S8fO. 34 1.42k0.22 1.22k0.23 
0.92k0.09 1.64fO. 33 1.62+0.18 1.61k0.24 
0.83f0.11 1.56f0.29 1.83f0.22 2.07f0.74 
0.76f0.09 1.26k0.46 1.90k0.29 1.98+0.69 
0.72k0.09 0.86k0.22 1.88f0.28 1.65+0.55 
0.68f0.16 0.75k0.17 1.90t0.30 1.48+0.55 
0.38f0.11 0.74k0.22 1.93k0.35 1.39k0.68 
0.69fO. I5 0.70f0.18 1.80f0.38 1.34+0.55 
0.65+0.13 0.63f0.19 1.50k0.22 1.23k0.53 
0.57k0.12 0.55f0.17 1.32k0.22 0.96k0.52 
0.51kd. 10 0.49k0.16 1 .20*0,20 0.73kO. 40 
0.47fO. 12 0.46f0.12 1.12k0.21 0.56k0.27 
0.42k0.13 0.48f0.15 1.06k0.22 0.42f0.27 
0.39f0.08 0.42f0.09 0.99k0.22 0.28k0.24 
0.38f0.09 0.32k0.06 0.87f0.22 0.11+0.31 
0.35f0.08 0.25f0.12 0.66+0.19 0.04f0.21 
6.32k0.07 0.17f0.10 0.44k0.17 0.03f0.19 
0.28IfrO .05 0.14+0.06 0.27f0.11 0 .00&0. 19 
0.26+O .04 0.14+0.03 0 . 1 5 ~ 0 . 1 3  0.05&0.18 
0.25k0.04 0.11 +O .03 0 07k0.12 0.08&0. 18 
0.24k0.05 o.oS_to.00 0 .00_+0.12 0.08kO 14 
0.22f0.04 0.03f0.10 0.07k0.12 0.09f0.13 
0.20$-0 - 04 0.05fO .03 0.12f0.08 0.07f0.11 
0.18+0.03 0 .06+0 .05 0.14f0.07 O.OSf0.09 
0.17f0.04 0.05fO .00 0.14k0.06 0.04+0.11 
0.16+0.03 0.05fO. 04 0.16k0.05 0 02f0.12 
0.1520.04 0.05+0.00 0.18f0.06 0.0320.15 
0.14+0.03 0.05+0.03 0.18+0.07 0.05f0.12 
0.11 k0.03 0.05+0.00 0.18+0.08 0.09fO. 15 
0.09+0.03 0.05_+0.00 0.18f0.08 0. lOf0. 23 

9 4 24 10 

3.35 5.63 7.04 8.42 
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APPENDIX IX 


Diurnal transformation of the electric field profile (Eka,v/cm), local time. 

Tashkent, 1958- 1959 

100 
200 
400 
600 

800 

1000 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3000 
3200 
3400 
3600 
3800 
4Ooo 
4200 
4400 
4600 
4800 
5000 

No. of 
cases 

Qo-moo 

Group I 

6hours 12 hours 18 hours 24 hours 

1.08f0.19 1.7620.42 1.35f0.12 1.50f0.31 
0.9OfO.09 1.731-0.33 1.23f 0.08 1.2720.23 
0.72k0.06 1.33k0.30 0.97f0.08 0.99f0.15 
0.65kO. 08 0.69+0.31 0.75f0.07 0.83f0.12 
0.65f0.08 0.37f0.00 0.64f0.07 0.79f0.13 
0.63f0.06 0.32f0.00 0.53f0.06 0.80+0. 20 
0.55f0.06 0.34f0.00 0.44f0.06 0.72f0.00 
0.49k0.06 0.39f0.16 0.38f0.04 0.62fO. 00 
0.46k0.07 0.37f0.16 0.34fO. 04 0.59f0.07 
0.4320.06 0.32f0.00 0.31kO. 03 3.57f0.06 
0.40fO. 06 0.28f0.00 0.27f0.03 0.54+0 06 
0.38fO. 06 0.22f0.00 0.24kO. 03 0.49fO. 06 
0.36f0.05 O.ISf0.00 0.21f0.02 0.42f0.05 
0.33k0.06 0.15f0.00 0.19f0.02 0.38f0.05 
0.29k0.03 0.13kO.00 0.18f0.02 0.37fO .07 
0.25fO 01 0.09fO. 00 0.17+0.02 0.34f0.04 
0.23f0.01 0.08f0.00 0.15f0.02 0.29f0.04 
0.23fO .03 O.osfO.00 0.14f0.02 0.26f0.02 
0.23k0.04 0.05f0.00 0.14+0.04 0.24+0. 02 
0.23k0.03 0.03+0.00 0.15f0.04 0.23f0.02 
0.25kO. 03 0 . 0 0 ~ 0 . 0 0  0.16f0.02 0.2 1f 0  ,02 
0.26kO. 06 O.Ol_t0.00 0.16fO.Ol 0.21f 0  .02 
0.24f0.03 0.0720 00 0.15f0.01 0.20f0.00 
0.22fO. 04 0.I2f0.00 0.15f0.01 0.19*0.00 
0.20f0.03 0.15_f0.00 0.14f0.01 0.19f0.02 
0.20f0.03 0.16f0.00 0.15f0.01 0.20+0.04 

16 2 25 6 

2.34 4.25 3.18 3.46 



APPENDIX X 


Diurnal transformation of the electric field profile (E&@,  v/cm), local time. 

Tashkent, 1958-1959 


Group I11 
_c- - - - .  

H ,  m 3hours 9hours 15hours 21hours 
---

100 0.21f0.14 0.59f0.26 0.90+0.16 0.36f0.10 
200 0.44f0.07 0.87f0.26 l.Olf0.16 0.50f0.14 
400 0 73f0.08 0.95f0.81 1.10_+0.09 0.68k0.08 
600 0.87fO.10 0.94f0.92 1.lOf0. 11 0.79fO.10 
800 0.94f0:16 1.00+1.09 1.03,O.IO 0.83f0.17 
1000 0.95f0.16 0 96f0.95 0.96+0.12 0.85f0.13 
1200 0.88fO.16 0.85f1 .OO 0.94f0.14 0.90f0.14 
1400 0 83f0.16 0.83f0.92 0.85+0.14 0.98k0.33 
1600 0.81 + O .  16 0.82f0.35 0.69&0.11 0.95f0.31 
1800 0.77f0.17 0.64+0.44 0.57k0.08 0.86f0.23 
2000 0.69f0.14 0.46f0 49 0.49f0.08 0.82+0.40 
2200 0 61k0.14 0.39f0.54 0.40+0.06 0.75k0.27 
240 0.51+0.12 0.3ofO.44 0.32f0.04 0.63kO.16 
2600 0.41SO.07 0.14fO. 26 0.26f0.04 0.56k0.14 
2800 0.33fO.06 0.02f0.33 0.22k0.03 0.48f0.10 
3Ooo 0.28f0.05 0.17f0.OO 0.19f0.03 0.38kO.W 
3200 0.29f0.05 0 17f0.16 0.16f0.03 0.31f O . 0 6  
3400 0.18+0.05 0.16f0.OO 0.13f0.04 0.26k0.04 
3600 0.08f0.06 0.19fO .OO 0.09f0.05 0.22f0.03 
3800 0.01_to. 20 0.20*0.00 0.06_tO.05 0.21f0 .03 

4OOo 0 01+0.07 0.15f-0.17 0.05f0.05 0.19f0.03 
4200 0.06+0 06 0.14f-0.17 0.04+0 .06 0.18f0.02 
4400 0.09f0.08 0.18~0.00 0.03f0.06 0 16f0.04 
4600 0.07fO.05 0 1st-0.00 0.02+0.05 0.13f0.03 
4800 0.05f0.04 0.23kO.00 O.Ol+O 05 O.lOf0. 04 
5Ooo 0.04fO.04 0.31$-0.OO 0.02f0.05 0.09+0.04 

No. of 23 2 28 7 
cases 

QO-6000 4.65 4.57 3.40 4.02 
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APPENDIX XI 

Diurnal transformation of profiles of Group 111, excepting 15 cases having two 
maxima. Leningrad, 1958-1959 

Hours 

3 6 7 12 15 18 

100 0.21 0.73 0.76 -2.00 1.61 0.69 
200 0.41 1.42 0.91 1.17 4.71 0.78 
400 0.67 1.92 1.51 0.84 1.44 0.85 
600 0.79 2.02 2.35 1.28 1.05 0.92 
800 0.79 1.98 3.04 1.30 0.82 0.92 

lo00 0.67 1.79 3.24 1.14 0.79 0.81 
1200 0.50 1.54 2.55 0 58 0.48 0.62 
1400 0.39 1.29 1.47 0.40 0.32 0.49 
1600 0.33 1.07 0.99 0.11 0.32 0.45 
1800 0.28 1.01 0.97 -0.02 0 34 0.42 
2000 0.24 1.09 0.87 -0.01 0.21 0.41 
2200 0.24 1.14 0.71 0.01 0.11 0.40 
2400 0.26 1.06 0.59 0.04 0.12 0.37 
2600 0.26 0.90 0.51 0.07 0.15 0 29 
2800 0.25 0.81 0.48 0.07 0.17 0.23 
3Ooo 0.24 0.81 0.49 0.06 0.15 0.21 
3200 0.23 0.71 0.54 0.06 0.10 0.19 
3400 0.23 0.61 0.68 0.05 0.09 0.17 
3600 0.22 0.57 0.78 0.03 0.08 0 16 
3800 0.21 0.54 0.68 0.05 0.08 0.16 
4OOo 0.21 0.47 0.50 0.07 0.08 0.17 
4200 0.21 0.45 0.42 0.08 0.09 0.15 
4400 0.21 0.43 0.40 0.08 0.10 0.15 
4600 0.20 0.41 0.38 0.07 0.11 0.16 
4800 0.18 0.41 0.34 0.04 0.12 0.15 
5000 0.16 0.30 0.22 0.00 0.10 0.10 

No. of 16 11 2 2 5 12 
cases 
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A P P E N D I X  XI1 

Diurnal variations on clear days of the electric field E (v/cm) at various 
altitudes, of the atmospheric potential Veoooat an altitude of 6000 m(kv), 
and of the rpace charge Qo-6oo of an air  column 6000 m high with a base 
of 1in2 (e.s.u./m2). Leningrad, 1958-1959 

Hours 

Altitude, 171 
0 3 G 12 15 1s 24 No. of 

cases 
~ ~ - --

E at ground 2.1 2.8 3.0 2.7 2.6 2.6 2.1 186 
level 

100 0.8 0.9 1 .o 1.3 1.6 1.8 0.8 
200 0.7 0.9 0.8 1.4 1.2 1.6 0.7 
300 0.7 0.7 0.6 1 2  1.1 1.6 0.7 
500 0.9 0.7 0.6 0 9  1.o 1.1 0.9 
700 0.7 0.7 0.4 0 7  0 . 8  1.1 0.7 

1000 0.6 0.6 0.2 0.6  0.7 1 6  0.6 
1200 0.5 0.5 0.1 0.4 0.5 0.8 0.5 
1500 0.4 0 .5  0.1 0.3  0.4 0.6 0.4 
2000 0.3 0 . 4  0.0 0 .:3 0 .4  0.5 0.3 
3000 0 . 3  0.3 0.1 0 2  0.2 0.2 0.3 
4000 0.1 0.2 0.0 0.2 0.2 0 . 3  0.1 
5000 0.1 0.2 0.1 0.1 0.2 0.2 0.1 
v6000 04 !22 80 84 126 278 !04 

QO-6000 2.0 1.9 2.4 3.6 3.0 4.9 2.0 

N o .  of cases 52 71 3 27 70 9 52 

A P P E N D I X  XI11 

Iliurnal variations on clear days of the electric field E (v/cm) at various 
altitudes, of the atmospheric potential V6,,, at an altitude of 6000 m (kv),  
and of space charge Qo-6000 of an air column 6000 m high with a base of 
1in2 (e.s.u./m2). Kiev, 1956-1959 

Hours 
Altitude, m 

0 2 6 I 12 15 18 24 

100 1.6 1.1 1.2 I 1.6 0.5 1.8 1.6 
200 1.2 0.9 1.2 1.1 1.4 1.5 1.2 
400 1.3 1.o 1.1 1.6 1.6 1.4 1 3  
600 1.3 0.9 0 .8  1.7 1.7 2.1 1.3 
800 1.4 0.9 0.8 1.7 1.6 2.1 1.4 

1000 1.3 0.9 0.4 1.4 1.3 1.3 1.3 
1200 1.3 0.8 0.4 1.2 1.5 1.o 1 .3  
1600 1.3 0.5 0.2 1.1 1.1 0.9 1.3 
2000 0.8 0.5 0.2 0.9 0.9 0.7 0.8 
3000 0.5 0 . 3  0.2 0.1 0.5 0.2 0.5 
4000 0.5 0.2 0.2 0.1 0.0 0.1 0.5 
5000 0.2 0.0 0.1 0.1 0.3 0.0 0.2 
v6000 286 200 168 301 252 273 286 

QO-6000 4.8 4.5 3.3 5.3 5.0 6.8 4.8 

I 
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APPENDIX XIV 

Diurnal variations on clear days of the electric field E (v/cm) at various 
altitudes, of the atmospheric potential Vsoooat  an altitude of 6000 m (kv), 
and of the space charge Q0-6000 of an air column 6000 m high with a base 
of 1m2 (e.s.u. /m2). Tashkent, 1958-1959 

Hours 
Altitude, m 

100 

200 

300 

500 

700 

1000 

1200 

1500 

2000 

3OOo 

4000 

5000 

vm, 

00-so00 

No. ofcases 

0 1 6 11 12 18-­
0.4 0.5 0.5 1.5 1.o 0.8 0 4  

0.5 0.4 1.1 2.1 1.1 0.8 0.5 

0.6 0.4 1 .o 1.1 1 .O 0.8 0.6 

0.7 0.4 0.7 1.o 1.o 0.8 0.7 

0.6 0.3 0.8 0.5 0.9 0.8 0.9 

0.7 0.3 0.5 0.3 0.8 0.8 0.7 

0.6 0.3 0.5 0.2 0.7 0.7 0.6 

0.5 0.3 0.5 0.2 0.6 0.7 0.5 

0.4 0.2 0.2 0.2 0.4 0.7 0.4 

0.2 0.2 0.1 0.1 0.2 0.3 0.2 

0.1 0.1 0.1 0.0 0.1 0.2 0.1 

0.1 0.1 0.1 0.1 0.1 0.1 0.1 

!03 67 33 47 !03 43 03 

1.o 1.6 3.3 3.9 2.2 2.0 1.o 
55 11 6 4 56 15 55 
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APPENDIXXV 


Unitary field variation observed over oceans (0)and at  various altitudes over 
continents (c) ,  and the coefficient of correlation (k)between them 
(1958-1959) 

Hours Correlatio 
E l  mean 

0 1  3 1  6 / 1 2 1 1 5 1 1 8  v/cm 

L e n i n g r a d  
0 1.31 1.32 1.17 1.18 1.58 1.69 1.36 0 

C 0.7 0.7 0.4 0.7 0.8 1.1 0.7 84 700 

C 0.6 0.6 0.2 0.6 0.7 1.6 0.7 84 1000 

C 0.5 0.5 0.1 0.4 0.5 0.8 0.5 79 1200 

C 0 4  0.5 0.1 0.3 0.4 0.6 0.4 74 1500 

C 0.3 0.4 0.0 0.3 0.4 0.5 0.3 76 2000 

C 0.3 0.3 0.1 0.2 0.2 0.2 0.2 12 3000 

K i e v  
0 1.31 1.30 1.17 1.18 1.58 1.69 1.36 0 

C 1.6 1.1 1.2 1.6 0.5 1.8 1.3 10 100 

C 1.2 0.9 1.2 1.1 1.4 1.5 1.2 75 200 

C 1.3 1.o 1.1 1.6 1.6 1.4 1.3 37 400 

C 1.3 0.9 0.8 1.7 1.7 2.1 1.4 71 600 

C 1.4 0.9 0.8 1.7 1.6 2.1 1.4 68 800 

C 1.3 0.9 0.4 1.4 1.3 1.3 1.1 46 1000 

0 1.31 1.28 1.1’ 1.19 1.18 1.69 1.36 0 

C 0.5 0.3 0.5 0.2 0.6 0.7 0.5 59 1500 

C 0.4 0.2 0.2 0.2 0.4 0.7 0.3 70 2000 

C 0.2 0.2 0.1 0.1 0.2 0.3 0.2 86 3000 

C 0.1 0.1 0.1 0.0 0.1 0.2 0.1 56 4000 

C 0.1 0.1 4 . 1  0.1 0.1 0.1 0.06 16 5000 
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APPENDIX XX 

Absolute values of the mean space charge densities (px 10' e.s.u./m3)in 

-stratified clouds 
_ _ ~  

Cloud Observation point P1 P2 P3 P4 Pex Rmean
form 

- ~ 

St  Leningrad . . . . . . .  2.5 3.3 2.9 4.6 1.2 3.0 

Kiev . . . . . . . . .  2.4 3.0 6.2 2.9 1.1 3.0 

s c  Leningrad . . . . . . .  2.2 3.9 2.2 3.1 1.2 3.0 

Kiev . . . . . . . . .  2.0 2.9 2.4 5.8 3.2 2.3 

Tashkent . . . . . . .  2.8 3.1 4.0 3.5 0.7 3.0 

As Leningrad . . . . . . .  2.6 3.5 5.0 4.3 1.2 3.8 

Kiev . . . . . . . . .  3.9 11.o 7.4 4.5 0.6 9.2 

Tashkent . . . . . . .  6.7 7.6 9.8 13.9 6 .O 10.7 

Ns Leningrad . . . . . . .  2.5 5.6 10.3 15.7 0.9 10.1 

Kiev . . . . . . . . .  3.2 5.5 6.0 7.9 0.5 12.8 

Tashkent . . . . . . .  5.8 4.4 10.2 9.7 3.4 11.4 

cs Leningrad . . . . . . .  3.9 2.9 4.0 4.1 1.9 4.0 

R e m a  k . In the calculation of pex and pmean, com ex structures were 
taken into account. 

APPENDIX XXI 

Space charge density (p x 
(1958-1959) 

Singly-charged
clouds 

P f  I P-

L e n i n g r a d  
2.4 1 -1.2 1 

10' e.s.u./m3) in St clouds of different structures 
-

K i e v  

2.5I I 1.7 I 4 . 9  1 -2:; 1 -1 -9 

1841 156 



- -  

APPENDIX XXII 

Space charge density (p x 10' e.s.u./ms) in Sc clouds of different structures 
(1958-1959)_-

Observation point 
Plow PUP 

. 

Leningrad . . . . .  2.0 -1.9 -2.1 3.5 
2.6 -4.1 

Kiev . . . . . . .  2.5 -1 .o -1.8 2.6 
3.3 -3.0 

Tashkent . . . . . .  0.8 -0.9 -1.1 1.3 
5.3 -4.4 

APPENDIX XXIII 

Space charge density (p x 10' e.s.u./m3) in As clouds of different structures 
(1958 -1959) 

-3.6 
Kiev. 1.9 -2.7 -3.9 12.2 

4.4 -4.7 
Tashkent . . . .  2.4 -2.3 -2.9 2.7 

6.0 -2.7 

APPENDIX XXIV 

Space charge density (p x102 e.s.u./m3) in Cs clouds of different structures 
(1958-1959) 

Singly-chargedclouds
Observation point 

~- I-,- I 
-5.1 1, -3.2 1 1.4Leningrad . . . . . .  

2.0 -2.6 

APPENDIX XXV 

Space charge density (p x102 e.s.u./m3) in Ns clouds of different structures 
(1958- 1959) 

Observation point 
Plow PUP 

Leningrad . . . . . . .  2.1 -1.3 3.8 
-2.8 

6.8 
2.7 

Kiev . . . . . . . . .  1.1 -1.8 -1 .o 
4 .O 

1.8 
-1.2 

Tashkent, . . . . . . .  5.3 -2.5 -6.1 
2.9 

3.8 
-6.3 

Doubly-charged--~ 

157 
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/ ~Cloud thick l ~ ; l ~ l z lmax ~ pex * IO2 Vu- Vl,Gl . 2> . ~ 

ness, m i v/cm e.s.u./m3 k v  e.s.u 
' & E  z: 

0-200 

200-500 

500-1oO0 


1000 


0-200 

200-500 

500-1000 


lo00 

0-500 

500-lo00 


1000-2000 

2000--4000 

0-500 

500-1000 


1000-2000 

2o0o-uw)o 

St 

1.o 1.4 
1.4 2.3 A:: 1 4::;
1.9 3.4 1.0 39.5 
2.3 4.6 

0.9 I 68.9 

s c  

1:4 1.6 1.o --0 .4 

1.5 2.7 1.7 19.1 

1.4 2.9 1.1 5.9 

2.8 4.3 0.3 149.2 


As 

1.7 3.3 10.1 12.7 
2.6 2.8 0.6 41.7 
3.0 6.4 0.7 -60.7 

13.0 68.1 0.3 1501.5 

Ns 


0.0 0.5 OJ2 -2.4 
2.0 3.8 -0.4 47.7 
2.6 7.0 0.2 309.6 

O W6 %  

23.0 25.9 10 

22.3 37.7 23 

39.5 65 6 20 

44.7 86.5 5 


34.2 42.5 

43.9 64.2 

53.0 80.4 

52.7 84.4 8 


77.0 95.8 52 
86.4 121.o 8 

101.6 169.0 10 
208.7 370.1 5 

51.2 84.0 1 

70.8 99.6 7 

55.8 107.0 7 


4.7 22.9 0.3 1230.8 147.7 334.2 10 




m
I
52 

Cloud thick- lE\,,jcm I E L a x  Pex . 10' vu- VI, IO1 . . h 

v/cm r.s.u./m3 kvness, m 

0- 200 

200-500 

500- 1000 

1000 

0-500 

500-1000 

1000-2000 

2000-4000 

4000 

0-500 

500- 1000 

1000-2000 

2000-4000 

4000 

e.s.u. E ?  $j-I 

s c  

1 .o 1 .5  0 .5  26.5 32.2 39.8 17 

1.3 2.3 0.2 -1.9 63.4 99.2 18 

0.9 1 . 2  0.2 -15.1 93.8 147.8 6 

1.3 3.5 0.0 124.0 80.6 140.1 2 

As 

2.5 4.0 0.5 -2.9 106.5 177.8 19 

8.3 9.S 1.6 430.0 194.0 357.2 13 

4.8 13.1 0.0 235.4 229.9 444.6 10 

5.3 18.3 0 .3  666.7 283.6 468.1 10 

6.1 29.0 -0.7 1861.O 430.6 620.0 1 

N s  

3.1 5 4  3.0 -4.3.9 110.0 134.9 8 

6.1 9.7 -2.1 -7.8 155.6 290.9 5 

3.0 6 .6  -0.2 40 152.3 257.8 9 

11.9 63 6 -1.3 2472.4 324.8 597.5 6 

12.8 30.0 0.4 -163.4 393.5 728.6 2 
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A P P E N ' D I X  XXXIa 

Mean thickness of clouds of different types and different clcctric structures. 
Leningrad, 1858-1959 

Cloud I Distribution of charges in the clouds hlultiply­
charged 
clouds+ 

St 450 450 200 200 700 
s c  400 430 260 210 700 
As 800 900 640 700 1500 
Ns 940 1600 630 700 2000 

blean altitude of the lower boundary 0,  :lauds of di,,erent electric structurrs 

Cloud 
forin 

I Distribution of charges 111 the clouds 
. ~-

I t  + 
Xlu It ip1y -
charged 
c louds  

St 
sc 

350 200 400 400 
900 800 950 800 

350 
800 

As 3000 3300 3100 3000 3000 
Ns 800 850 800 800 800 

Electric characteristics of stratified clouds in different eazons. 
Le ningrad , 1958 -193 9 

s u I11 111 c r 
St  4 0  135.0 

5.1 84.3 17 
85 1 29

Ns 160 

W i n t e r  
St 1.5 2.2 2.1 4.8 10.6 21 20 
s c  16.3 

As 1 I i.3 1 i'4 1 -34 1.7 25
Ns 55 279 


163 

1 



Cloud I I I E lmax Pex * lo2 vl, 10I * I lmax * NO. ofvu­
form v/cm v/cm e.s.u./m3 kv e.s.u. e.s.u. cases 

. .  . ~ . .. . ~~ . 

~ 

Cloud 1 E I I E lmax Pex . lo2 Vu- VI, 1 0 I 1 0 lmax * NO. of  
form v/cm v/cm e.s.u./m3 kv e.s.u. e.s.u. cases 

s c  1.1 1.8 0.4 -0.9 61.8 125.0 26 
As 1 4; 1 HI:: 1 0.4, 1 348.4 I 171.1 I 319.3 I 26 
Ns -0.3 402.2 187.6 322.4 22 

APPENDIX XXXV 

Space charges (e.s.u.An') i n  St clouds of different electric structures, referred 
to reduced cloud thicknesses 

1 ~ 

No.of cloud 
layer I + I 

Distributior 

+ + 
1 -1.06 1.68 -0.26 1.59 
2 -0.74 2.33 -0.06 1.39 
3 -0.26 2.06 -0.46 0.98 
4 0.19 1.88 -1.12 0.79 
5 0.39 1.32 -1.32 0.79 
6 0.35 0.92 -1.32 0.66 
7 0.58 -0.53 -1.06 0.72 
8 0.88 -3.05 -0.53 0.65 
9 0.70 -4.42 -0.17 0.43 
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APPENDIX XXXVI 

Space charges (e.s.u./m2) in Cs clouds of different electric structures, referred 
to reduced cloud thicknesses 

No. of cloud 
layer -_ 

t 


-0.73 0.23 -0.66 -1.78 2.07 -2.89 
-0 75 -0.29 -1.46 -1.62 1.34 -1.68 
-0.30 0.55 -1.52 -1.70 -0.70 0.77 

0.36 0.46 -0.70 0.00 -2.31 2.63 
0.35 -1.72 -0.19 2.65 -1.38 0.45 
0.23 -2.03 -0.05 1.90 -0.52 -1.47 
0.27 -0.60 -0.04 0.01 2.12 -2.88 
0.24 -0.29 -0.07 -1.10 1.60 -2.32 
0.18 -0.85 -0.07 -1.83 0.01 3.54 

APPENDIX XXXVIl 

Space charges (e.s.u./m*) in Sc clouds of different electric structures, referred 
to  reduced cloud thicknesses 

Distribution of charges
No. of cloud 

layer 
i + 

-0.98 0.80 1.oo 0.44 
--0.87 1.06 -0.53 0.59 

0.13 1.39 -0.86 0.73 
0.73 1.19 -0.52 0.66 
0.66 0.86 -0.72 0.92 
0.80 0.93 -1.76 0.79 
1.20 0.46 -2.72 0.59 
1.40 -1.13 -2.32 0.65 
1.51 -1.73 -0.97 0.19 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

A P P E N D I X  XXXVII I  

Space charges (e.s.u./m2) in As clouds of different electric striictures, referred 
to reduced cloud thicknesses 

No .  of cloud 
layer 

t T 
_~ 

-0.79 1.32 -1.15 0.71 0.0 
-0. I;G 1.05 -1.59 2.G5 0.0 
-0.79 0.92 -0.53 2.46 0.1 

0.12 0.26 4 . 0 7  1.13 0.0 
0.46 -0.40 -0.86 1.32 0.0 
0.00 0.13 -1.32 1.32 0.0 
0.59 -0.13 -1.66 1.46 0.0 
1.45 -1.46 -1.26 1.52 0.0 
1.32 -1.85 -0.13 0.97 0.0 

A P P E N D I X  XXXIX 

Space charges (e.s.u./m2) in N s  clouds with different electric structures, referred 
to reduced cloud thicknesses 

Distribution of charges
No. of cloud 

layer + -+ + + t 
-+ ­

- -
-4.69 4.42 -2.57 0.35 6.91 -4.07 
-3.05 1.57 -1.39 0.39 4.12 -2.85 

1.06 -0.20 -0.53 0.32 -1.06 -0.33 
2.33 -0.13 -0.99 0.32 -4.58 -1.97 
1.19 -0 .08  -1.19 0.46 4 . 5 8  -0.96 
0.79 0.13 -0.59 0.59 -3.05 0.54 
0.66 -0.53 -0.39 0.59 -2.25 - 0 . 2 1  
0.99 -1.25 -0.39 0.32 -0.48 -1.79 
1.33 -0.53 -0.43 0.08 0.79 -2.56 
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A P P E N D I X  X L  

Ibxliiced variation of the electric f ie ld  (v/cm) i n  S t  cloucls. 
I ,eningrad, 1958- 1959 

a.  Positivcly pola 
I958 

1 1 .s 0.5 0.8 1 1  1.1 0.1 0.4 0.4 1.8 0.8 1.9 
2 2 0  0.8 0.8 1.3 1 6  0.2 1.0 1.0 1.8 0 9 "2.4 
3 2.0 0.9 1 .o  1.3 1.7 0.4 1.0 1.4 2 .2  1.0 ~ 2.6 
4 1.6 1.o 0 .8  1. G  I O  0.0 0.9 2.5 2.4 1 3 3.0 
5 1 . G  1 2  0 .7  1 .3  2.2 0.0 0.0 1.4 1.9 1.3 1.7 
6 1 . G  1.2 0.6 1.4 2.0 0.1 0.2 2.0 2.2 1.2 ' 1.0 
7 1.1 1. ?  0.5 1.4 1 .8  -0.4 -0.4 1.4 2.2 1.1 0 .3  
8 0.G 0.G 0.5 1.o 1.1 -0.8 -0.1 1.0 1.1 0.2 -0.4 
9 0.0 0.0 0 .5  0.7 0.6 -0.5 -0.6 0.9 0 7  -0.2 -1.6 

10 -0.2 -0.7 0.5 0.0 0.6 -0.2 -0.2 0.4 0.4 -0.1 -2.0 

-
TI 
3 
0 

d 

V 
4. 
0 4  

6 %  
Z 2  

~ 

1 0.9 1.2 1 .2  1 .5  0.6 3.1 -2.0 1.5 2.0 -5.0 1.5 
2 1.3 1.7 1.4 1.8 0.7 3.6 -2.0 2.0 2.2 3.5 2.1 
3 1.8 1.a 1.3 2 .4  0.8 4.0 -0 5 2.0 2.8 -0.5 2.3 
4 2.2 1.6 0.9 1.a 0.8 4.8 -0.5 1.9 3.6 1 .5  2.3 
5 2.0 1.2  0.2 1.9 0.5 5.2 -0.5 1.a 4.2 2.0 1.5 
6 1.9 1.2 0.0 2.2 0.0 5.5 -0.5 2.5 3.2 2.4 1.6 
7 1.9 1.o -0.6 1.9 -0.4 5.5 -0.5 1.8 2.5 2.6 1.3 
8 1.a 1 .O -1.4 1.O -0.8 5.1 -9.5 2.1 2.5 2.1 1.1 
9 0.9 0.0 -1.4 1.o -0.4 2.6 -2.0 -0.8 1.4 1.8 1 .o 

10 0.6 0.5 -1.6 0.8 -0.6 2.0 -0.5 -2.1 0.2 1.4 0 8  
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0 W - - 

4.7 
0 . 0 )  

W a 
0 2 -2 2
A - I* 
? 6  

- 5 5  
-

3 
a 

4 3 E +  0, v/cm 
5 Y22 + % i s  2: 

1 1.4 1.9 1.2 1.5 0.5 2.4 24.2 28 0.9+0. 29
2 4.1 2.4 1.9 1.3 1.5 2.8 37.1 1.4k0.28
3 1.0 3.5 1.9 1.6 2.2 2.8 44.7 1.6f0.20
4 1.0 4.0 2.0 1.8 1.6 2.4 48.2 1.830.22
5 0 0  3.7 2.7 1.8 1.3 1 .8  43.0 1.6f0.25
6 0.1 2.6 2.2 1.6 1.2 1.5 41.1 1.5k0.24
7 0.9 2.2 2.4 0.8 0.8 1.2 34.4 1.3k0.25
8 0 5  2 1 2.6 -1 .o 0.3 1.2 23.9 0.9kO. 26
9 3.4 2.1 2.0 -1.4 0.1 1.3 9.1 0.320.23

10 0.2 2.2 2.0 -1.4 0.4 1.1 4.7 0.2+0.21 

b. Negatively polarized clouds 
1958 1959 

2 
1 z::;l0.01 0.81 1.0 2.4 -1.2 :::I 3.81 7 0.7k0.43

0.81.6 0 8 2.2 -2.0 0.5k0.53
3 0.5 -9.6 1.2 0.0 -7.3 -1.Ok1.44
4 -2.1 -0.5 0.6 3.5 -1 1.5 0.9/-0.2)--16.1-9.1 1 -1.3fl.821.1 -0.2 
5 -0:4 -3.5 0 6 1.o -14.5 -2.3T2.11
6 0.0 -4.0 0.6 -0.5 -14.5 1.0 0.0 -17.4 -2.532.09
7 -3.6 -4.0 0.8 -1 .o -15.0 1.0 -0.2 -22.0 -3.1+2.11
8 -0.1 -5 3 0.7 -2.5 -15.0 0.8 0.1 -21.5 -3.132.16
9 -1.0 -5.0 0.7 -1 .o -7 0 1.0 0.2 -12.2 -1.7kl . I6

10 -0.1 -1.8 0.7 -0.5 0.5 1.2 0.4 0.4 0.1+0.37 

3 E + a , v / c m  
a 
Y
0 


I I -b 
c.  Negatively charged clouds 

I 1959 
1 -3.8 -1.8 0.2 -1.8 - 0.0 -7.2 
2 -2.9 -1.9 0.2 -1 . d  - 0.2 -6.3
3 -2.4 -2.0 0.3 -2.0 -2.0 0.4 -7.7 
4 -2.4 -1.9 0.4 -1.6 -2.0 0.4 -7.1
5 -0.8 -1.9 0.4 -1.2 -0.5 0.5 -3.5 
6 0.8 -2.0 0.5 -0.9 -0.5 1.0 -1.1 
7 2.0 -0.8 0.6 -0.8 1.o 0.5 2.5 
8 2.4 -0.6 0.6 -0.7 2.0 2.0 4.7 
9 2.5 - 0 . 8  0.7 -0.5 1.6 2.8 6.3 

10 2.4 -0.8 0.8 -0.2 1.2 2.9 6.3 
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a - 
’9 

d. Positively charged clouds 

1 3.0 2.11 - I 3.2 
2 2.5 
3 2.4 
4 2.0 
5 1.8 
6 1 .o 1.21 0.8 I 0.6 
7 0.6 i l o  0.0 0.6 
8 0 . 3  0.6 0.8 
9 -1 .6  -0.21 0.8 I 8:;

10 -1.1 0 . 2 )  0.9 1 0.5 
-0
3 

0 
3 LI
0 L: 
cr W 
0 ;  I6 2  . z, m 

1959 
1 0.9 1.2 1.8 1.0 2.4 10.6 1.1 1.6 .‘16.0 18 2.4-1-0.61 
2 0.7 1.2 1.9 0.9 2.4 5.6 1.0 I 6 29.0 1.8kO.39 
3 0.6 -3.0 1.7 0.8 2.4 2.5 1.0 1.2 20.0 1.2k0.23 
4 0.4 -5.0 1.1 0.8 2.4 0.9 0.7 1.3 14.3 0.9+0.42 
5 0 .2  -6.5 0 .7  0.8 2.4 0.6 0 6 1.0 10.1 0 .630.50 
6 0.0 -8.5 0.6 0 .7  2.4 0 7 0.4 0 9 5.4 0.3+0.61 
7 -0.3 
8 -0.6 
9 -0.9 

10 -1.1 

-0 Ia 13 
3 
0 Lo 
0 #-Ccl 

o w ”  ?6 2  0 
2 3  

1 0.7 
2 0.6  
3 0 . 4  
4 0.5 
5 0.3 
6 0.9 
7 0.3 
8 0.2 
9 0 2  

10 0.0 

-10.0 0.6 0.7 2.2 0 .7  0.4  0.6 1 . 5  0 lk0.69 
-11.5 0.6 0.7 2.1 0.8 0.2  0 4 -.3 .‘j -0.2k0.78 
-11.5 0.5 0 .7  2.1 0.8 0.2 0 6 -7 1 -0.5 +O .79 
-10.0 0.4 0 .7  2.1 1 . 0  0 .4  0 . 6  ~ 9 2 -0.Sk0.84 

c L. 

13 L: 


t-
 L- - r: 
r: 4: 
1 -. ­- C. 

c m 
- .. 

e . 1t i  p ly  -cha rge d c loud s 
958 

1.5 1 . 1  0.3 I . o  I 
1 .8  0. 3  0. 1 1 . 2  
1.9 0.2  -0.7 2 . 0  
1.0 -0.2 -0.1 1.6 
1.2 --O 6 -0.2 1.0 I 
1.9 0 . 0 0..‘$ 
0 . 8  0.8 0 .4 
0 .8  0.4 0.2 
0.6 0.2 -0.8 
0.5 -0 1 -0.8 

1959 
2.0 0 (J 3 . 3  1.3 
2.5 -0.2 3.2 0 .8  

22.5 4). 1.8 1.5 
2..5 -2.1 2 .8  1 5  
2.5 -0.4 3.3 1 4  

0 .0 3 . 3  1.3 
-3 6 3.3 0.9 
-0.1 3.1 0.4 
-1 .o 2.2 0 .4  
-0.1 1.6 -0,4 
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2 

APPENDIX XLI 


Reduced variation of the electric field in Sc clouds. 


1 0 6 
2 0.5 
3 1.3 
4 1.2 
5 0.8 
6 0.4 

a .  Positively polarized clouds 

0.2-0.6 0.6 -0.3 0.2 0.6 
0.5-1.7 0.0 -0.61 1.1 I 1.6 
2.0-1.8 0.0 -0.9 1.2 1.9 
2.0 2 .3  12.0 -0.5 2.2 2.1 
0.8 0.2 2.0 1.4 5.5 2.0 
0.8 0.3 1.0 2.8 0.5 1.6 

7 0.5 0.6 0.8 1.0 2.2 0 5 1.2 
8 0.5 0.3 0.6 2.5 2.2 1.0 1.5 
9 I0.6 1 0.51 0.41 1.0 1.7 1.0 1.2 

10 0.6 -0.4 0.4 2.5 1.21 0.0 1 1.0 

No. of cloud 
layer . 

1 1.2 0.4 0.6 
2 3.0 0.7 0.9 
3 2.2 0.6 1.2 
4 2 2 0.6 1.6 
5 2.6 0.8 0.9 
6 1.8 0.4 0.8 
7 1.3 2.0 0.8 
8 0 5 2.0 0.4 
9 0.5 1.0 0.6 

10 l 0 0 l 1 . 0 l 0 4  

Leningrad, 1958-1959 

~ 

1.4 0.0 1.9 0.2 
1 5  0.3 2.8 0.2 
1 8  2.5 2.4 0.8 
1.8 3.5 2.0 0.4 
1.4 0.5 2.2 1.o 
1.o 2.0 1.5 1.o 
0.8 0.0 0.8 1.o 
0.7 0.0 0.4 1.I)
0.6 -3.0 0.1 1.o 
0.2 -2.5 0.2 0.4 
-

2 
W 

.5 
2 
-

3.8 0.8 1.9 1.2 
I .o 0.8 1.8 1.3 
I .o 1.0 2.2 1.4 
1.8 1.0 2.0 1.o 
1.5 1.0 1 9 0.8 
1.5 -1.01 1 4 0.6 
1.6 0.01 i.1 0.5 
, 5  -0.5 0.5 0.3 
1 4  -0.4 0.5 0.3 
1.3 0.41 0.4 0.4 

-..­

co 
-
-

F.*c.l 


2 
8 

m 

1 1.0 1.4 2.0 1.1 
2 1.2 1.8 2.6 1.2 
3 1.5 1.6 2.2 1.7 
4 2.0 0.9 2.8 1.4 
5 1.8 0.6 2.9 1.2 
6 1.6 0.8 2.9 1.8 
7 0.9 0.7 2.3 
8 0.8 0.6 1.3 
9 0.3 -1.0 1.4 

10 0 . 3  -0.5 1.0 

1.4 0.5 0.5 1.o 
1.2 0.4 0.5 1.2 
1.1 2.7 0.6 1.5 
1.2 3.0 1.2 
1.3 1.8 1.2 
1.5 0.5 1.1 
1.5 1.2 0.5 1.1 
1.4 1.8 0.4 0.4 
1.3 1.8 0.4 0.2 
0.9 1.6 0.3 0.3 

2 2 
m - a 

x x 
2 ; : 
m m 

_ _  ­
1.3 
0.3 
2.0 
1.0 
1.0 
5.0 4.5 0.6 0.8 0.8 0.0 

2.6 3.5 7.5 1.1 0.7 1.2 0.0 
2.8 2.5 6.0 1.0 0.6 1.1 0.2 
2.2 3.5 6.0 0.3 0.8 0.9 0.0 
0.9 2.0 0.5 0.4 0.2 0.5 0.2 

0.5 0.1 1.1 1.9 1.7 
0.2 1.8 1.3 2.0 2.1 
3.5 1.5 1 3 2.2 2.1 
3.5 0.8 1.3 2.1 0.9 
5.0 0.5 0.8 1.8 -0.9 
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2 

a 
- - c3 - e4 - 

~ ­
-0 il 

3 c a 
40 1 4  m - m-
V - - ­

5 5. 
t-	 2 
- -~ 

0.8 1.4 1.o 1.2 1.3 1.5 
0.8 2.1 2.5 1.4 1.4 1.9 

3 2.8 0.9 1.6 3.2 1.6 1.4 2.1 
4 
5 

-0 5 
-2.5 

1.2 
1.5 

1-4 
1.o 3.4 

2.7 
1.8 
1.Y 

1.4 2.2 
1.5 2.2 

6 -4.0 1.2 0.6 2.3 2.2 1.2 2.2 
7 
8 
9 

10 

-4.0 
-4.0 
-4.0 
-5.5 

0.9 
0.8 
0.7 
0.5 

-0.2 
-1.4 
-1.2 
-1.4 

2.0 
1.6 
1.5 
1.6 

2.0 
2.2 
1.9 
1.6 

1.2 1.4 
1.2 0.5 
0.6 0.1 
0.4 1 0.1 

1959 

1 1.0 2.9 1 5 0.8 
2 1.4 2.9 1.9 1.2 
3 1.9 3.2 2.4 2.0 
4 1.2 3.3 3.5 2.2 
5 0.4 3.3 3.5 2.1 
6 -0.7 3.0 3.5 2.0 
7 -1.4 2.7 3.4 1.5 
8 -1.8 2.3 3.6 1.2 
9 -6.5 2.0 2.8 0.3 

10 -6.5 2.2 1.2 0.2 

c 
c- +2 22 2 b - c 
W W - c W- w ­5 2 2- - w ~O
. I ­


1 1.9 0.5 
2 1.2 1.8 
3 1.8 2.0 
4 1.8 1.9 
5 0.3 2.0 
6 6.5 3.5 
7 6.5 2.0 
8 5.0 2.0 
9 6 0 -1.0 

10 2.0 -2.0 

X 
~~ ~­

-9 5 -3.5 1.8 1.9 
-5.0 -2.0 1.8 1.7 
-2.0 -5.0 2.6 2.3 
-2.0 -0.5 -4.0 1.3 
-5.5 -0.5 -7.5 0.8 
-7 0 -2.5 -9.0-1.6 
-7.5 -5 5 -9.0.-2.0 
-9.0 -7.5-10.5-5.0 

-10.5 -9 .0 -11 .04 .5  
-15.0-10.0-12 5-6.5 

-
il2 2 5t­- - ­

x, 5 5 
2 2 2--­
0.2 1.3 0.8 
0.3 1.3 1.1 
0.0 1.3 0.9 
0.4 1.2 0.9 
0.2 1.4 1.1 
0.2 1.7 0.5 
0.1 1.6 0.5 
0.0 1.3 0.2 
0.0 1.2 0.5 
0.0 0.9 0.6 

1.010.91 1.3 

2 
2 c o Sa - w 


s g x ~ ~ 
1.5 2.8 1.8 
2.7 3.4 2.8 
3.2 3.0 2.2 

-2.0 1.7 2.4 
-6.0 3.0 2.4 
-2.0 -0.5 2.5 
-3.5 -2.0 3.6 
4 . 0  -2.5 2.5 
-7.0 -4.0 2.5 
-6.0 -8.0 2.6 
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I 

CQ 

0 

-

No. of 2 m 2 
cloud - a 
layer 5 5  

O O Q , 


4 

1 2.4 2.6 
2 2.4 5.2 
3 2.8 -

-2.7 
5 2.4 -5.5 
6 2.8 -2L5 
7 1.1 -2.5 
8 0.0 -4.5 
9 -5.0 -6.0 

10 -4.0 -6.0 

No. of cloud 
layer 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

No. of cloud 
layer 

1 
n
L 

3 
4 
5 
6 
7 

8 
9 

io 

--­
c” 2 2 

co a 2 4 

x, x 
2 242 + --­

3.8 1.3 2.8 1.2 0.8 1 4 3.4 1.5 
4.2 1.3 3.2 2.0 1.5 1.0 3.s 1.5 
4.0 1.8 3.4 4.0 2.2 0.9 4.6 1.4 
3.7 2.3 3 . 3  2.1 2.4 0.9 4.6 1.4 
3.6 2.8 2.8 2.0 1.6 0.9 4.7 1.6 
2.8 0.8 2.6 1.4 -0.6 1.2 4.6 1.2 
1.6 0 5  2.4 0.8 -3.0 1.4 3 . 8  0.6 
1.4 -2.5 2.2 0.8 -3.5 1 7 3.2 0.7 
1 6  -2.5 1.5 -0.5 -2.0 1.8 0.9 0.0 
1.6 -5.0 1.2 -0.5 -2.0 1.2 0.9 -0.8 

-Y - ~ -__ __ _ _  ­
2 2 2 2 5 2i(2 r: W

W 
I - -


I - ­
x, 5. x, 
OI m 2 -­
1.o 0.4 1.9 
0.9 0.5 2.2 
1 .2  0.8 2.5 
1.6 1.2 2.6 
0.5 I .o 2.4 
1.o 1.o 2.4 
0.7 0 7  2.5 
0.4 0.2 2.8 
0.4 0.1 2.4 
0.0 0.1 1.2 

-
s+ 

s 
W 

I -
5 
m
OI
-
1.8 
2.0 1.3 
2.8 1.2 
3.4 1.2 
3.3 1.6 3.4 
3.0 1.6 3.2 
2.0 1 .7  2.4 
1 2  1.o 
1.o 2.8 

a w a 4 

I I- I- 1 ­1 
1 

5 . 5 .  x, .X x,
2 ° C  2 52 CX 

~ __~ = 

1.5 0 8 6.0 1.4 1.1 
1.4 1 6  6.0 2.2 1.4 
1.4 1.8 6.8 2.4 1.8 
1.8 1.0 3.9 2.4 2.0 
2 1  - 0 . 4  6.5 2.3 2.0 
2.0 -2.0 5.7 2.3 1.9 
2.0 -2.0 6 .4  2.0 1.6 
2.1 -2.0 5.4 1.6 1.2 
1.5 3.5 4.4 1.2 1.O 
0.9 -5.0 3.2 1.1 1 .o 

Total 	 No. of -
E +  u,v/cmcases 

90.8 85 1.1k0.2 
121.7 1 .4 f0 .2  
147.4 
139.0 
111.5 
103.6 
78.8 
41.5 

-3.8 0 . O z O  .4 
-1.2 0.3 - 4 8 . 2  -0.5f0.4 
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a 

c.l 

W 

m 

Y I Y s s s 
No.of cloud - w W 2
a


layer I- ? ?. ?
.-­

s M e4 ­

5 --

?s 

b. Negatively polarized clouds 

1 0.8 0.0 -1.0 1.3 1.0 1.0 0.9 2.1 2.0 
2 0 . 7  -2.0 -1.1 1.4 0.8 - 1.1 1.9 1.9 
3 0.4 -3.5 -1.4 1.1 0.7 0.6 0 .7  1.5 1.8 
4 0.7 -2.5 -0.8 0.4 0.8 -0.5 0.3 1.6 1.7 
5 0.5 -2.5 -1 .7  -1 .o 0.6 -0.5 -1 .o 1.8 1 3 
6 0 2  -1.0 -1.4 -1.5 0 .6  -0.5 0.2 1.9 1.0 
7 0 2  -2.0 -1.2 -1.6 0.9 -1.0 -2.6 2.1 1.0 
8 0 4  -5.5 -1.4 -2.0 1.0 0.0 -2.0 2.2 1.1 
9 0.4 -3.5 -2.1 -3.5 1.0 -0.2 -2.0 2.1 1 .2  

10 0.4 -0.5 -1.5 -1 .o 0 . 7  -0.1 0.5 1.9 I 1.4 

-_. 
I 2s CrJ 

No. of cloud - I­
layer x, 

m 4: 
-~ -

1 0.8 - -4.0 0 . 8  0 .0  -0.1 0.3 
2 0.4 -3.5 --5.5 1.0 -0.2 -0.2 0.5 
3 - -5.5 -4.9 0.8 -0.5 -0.2 0.6 
4 -3.5 -5.5 -9.0 -0.3 -0.2 -0.2 0.2 -1.5 -0.2 
5 -5.5 -7.0 -5.0 -2.2 0.0 -1 .o 0.2 -1.4 -0.6 
6 -5.5 -5.5 -4.5 -3.5 -0 5 -0.1 -0.2 -0.9 0.0 
7 -5.5 -6.0 -4 5 -3.5 -0.6 0.1 -0.1 -0.2 0.8 
8 -7.0 -6 0 -3.5 -3.0 -0.4 0.0 0.0 -0.2 0 .4  
9 -5.5 -5.5 -2.0 -2.0 0.0 -0.2 -0.2 -0.2 0.2 

10 -5.5 -3.5 -3.5 -2.0 -0. I -0.1 0 .3  -0.4 -0.1 

Y
I: 

a 


x, 


1959 
1 0.31 -9.510.81-0.81 -0.61 0.21 -2.01 4 81 1.61 1 31261 O.O+O. 5 
2 -1.6 -8.00.5-1.0 -0.6 0.61 -3.5 4.61 i.O- 9.4 -0.3k0.5 
3 -1.3 -t3.0O.4-O33 -1.2 0.9 -4.0 4.3 0.4-16 2 -0.6k0.5 
4 -3.5 -9.50.5-0 2 -0.9 -0.5 -7.0 2.8-0.2-33.5 -1.3kO.6 
5 -5.0-11.00.5-1.3 h l l-1.7kO.6i l l -4.4 I -0.5 I - 1 . 0 t 0 . 4 - 1 . 0 4 3 . 0  
6 -5.0 

I 
-9.50.54.3-13.0 -6.0 -1.0~1.2-1.6-53.7 -2 Ok0.7 

7 -5.0 -8.00.4-0.5-16.0 -8.0 -1..5-1..4-1.8-60,5 -2.3kO. 8 
8 -8.0 -8.00.6 1.0-10.5-12.5-16.0 -0.6-2 1-74.0 -2.8kO. 9 
9 -6.0 -6.00.8 1.0-14.5 -6.5 -7.5-0.6-2 2-57.7 -2.2k0.7 

10 4 . 5  -6.00.4 1.0 -3.5 -5.0 -5.0-0.6-1.0-32.8 -1.2k0.4 
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c.  Negatively iarged clouds 

-1 -0.8 0.7 0.8 0.8 0.3 0.9 
-2 -0.2 0.6 0.8 0.9 0.4 0 .3  
-3 -0.4 0.6 0.9 0.8 0.4 0.6 

4 0.0 0.7 1.6 1 .o 0.4 2.9 0.6 
5 0.0 1.o 0.8 1.4 0.4 2.3 1.o 
6 -0.2 0.7 0.8 1.4 0.8 2.4 1.4 
7 0.1 - - 1.o 0.7 4.6 2.2 
8 0.1 1.2 0.4 9.5 2.5 
9 0.4 1.2 2.4 1.4 0.4 9.5 3.4 

10 0.1 1.8 I 2.2 1.3 1 .o 8.0 3.5 

r d ­
o E + a ,  
c o v/cm 
0z _ _  ­

1 -3'.4 0.6 1.2 0.0 1.6 -0.7 1.0 3.8 14 0.3k0.4 
2 -3.0 1.0 1.2 0.0 -0.1 -0.6 1.0 2 .5  0.210.3 
3 -2.7 1.0 1.2 0.1 0.6 -0.2 1.7 5.0 0 .4k0.3 
4 -2.4 2.4 1.4 0.0 1.2 0.0 1.8 11.6 0.9k0.4 
5 -2.1 3.3 1.3 0.0 1.6 0.4 1.5 12.9 l .Ok0.3 
6 -1.8 3.2 1.0 0.0 1.6 0.9 1.4 13.8 l.l+O 3 
7 -1.5 8.2 1.8 0.1 1.8 0.8 1.4 21.1 1 . 9 f 0 . 7  
8 -1.5 13.5 1.9 0.2 1.0 0.9 1.8 31.5 2.9z1.2 
9 -1.0 14.0 9.0 0.2 13.0 0.4 1.7 55.6 4.2k1.4 

10 -1.3 12.5 10.5 0.8 10.5 0.7 1.9 53 4 4.1k1.3 

No. of cloud x14 
layer r,Ij

5412 

.-­

d .  	 Positively charged clouds 
1958 

1 1.3 1.3 1.2 1.2 -0.5 1.2 
2 1 . 2  1.o 1.1 1.1 -0.5 1.2 
3 1.2 0.2 2.2 1.2 0.7 1.1 -0.4 1.1 
4 1.2 0.2 2.0 1.1 0.6 1.1 4 . 5  1.1 
5 - 0.2 1.5 1.o 0.4 1.1 -0.4 0.4 
6 1.4 0.1 1.4 0.8 0.3 1.2 -0.4 1.o 
7 0.9 0.2 1.6 0.4 0.3 0.9 - 0 . 4  0.9 
8 0.4 0.2 1.6 0.6 0.5 0.6 -0.4 0.8 
9 0.4 0.1 0.5 0.7 0.4 0.9 -0.2 0.6 

10 0.0 0.2 0.5 0.8 0.4 0.6 4 . 1  0.7 



x 

- ­
2 - 2  I Y 

I : 2  aY 

cD
No. of cloud 2 2 I: 4 I 4  W 
layer 	 5 5 W .\ - . - - ­2 2 2 -m 

1 1.2 1.2 1.3 2.3 1 .3  1 5  
2 1.1 1.0 1.3 2.4 1.3 ::;1 ::;1.4 
3 1 .2  1.1 1.3 2.4 1.4 0 .3  1 .3  1.6 
4 1.0 1.0 1.2 2.2 1.4 -0.4 1.4 1.4 
5 0.5 0.8 1.1 2.4 1.4 -0.6 1.0 1.2 
6 0.4 0.8 0.9 2.2 1.2 -0.4 0.5 1.1 
7 0.2 0.6 0.9 2.2 1 . 1  -0.2 0.2 0.9 
8 -0 2 0.6 0.7 2.2 1.o -0.2 0.0 0.4 
9 0.4 1.1 0.6 2.1 0.8 -0 6 -0.8 0.6 

10 0.4 0.0 0.6 1 .o 0.8 4 6 -0.6 0.0 

No. of 
cloud 
l aye r  

~­6 

1958 
1 0.9 I 1.6 1.0 I 1.6 I 2 0 I 1.5 -0.3 0.4 2.3 
2 1.0 1.5 2.2 1.6 -0.3 0.7 2 .3  
3 1.0 1.2 1.7 1.3 -0.3 0.5 2.4 
4 
5 

0.9 
0.6 

1.0 
0.9 

1.5 
1.3 

1.1 
0.6 

-2.8 
-3.1 

0.4 
0 3 

2.3 
2.0 

0.2  I 0.5 0.3 0 7 1.6 0.5 -4.5 -0.2 1.4 
7 -0.2 0.5 0.0 0.6 1.4 0.6 -8.3 -0.8 1 .4  
8 -0.2 -0.5 0.2 -0.2 1.5 0 2 -11.3 -0.9 1.2 
9 --0.6 -0.5 0.2 -0.5 1 .0  0.5 -11.0 -0.8 0.6 

10 -0.4 -1.0 0.4 I -0.5 I 0.8 1 0.6 -11.3 -0.6 1.2 

1959 
1 1.8 1.4 0.9 2.8 1.0 3.0 4.0 -6.5 0.0 1.8 
2 1.8 0.8 1.2 2.2 1.0 3.8 3 .8  -6.5 -0.8 2.0 
3 1.6 0.4 1.2 2.2 -5 0 2 6 3.4 -6.5 -1.4 1.8 
4 1 .4  -0.4 0.3 1.8 -4 0 1 0 2.4 -6.5 -1.8 1.4 
5 1.5 0.4 -1.3 1.8 -5.5 0.7 1.7 -6.5 -1.9 1.4 
6 1.4 -0.8 -2.7 1.6 -5.5 0.6 1 .3  -8.0 -1.8 0 8  
7 1 2 0.0 -5.0 1.6 -7.0 0.t5 1.4 -8.0 -1.7 4 . 5  
8 1.4 0.4 -5.0 1.6 -7.0 0.4 1.4 -6.5 -1.6 0 . 5
9 1.4 -0.6 -5.5 1.3 -5.5 0.4 1.4 -8.0 -1 3 -3.0 

10 1.2 --0 5 -5.5 1.3 -9.5 0.4 1.3 -9.5 -1.6 -3.5 
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W - 

-44 

__ 
Y2 S c 2N0.0f o W ( D 

cloud I I ­x x Xlayer 5 .--­. 

m 2 % m 
- . ­

1 2.4 1.0 2.7 2 8  0.8 3.0 54.71 41 I 1.3f0.2 
2 2.4 1.0 2.6 2.7 0.8 2.8 52.1 1 .2 f0 .2  
3 2.4 - 2.3 2.6 0.3 3.0 38.4 0 9T0.3 
4 2.2 - 2.4 2.2 0.4 3.3 27.9 0 7 3 0  3 
5 2.0 -6.0 2.2 2.1 0.0 2.9 11.7 0.3+0.3 
6 1.9 -6.0 2.2 1.6 -0.8 2.2 .10.0 O.Of0.4 
7 1.o -6.5 1.6 -0.6 -1 .o 0.9 -16.3 -0.4t0.4 
8 0.8 -6.5 1.0 -0 8 -0.8 0.6 -21.4 -0.5f0.4 
9 0.4 -8.0-0.2 -0.4 -2.0 0.8 -0.810.4 

210 0.4 -11 . O  -0.6 -0.5 -1.6 1.1 -32.31 I -1 . l f0 .5-
Y

5 
XI. m
OI
-

e.  Multi-charge clouds 
1958 I 1959 

1 0.7 1 -2.5 1.o -2.0 3.2 1 .9  
2 0.6 I 5.0 0.0 -3.5 4.0 0.8 
3 - 3.5 -4.0 -4.0 2.5 -2.0 
4 - -0.8 -2.0 -2.0 -1.0 0 .4  -3.5 
5 0.9 -0.6 -1.8 -1 .o -2.0 0.0 -0.5 
6 -2.0 -6.5 -1.1 0.1 -1.0 -0.5 -1.1 
7 1.4 -0.5 -3.5 5 .0  -3.5 -0.5 -0.5 0.9 
8 1.6 -0.5 -3.5 2.0 -0.5 -2.0 -2.0 -5 0 
9 -0.5 -5.0 -2.5 2.5 -2.0 -3.5 -3.5 

10 -2.5 -2.0 -1 .o -2.0 -3.5 -2.0 -2.0 
-I1I I I 

8lXlI 14/ IV 301IV 81 I 91x 3 /x
18 hr 18 hr 15hr 6 hr 18 hr 6 hr 

f .  Uncharged clouds 
1959 I 1958 1959 

1.o 0 .3  1 .O 3.0 2 .2  
-0.5 0.3 3.0 2.0 
-2.0 0.3 2<.9 2.0 
-0.5 0.3 3.0 2.0 
-0.5 0.3 3.0 2.2 

1.o 0.3 3.0 2.2 
1.o 0.3 1.1 3.0 2.2 

-0.4 0.3 1.1 3.0 2.0 
-1.6 0.3 1.1 3.0 2.2 
-2.2 -0.3 1.1 3.0 2.0 
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m 
I I 

0 Lc 

I Y I
a II E a a 2 s: 

'a cc a,


No.of cloud 2 - -W- W 
I I 

+ 


layer 	 ­
3j- ? ? ? ? . 

a, 

5 
m .5 m s 2 2 2 m m 

0.8 -1.4 0.5 2.9 2.5 0.3 0.3 
0.1 - -0.5 2.5 2.0 -2.5 0.5 
0.0 - -0.5 4.0 1.0 12 0 1.2 
0.1 -0.5 -0 5 3.0 2 0  1.4 0.2 
0.2 -0.5 -0.5 4.5 2.0 O S  0.1 

7 0.2 -0.5 -0.2 0 . 3  0 5  0.5 0.1 
8 0.3 -2.0 0.4 0 2 0.0 0.2 0.1 
9 0.7 -1.0 0.3 0.2 -2.5 0.0 0.2 

10 0.9 -2.0 -0.5 0.7 -1.5 -0 3 0.3 

. _  

I I I22 II II s: I 2W .c co 
4No. of clouc + W 3c) 

4 2 W + 

Xlayer 	 I.X .x 5 \ 
X . ?e.m m 2 m m mm m m 

1 0.3 0.2 0.0 3.5 0.7 0.1 0.0 2.7 
2 0.4 0.7 -0.1 2 5 -0.5 0.2 0.0 1 5.2 
3 0.9 3.4 -0.6 1 5 -4.0 0.2 0.5 11.0 

6 
7 

1.o 
1.3 

2.4 
1.8 

-3.5 
-2.5 

3.5 
3.5 

-1.0 
-2.5 

0.3 
0 1  1: 

~.-
13.51 16.0 

8 1.o 1.8 -2.5 4.0 -1.0 2.3 1.6 10.5 
9 0.5 1.1 -2.5 4.0 -1.0 0.0 

10 -1 .o 1.1 -3.5 1.5 -2.0 -0.1 

4 0.9 2.7 -3.5 1.5 -1 0 0.2 0.5 13.5 
5 0.7 2 8  -3.5 4.0 -1.5 0.2 0.2 I 13 5 

1 0.3 
2 0.4 
3 0.5 
4 0.5 
5 0.6 
6 0.4 
7 0.3 
8 0.2 
9 0.4 

10 0.2 

E 

1959 
0 5 I 0.6 1-2.0 I -0.5 -2.2 -7.5 
0.0 0.7 -2.0 -0 2 -0.4 -2.5 

-1.1 -7I :::I ::i I ::: -0.9 -8.0 
5 

1.0 0.7 0.0 0.0 -0.7 
0.5 I 0.7 I -2.0 I -0.3 	 -0 4 

-0 
0.3 

5 

-0. I -2.5 
--I .u  -5.0 
-1 .o  -6.5 

0.5 1 0.1 I 0.6 I -0.6 -1 .o -5.5 
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--- 

~ __. . -

No.ofcloud 
layer 

+-.s 
0 
cr) 

2 
.5 
2 

E &  a, v/cm 

-

1959 
1 0.0 0.5 -0.6 I 0.2 I -4.1 I 26 O . l t 0 . 4  
2 0.5 0.3 12.6 0 .5 f0 .3  
3 3.5 - -0 4 0.630 6 

2 2to 


6 0 .0  3.0 0.0 1 0:4 11 
18.6 

7 3.0 -0 5 0.2 0 .8  22.9 
8 2.0 -1 .o -0.1 3.5 21.3 
9 -4.0 -2.0 -0 8 -0.5 -1 - 6  

10 -3.5 -3.5 -1.9 -0.5 -11.8 

4 5.0 3.0 1 3-t0.8 
5 3.0 0.0 0.2 0 2 26.6 

b. Negatively polarized clouds 
1958 1959 

1 0.0 0.2 -0.2 -0.8 -0.7 -3.5 
2 -1 .o 0.0 -0.5 - -0.5 -4.0 
3 -1.5 -0.1 -0.6 - -0.5 -5.5 
4 -1 5 -0.4 -0.3 - -0.1 -4.0 
5 -1.5 -0 5 -0.3 0.3 -0.1 -4.5 
6 -1 -9  -0.3 -0.6 -1.0 -1.2 -3.0 
7 -3.5 -0.3 -0.3 -0.9 0.4 -6.0 
8 -5.0 1 .o -0.1 -0.8 0.1 -7.5 
9 -5.0 1.o 0.0 -0.5 0.0 -2.5 

10 -3.0 1.o 0.0 -0.3 1.o -2.5 

a 2 
No. of clouc (0 W 

layer >- 5-0 z­+ 
I 

1 
2 
3 

-
-7.0 
-7.0 

0.2 
-0.5 
-1.2 

-12.5 I 0.1 
-0.5 0.0 

2.5 I -0.5 

-1 .o 
-2.0 
-2.0 

3 5  
2.5 
4.0 

9.3 
2.0 
0.2 

4 -8.5 -2.6 0.5 -0.9 -2.0 4.0 2.4 
5 -6.5 -2.8 -3.0 4.0 -0.5 
6 -3.5 -2.4 -2.0 4.0 -2.0 
7 -2.2 -1.5 -0.5 -3.0 -3.5 4.0  -2.0 
8 -2.2 -1.5 -1.6 -5.0 -5.0 5.0 -0.5 
9 -1.4 -1.4 -0.1 -3.5 -5.0 3.5 -0.5 

10 -1.4 -1.0 0.1 -3.5 -3.5 5.0 0.0 
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L c 2 c I c I 4 2 L-(
UJ W 2 OD c 00 cNo. of clou c 

.--3 W 4 r­
1ayc.r x X . .x . 5 X X. X . . 

d 02 N m 2 2 2 &i 
-

~ 

1 0 .2  -7.0 -2.0 0 . 0  1.o -0.1 -0.5 
2 0.2 -7.5 -2.0 -0.5 0.6 -0.3 -2.0 
3 o s  -9.0 -2.0 -2.0 1.1 -0.4 -4.0 
4 -3.0 -7.5 -2.0 -3.5 -2.0 -0.4 -5.5 
5 -3.0 -7.5 -3.5 -3.5 -5.5 -0.6 -4.0 
6 -4 5 -5.5 -2.0 -3.0 -2.0 -0.6 -3.5 

-5 5 -5.5 -5.5 -2.0 -2.0 -0.5 -2.0 
-8.5 -5.5 -3.5 -3 5 -2.0 -0.2 -2.0 
-2.5 -3.5 -2.0 -2.0 0.0 0.4 -2.0 
-2 5 --3.5 -2.0 -0.5 0.0 0.2 -2.0 

~ 

No. of clou Total No.of -E t  a,v/cmlayer cases 

~ 

1 0.0 -2.0 -5.: -21 .o 23 -0.9k0.8 
2 -1.2 -2.5 -7.c -33.7 ---1.5*0.6 
3 -1.5 -4.0 -7.c -40.6 -1.8t-0.7 
4 -3.0 -4.5 -5.c -49.8 -2. zT0.6 
5 -2.0 -7.5 -5.c -57.5 -2.5z0.6 
6 -2.0 -3.5 -3.c -1.9kO.4 
7 -3 5 -6.0 -1 . c  -2 .2 f0  5 
8 -2.0 -4.0 -1.2 -2.4FO.6 
9 -3.5 -3.0 -1 . e  -35.1 -0.530 4 

10 -2.9 1. o  -0.4 -20.7 -0.9kO. 4 

c I L, 

1: 13

No. of cloud > 00 W 

layer -. X. 
m2 5 N _ _ ~  ­- .  

c.  Negatively charged clouds 
1958 1959 

1 I -0.4 -7.5 0.1 1 2.8 -3.5 -11.0 0.4 
2 -0 3 -11 .o 0.1 2.8 -1 .o -10.5 0.3 

3.5 -7.0 0.2 3 4 -1.3 -7.0 0.4 
2 0  
2.0 
2.0 
1.o 

-4 0 
-6 5 
-5.0 
-6.5 

0.3 
0.4 
1.2 -

3.6 
5.3 
8.0 
6.5 

-2.0 
-2.0 
-2.0 
-0.5 

-10.5 
-0.0~. 

-7.5 
-7.5 1 

0.6 
1 . 8  
1.0 
1.0 

-0.1 -3.2 2.3 9.5 -1 .o -7.5 1.0 
-0.4 -2.7 2.7 9.5 -0.2 

1.o -4.0 2.6 8.0 0.0 
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W 

(0 

1959 
0.4 0 2  -2.0 -20.5 10 

-0.6 0.5 -.0.5 -20.2 
0.4 0.5 -0.5 -7.4 

4 1.o 0.4 --0 .5 -9.1 
5 
6 

0.2 
0 . 0  

0 0  
-0.6 

-2.0 
-2.0 

-9.6 
-4.9 

7 0.4 -1.2 -2.0 -8.8 
8 0.1 -2.2 -0.5 -1 6 
9 0.1 -1 .o -0.2 4 .9  

10 0.6 -1 .o -0.1 3.0 

No. of 
c loud  
layer  

d.  Positively charged  clouds 
1958 

1 2.5 0.0 -0.4 -0.2 56.5 I 8.0 
2 2.2 0.0 4 . 6  -0.4 64.5 9.0 
3 2.0 0.0 -0.6 -0.5 52.5 7.0 
4 1.9 -0.2 -0.6 -0.4 45.5 8.0 
5 1.2 0.0 -0.5 -0.7 51 .O 8.5 
6 0.8 0.1 -0.4 -0.6 34.5 8.5 
7 0.9 - -0.3 -0.6 37.5 6.0 
8 0.3 - -0.3 -0.6 29.0 6.0 
9 -0.2 -0.5 -0.3 -0.4 19.0 5.0 

-2.Ok1.3 
-2.ot1.5 
-0.7fl.1 
-0.921.2 
-1 .o*1.3 
-0.5k1.3 
-0 .9 t l . 4  
-0 .2f l .4  

0.531.2 
0 . 3 k l .  1 

1 

-0.1 0.7 
-0.1 0 8  
- 0 . 1  0.8 

0.0 0.9 
0.0 0.5 

-0.1 0.4 
-0.1 0 .3  
-0.1 0.2 
-0.6 0.0 
-0.3 0.010 

No. of 
c loud  
layer  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.2 -1.7 -0.2 -0.8 23.0 5.0-
2 
-
--.
UJ 


0.1 
0.0 

-0.1 
-0.3 
-0.3 
-0.8 
-1.6 
-2.4 
-2.8 
-6.5 

.­

. 

N 

- -0.1 -0.5 -3.6 0.8 
- -0.8 -0.6 -3.8 0.8 
- -11.5 -0.6 -3.6 0 2  

-1.2 -11 5 -0.3 -3.6 0.2 
-1.2 -13.5 -0.8 -3.9 -0.8 
-1.6 -13.5 -2 0 -4.2 -0.4 
-1.6 -13.5 -2.0 -4.7 -0.3 
-1.4 -13.5 -2.0 -4.8 -0.6 
-2.2 -13.5 -2.0 -4.8 -0.5 
-2.4 -14.5 -3.5 -4.8 -0.3 
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-2.5 0.3 

195' 

1 5.8 1.6 

5 
6 

1.6 
1.6 -2.0 I ~ . .  

0.3 

0.3 
-1.2 
-2.0 

7 1.4 -2.0 
8 1 . 8  -3.5 
9 1.9 -3.0 

10 2.0 -6.0 -2.0 

2 5.5 1::;1 3.9 
1.6 

3 4.6 -4.0 1.0 
3-64 2.0 -5.5 -1.0 

No. of cloud 

67.1 4.2k3.6 
77.7 4.6+3.8 
51.0 3.0T3.2 
34.2 1.8z2.7 
38.2 2.1k3.0 
18.0 1 .Of2.2 
16.3 	 0.9f2.5 

0.232.02:;1 -0.5fl .4 
-12.6 -0.7k1.7 

4/XII 18hr 24/IV 15hr 

e .  Xlu ltiply-charged clouds 
195b 1959 

1 0.5 -2.1 9 .0  -4.0 1.2 
2 2.0 -6.5 7.5 -4.0 -0.7 
3 2.0 -3.0 9.5 -4.0 -2.0 
4 
5 

4.5 
3.5 

-3.5 
-2.3 

8.0 
9.0 

-5.5 
-2.0 

-0.5 
-1.5 

6 2.0 -2.1 9.0 -2.5 -0.2 
7 5.0 -3 1 9.5 -4.0 0.3 
8 3 .5  -4.5 9.5 -4.5 -2.1 
9 2.0 1 -2.5 9.0 -4.5 -0.5 

10 3 .5  -2.3 11.0 -6.0 -0.2 

f. Uncharged clouds 
1958 1959 

1 0.0 0.4 -2 0 0.1 1.5 -2.0 -0.1 -2.1 7 -0.3 
2 0.0 0.5 -1.8 0.1 1.5 -2.0 -0.1 -1.8 -0
3 0.1 0.5 -1.8 0.1 1.5 -2 0 -0.2 -1.9 -0.3 
4 0.1 0.4 -1.6 0.1 1.4 1-2 0 -0.2 -1.8 -0.3
5 0.1 0.4 -1.6 0.2 1.4 -2.6 -0.1 -1.6 -0.2 
6 0.1 0.4 -1.8 0.2 1.8 -2.0 -0.2 -1.5 -0.2 
7 0.0 0.4 -1.8 0.0 1.5 -2.0 -0.2 -2.1 -0.3
8 0.0 0.4 -1.8 0.0 1.6 -2.0 -0.1 -1.9 -0.3
9 0.0 0.4 -1.8 0.1 1.2 -210 -0.2 -2.3 -0.3
10 0.0 0.2 -1.6 0.0 1.7  I -3.5 -0.2 -3.4 -0.5 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

-Oa6 

APPENDIX XLIII 

Reduced variation of the electric field in Cs clouds. Leningrad, 1958-1959 

of cloudNo. layer 
28/11 151x1 1/X 6hr  121/X 18hr /25/X 15hr I29/XI 6hr 

a. Positively polarized clouds 
1958 

0.0 0.5 0.1 0.1 0.1 
0.4 0.8 0.5 0.1 0.1 
0.5 1.4 0.3 2.0 0.1 
1.o 1.3 0.1 3.5 0.2 

- 1.4 0.5 2.0 0.1 
0.7 1.4 -0.3 0.5 0.1 
0.5 0.9 0.1 0.5 0.0 
0.3 0.2 0.5 -0.2 
0 2  0.6 -0.5 0.0 

1.o 1.1 1.o 1.o 0.2 

-0.1 0.4 0.2 1.4 8 0.2+0.1 
-0.1 1.6 0.2 3.7 0.530.2 
-0.2 1.5 0.1 5.8 0.7f0.3 

1.1 0.1 7.3 1.0+0.4 
-0.2 0.4 0.2 4.8 0 .5 f0 .2  
-0.2 0.4 0.3 4.5 0 .6 f0 .3  

0.4 0.3 0.6 3.7 0.5z0.2 
0.5 0.2 0.0 2.7 0.3+0.1 
0.6 0.3 0.0 1.8 0.220.1 
0.4 0.3 0.2 1.1 O . l + O . l  

­

- -. 
I 1 

b. 	 Negatively polarizi
I 1959 

0.6 0.1 --0.1 -5.5 - 6 -0.9fO.9 
0.0 - 0.0 -5.5 --1.2 I -1.3+1. 1 
0.1 -0.5 -0.2 -5.5 4 . 7 f 0 . 9  
0.1 -0.1 -1.0 -5.5 -1.OfO.9 
0.1 -0.1 -0.7 -9.0 -1.9fl.8 

-0.5 4 . 1  -0.5 -9.0 -1 .5kl .5  
0.0 0.0 -0.2 -5.0 -0.7f0.9 

-0.3 0.0 -0.4 -3.0 -I- -0.6f0.5 
-1.6 - -0.7f0.4--1.2 -0.2k0.4 
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cases 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

layerNo'ofclOudl 
24/1 6hr  1 l l /XI 6hr 1 Total 1 No'of 1 Z,v/cm 

~-
C. 	 Negatively charged clouds 

1958 
-0.2 -3 5 -3.7 2 -1.8 
-0 2 -3.5 -3.7 -1.8 

0.2 -2.0 -2.2 -1.1 
0.0 -0.6 -0.6 -0.4 

-0.2 -0.2 --0 .4 -0.2 
0.0 -0.2 -0.2 -0.1 
0.0 -0.2 -0.3 -0.2 
0.0 
0.0 

-0.2 
-0.2 

-0.2 
-0.2 

-0.1 
-0.1 

0.1 -0.2 -0.1 -0.0 

d .  Triply-charged clouds (r) 
I 	 1958 1959 

-0.5 0.6 I 3.2 6 0.5k1.2 
1 .5  0.1 0.4 7.4 1.2f1.5 

1-0.2 1-1 .o 
-1.0 0.1 
-1.4 -0.2 
-1.2 -0.4 
-3.4 -0.8 
-0 6 -0.3 

e .  

-2.0 -6.0 
-2.4 -3.5 
-3.0 -5.0 
-3.5 -6.0 
-0.8 -3.5 
-1.4 4 . 5  
-1 5 -0.4 
-2.2 -3.5 
-3.0 -3.5 
-2.5 -1.2 

1 

0.2 0.5 11.3 1 9f1.8 
- 4 . 8  0.1 14.0 2.3f2.8 
-0.3 20.0 I 0.1 1 4 20.1 3.3k3.4 
-0.2 -0.2 5.2 0.9f1.1 

0.0 0.3 4.8 0 .8f l .2  
0.2 0.8 3.2 0.5f0.6 
0.6 1 .0  6.8 1 .131.7 
1.1 1.0 11.2 1.9f1.6 

Triply-charged clouds (z) 
1.4 10.0 1.4 -0.5 4.41 6 0.7k2.2 
1.4 3.5 0.3 -0.5 -1.2 -0.2fl .o 
1.2 3 5 0.2 -0.8 -4.0 -0.7kl.2 
1.6 3.5 0.3 -1.0 -5.1 -0 .Sfl .4  
5.0 6.5 1.0 -2.0 6.2 1 .031.6 
5.0 6.5 1.0 -1.0 5.6 0 . 9 t l . 7  
6 .5  3.0 - -0.5 7.2 1 .4s1.5 
5.0 0.5 -0.6 0.4 -0.4 -0.1k1.2 
5.0 0.5 -0.1 -2.9 -4.0 -0.7-1-1.3 
3.5 0.6 -0.1 -2.6 -2.2 -0.4k0.9 
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f .  

1 
2 
3 
4 
5 

5.0 
5.0 
4.0 
5.0 
2.0 

0 4 
0.4 
5.5 
3.5 

-3.5 

0.1 
0.1 
1.0 
1.0 
0.5 

0.1 
0.4 

-0.2 
0.4 
0.6 

1.2 
2.5 
1.0 
1 8  
1 4  

1.1 
8 . 0  

11.0 
11 .o  
5.8 

-1.5 
0.0 
0.0 
0.5 

-1 .o  
6 3.5 3.1 0.5 0.6 1.2 1 .o  -0.5 
7 3.5 11.0 1.0 0.4 1.9 9.5 -0.5 
8 2.0 4.2 2.0 0.4 1.8 7.0 -0 5 
9 2.5 2.0 0.5 0.2 a .8 46.0 1 .o 

10 1 .o 2.5 2.0 0.4 1.6 0.9 -0.5 

No. of clou 
layer 

24/11 6 hr 19/IV 7hr  

1959~~ 

1 -3.5 3.5 9 0.4*0.8
2 E 1 -2.0 15.5 1.7+1 .O 
3 1.6 -3.5 20.4 2.3k1.4
4 0.9 -4.0 20.2 2.2k1.4 
5 1.1 -2 5 4.5 0 .5 f0 .9
6 0.8 -1.4 8.8 1.030.5
7 1.3 -1.4 26.8 3.0f1.5 
8 0.6 -2.6 14.8 l .6F0.9  
9 0.2 -3.5 50.6 5.6T3.1 

10 0.1 I -2.0 4 .2  0.530.5 

g. Uncharged clouds 

1958 I 1959 I

I 0.1 

1 -0.9 0.2 0.2 0.2 -0.1 
2 -1.0 - 0.2 0.1 0.0 
3 -0.8 1 - 1 0.2 I 0.1 
4 -0.8 0.2 0.2 
5 -0.9 0.2 0.2 
6 -0.8 0.2 0.2 
7 4 . 8  0.2 0.2 
8 -0.8 0.2 0.2 
9 -0.8 0.2 0.2 

10 -0.7 I 0.1 I 0.2 

0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1I 0.1 I 0.1 

0.6 0.2 6 0.0 
0.6 

-0.1 
-0.1 
0.5 

0.0 
0.1 

0.2 0.3 0.0 
0.6 
0.2 
0.7 
0.2 

-0.1 
0.0 
0.5 
0.0 

0.0 
0.0 
0. i 
0.0 

0.1 0.1 0.0 
-Q.4 - 0 . 6  -0.1 
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A P P E N I I I X  XLIV 

Flectric potentials ( v  x in rain-producing and in snow-producing 
ni i i ibost  ratus clouds, calculated by Chalmers /71/ and measured by 
t l l C  authors 

Ns  snow clouds Ns rain clouds 

according to  
Chalniers 

No. of Figure 40
layc'r 

curve 

i 3 
1 -1 -2.5 
2 0 -4.5 
3 2 -6 5 
4 4 -8.0 
5 6 -9 0 

1 11 -1 1 
2 15 -12 
3 22 -8 
4 33 5 0 
5 41 16 
6 44 31 
7 46 37 
8 45 41 
9 43 41 

10 41 41 

1 37 37 
2 35 35 
3 35 35 
4 35 35 
5 .35 35 

authors 
( 1958-

Beneath the cloud 

0.8 
1 6  
2.4 
3.4 
5.0 

In  the cloud 

7.3 
10.2 
13.7 
17.5 
22.0 
26.3 
30.0 1 
37.2 

Above the cloud 

36.6 
35.8 
36.6 
37.3 
38.9 

according to 
Chalmers 

measured Figure 40 measured 
by the __ by the 

authors 
curve (1958­

_- 1964)
I

4 1 6 1 

-2 -1 0.8 
-3 -2 1.6 
-5 
-6 
-7 

-9 
-10 
-9 
-8 
-5 

10 
18 

33 
34 
35 
36 
36 


0 2.2 
3 2.7 
5 2.9 

9 4.3 
12 7.8 
15 15.0 
18 26.3 
21 40.2 
23 54.1 
25 67.0 
27 80.9 
30 95.7 
31 108.5 

121.o 
130.5 
137.5 
144.5 
150.0 
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A P P E N D I X  XLV 

Variation of the electric field (Eke, v/cm) with altitude in cloudy days in 
the presence of clouds of only one of the following types. Leningrad, 
1958-1959 

St 
~ ~~ ~ ~ 

100 1. l f0 .2  
200 1.3k0.2 
300 1.3k0.2 
400 1.2k0.2 
500 l.Ok0.2 
600 0.6k0.2 
700 
800 0.3f0.2 
900 

lo00 O . l t 0 . 2  
1100 
1200 0.2k0.1 
1300 
1400 0.2kO.l 
1500 
1600 0.2k0.1 
1700 
1800 O . l & O . O  
1900 
2000 0.lkO. 1 
2100 
2200 0.lkO.l  
2300 
2400 0.2,O.l 
2500 
2600 0.2k0.1 
2700 
2800 0.2kO.l 
2900 
3000 0.1,o. 1 
3100 
3200 0.2k0.1 

s c  As cs Ns 
. - -

0.8kO.l 0.3kO.O 0.6 -0. S+O .7 
0.9fO.1 -0.7k0.6 
0.9kO.1 -0 7f1.0 
1.OkO.l -0.9k1.2 
1 o+o.r 0.5&0.0 0.6 -1.2f1.4 
1.OfO.l -1.2k1.3 
0.9fO. 1 -1.3k1.2 
0.9kO.1 -1 .6+1.6 
0.8kO.l -2.2fl.4 
0.6jO. 1 0.9kO.O 0.5 -2.72 1.5 

-2.8k1.2 
0.5k0.2 -2.4f1.2 

-1 .6_+1.4 
0.4f0.2 O.Ofl.3 

1.1k0.4 0.4 1.4k1.1 
0.220.2 1.6k2.3 

1.4k1.4 * 

0.0*0.2 0.5&2 .O 
1.1&1.6 

-0.1+o. 2 1.3k0.4 . 0.3 1.2k1.5 
1.7k0.8 0 . 6 k l . 3  

0.1+0.1 2.1k0.8 0.3k1.6 
2.4k1.1 0.7k1.4 

0.320.1 2.3k1.0 2.0k2.2 
2.2f0.5 0.2 2.7k1.9 

0.4fO. I 2.4k0.7 2.8k2.1 
2.5k0.7 2.3f1.0 

0.4kO.l 2.2k0.6 2.021.5 
1.7k0.7 2.2f2.0 

0.5f0.1 l . l k 0 . 6  0.1 2.7f2.6 
0.9k0.5 2.9f2.9 

0.5kG.1 l . l t 0 . 7  2.9_+1.O 
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H ,  m St s c  A S  cs N S  
~ 

3300 1.4k0.6 2.9k2.0 
3400 0.2f0.1 0.5k0.1 1.4F0.7 2.8k1.4 
3500 I.l+O.fi 0.2 2.5k1.4 
3600 0.2k0.1 0.520.1 0.620.5 2.022.7 
3700 0.3k0.5 1.6k2.2 
3800 0.2f0.1 0.5k0.1 0 . 1 t 0 . 5  1.3k2.6 
3900 0.Of-0.5 1.1k2.2 
4000 O.l+O.O 0.4k0.1 0.0&0.4 0.2 0.9f1.9 
4100 O.O&O. 5 0.1 0.6f1.5 
4200 O.l+O.O 0.320.1 0.0f0.4 0.1 0.5k1.3 
4300 o . 1 t o  4 0.1 0 .7k1.2 
4400 0.120 0 0.3+0.0 0.3k0.6 0.1 0 . 8 f l . l  
4500 0.650.6 0.1 0 . 8 k l . 4  
4600 O.l_+O.O 0.3_+0.O 0.6k0.6 0.1 0 . 6 k l . 2  
4700 O.Ok0.5 0.1 0.3k0.8 
4800 O.lk0. 1 0.3kO. 1 -0.6kO. 6 0.1 0.4kO. 7 
4900 -0.6f0.6 0.0 0.8+1 .O 
5000 0.1kO. 1 0.3kO.O -0.2&0 6 -0.1 0.5k0.9 
5100 O . l t 0 . 5  -0.5 O.lk0.6 

5200 0 lkO.0 0.2kO.l 0.3kO. Fj 1.4 l.Ok0.4 
5300 0 . 3 t 0 . 5  -2.1 0.4k0.9 
5400 O.l+O.O 0 220.1 0.3k0.5 -2.3 0.6k0.6 

5500 0.3kO. 6 -2.1 0 .8k l .2  
5600 O.l+O 0 0.2kO.l. 0 .3k0 .5  -1.9 0 8k1.4 
5700 0.3k0.4 -1.5 0.520.4 

5800 O.l+O.O 0.2f0.1 0.3kO 4 -1.1 0.5k0.5 
5900 0.3f0.5 -0.9 0.4L0.6 
6Ooo 0.o+o .0 0.2f0.1 0.4t.0.6 4 . 7  0.2k0.6 

V a ,kv 128kO.S 164+58 511f136 216 457 

Qm,e .s .u. /m: 2.7f0.5 3.5k0.3 0.4k1.5 2.3 2.0 

No. ofcases 37 117 30 11 75 
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APPENDIX XLVI 

- ' 27/11 14/V
18hr 6 hrz ?  

.~ 

1 0.71 0.32 
2 1.30 0.30 
3 1.64 0.15 
4 1.91 0.12 
5 2.14 0.12 

1 0.35 -0.35 
2 0.65 --I .50 
3 0.55 1.oo 
4 0.05 1.oo 
5 0.25 1.oo 
6 0.25 9.00 
7 -0.10 25.00 
8 - 0 . 1 0  1.45 
9 -0.05 2.10 

10 -0.04 0.05 

1 -0.20 0.90 
2 -0.35 -0.27 
3 -0.35 0.25 
4 4 . 3 5  0.04 
5 -0.20 0.07 

* 3/VI 28/VI 
0 2 17hr 1 7 h r
.j$ 45min 5 l m i n  

1 -1.42 0.75 
2 -1.51 -1.70 
3 -3.00 -3.05 
4 -3.50 -3.20 
5 -0.85 -7.50 

producing, 

1 11/VI PO/VIII 1 / x?d!: 1 ?hv,' 1 6hr  15hr 18 hr 

1958 

Beneath the cloud 
0.10 0.67 

4 . 6 0  2.651 - 0 . 3 9  I 1.35 
-0.22 0.90I -4.22 1 2.15 

In the cloud 

1.00 33.00 
2.50 51.00 
8.50 100.50 

26.50 110.00 
25.00 160.00 
0.50 150.00 
6.50 125.00 
9.00 140.00 
6.50 95.00 

2.00 I 85*00 
Above the cloud 

1.OO I 2;:: 

1.41 0.23 -0.63 
0.93 0.03 -0.23 
0.66 0.38 0.38 
0.36 1.23 0.71 
0.60 1.23 0.97 

0.35 1.36 1.28 
0.05 1.57 2.30 

-0.50 1.84 2.70 
-0.50 2.13 3.30 

0.50 2.15 3.65 
2.00 2.20 2.40 
2.00 1.87 1.40 
0.50 1.58 1.30 
0.50 1.47 1.45 

-0 - 50 1.44 1.60 

0.00 0.43 
0.25 0.32 

-0.50 0.35 
-0.50 0 38 
-0.10 0.36 

~ 

7/VIII 25/VIII 26/VIII 17/X 
5 hr 1 15 hr 5 hr 5 hr 

45min 04min 45 min 54 min 
~ 

1959 

Beneath the cloud 
0.87 1.15 

0.90 1.05 1.65 2.05 
0.69 I 0.55 1 0.80 1 2.25 
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3/VI 28/VI 7/VIII 25/VIII 26mIII 17/X 21/X
3 I 1 7 h r  1 17hr 1 5 hr I 15 hr I 5 hr I 5 hr I 7 h r22 45inin 
-

1 0.84 
2 1.45 
3 1.91 
4 2.38 
5 1.45 
6 0.75 
7 -0.25 
8 -0.35 
9 -0.65 

10 -0.60 

1 -0.55 
2 -0.45 
3 -0.25 
4 -0.65 
5 12.00 

1 
2 
3 
4 
5 

1 -0.47 
2 -0.41 
3 -0.38 
4 -0.26 
5 -0.18 

51 min 45 min 04 min 45 min 54 min 02min 

In the cloud 

-7.00 0.72 -0.70 2.50 2.35 
-22.00 1.16 -1.15 2.50 4.10 
-11 .OO 1.17 2.65 3.00 
-11 .OO 1.34 -4.50 I--11.00 2.30 2.40 
-6.50 1.41 -20.50 -13.50 2.30 2.70 

10.00 1.62 -1.25 -2.20 2.10 1.80 
35.00 0.93 2.50 14.00 1.55 -7.50 
3.00 0.90 10.00 1.40 -8.00 
3.00 0.87 ::::1 125.00 1.30 -6.00 
4.50 0.79 -7.00 21.00 1.45 -1.50 

Above the cloud 
8 .OO 0 68 - 13.50 1.75 1.OO 
8.00 0.55 - 12.50 1.80 0.85 
4.00 0.36 - 7.90 1.60 0.55 
0.50 0.28 - 0.66 1.10 0 65 

-0.20 0.20 - 1.41 0.75 0.55 

6 0.07 -2.50 -1.10 1 ::;A
7 0.19 -9.50 -1.65 0.11 
8 0.27 -16.50 
9 0.30 -1O.jo
10 0.39 -7.50 

Beneath the cloud 

0.08 
0.07 
-

0.09 
0.06 

In the cloud 

-30.50 -0.03 

-29.50 

-17.50 1.78 0.04 

-13.50 1.45 I 0.07 

-10.00 -0.40 


1960 
0.61 0.61 

0.74 0.74 

o.81 I o.81 

1.42 6.75 
0.74 I 10.00 
0.68 10.00 
0.54 I 7.00 
0.54 7.00 
0.34 1 2.00 
0.47 7.00 
0.74 7.00 
0.54 3.50 
1 . 3 5  I 7.00 
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rcl 
21/x 21/x 25/XII 16/VI 15/V111 15/VIII 

o 2 15 hr 21 hr 15 hr 17 hr 1 20 hr ’ 20 hr 
6 3 02 min 18 min 00min 45iiiin 36 inin 36 m i n  
2 3  

Above tl :cloud 
10.00 
8.50 
5.50 

0.25 
0.10 
0.29 

-0.50 0.02 
-0.50 0.03 
-7.00 I 0.06 

6.50 -0.18 -0.50 0.08 
4.50 -0.15 -7.00 0.11 

1960 1961 

1 -1.07 -1.96 - -0 31 - 0.45 ­
2 - 0 . 1 4  -1.69 - -1.89 - 0.60 ­
3 -0.47 -1.62 - -1.06 - 0.65 ­
4 -0.20 -1.55 - -2.01 - 0.80 ­
5 0.07 -1.48 - -2.10 - 1.75 ­

6 

In the cloud 

1 
2 
3 
4 

0.74 
0.00 

-3.50 
0.00 

-1.07 
2.00 
3.50 

-3.50 

-0.20 -7.50 
0.47 I -7.50 
3.05 1.OO 
4.70 I 3.50 

3.50 
0.50 
1.OO 
1.50 

2.45 
3.15 
3.75 
3.45 

0.80 
0.75 
1.05 
1 25 

5 3.50 -7 00 4.40 1 50 0.50 2.70 1.05 
2.050.00 -7.00 3.70 3.50 0.50 ~ .~ I 0.75 

7 3.50 -7.00 3.70 4.00 0.50 1.35 0.46 
8 3.00 -3.50 3.70 3.50 -0.50 1.70 I 0.60 
9 3.50 0.00 1.25 0.25 

10 10.00 -3.50 0.00 1 0.20 

1 0.35 3.70 1.55 - 4 . 1 9  - 0.10 
2 0.70 0.70 0.94 - -0.19 - 0.10 
3 0.35 2.00 0.81 - -0.10 - 0.30 
4 0.85 20.00 0.68 - -0.32 - 0.25 
5 0.35 9.80 0.68 - -0.05 - 0.20 
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1/XI  
N o .  of I 4 h rlayer 

37 inin 

1961 

1 0.21 

2 0 26 

3 0 27 

4 0.39 

5 1.42 


1 1 50 

2 1.GO 

3 -0.50 

4 1.oo 

5 1.OO 

6 1.oo 

7 0.95 

8 1.25 
9 -2.00 

10 -2.00 

1 -2.00 
2 -0. MO 
3 -0.20 
4 -0.13 
5 0 05 

N o .  of 
laycr I Total 

1 10.69 
2 13.27 
3 9.67 
4 7.21 
5 0.37 

1 16.86 

2 26.74 

3 105.14 

4 136.95 

5 201 .28 

6 181.88 

7 158.07 

8 160.73 

9 240.23 


10 126.37 

1 74.07 

2 4544 

3 28.07 

4 42.13 

5 I 38.69 


I 6 /VI11 
15hr 

02 inin 09 inin 

Ucneath the cloud 
1962 


7.00 
7.00 

10 00 
8.10 
0.70 

In the cloud 
-0.35 
-0.70 
-1 00 
-0.70 
-0.70 
-0.70 
-0.35 

0.35 
1.35 
1.70 

Above 	the cloud 
1.oo 
-

-0.35 
-0.34 
-0.27 

No. ofcases 

Beneath the cloud 
24 

24 

24 

24 

24 


In the cloud 

31 

31 

31 

31 

31 

31 

31 

31 

31 

31 


.bove the clou 
26 

24 

26 

26 

26 


1.35 
0.74 

-1.07 
-2,23 
-3.38 

-1.22 
-2.00 
-2.00 

4.70 
5.35 
0.00 

-53.50 
-10.00 
-3.50 

3.50 

0.34 
-

-0.14 
-0.07 
-0.07 

Mean 

0.44 
0.55 
0.40 
0.30 
0.02 

0.54 

0.86 

3.39 

4.42 

6.50 

5.87 

5 10 

5.20 

7.76 

4.08 


2.85 
1.89 
1.08 
1.61 
1.49 

12/x 
15hr 
04 min  

1963 

-1.28 

-1.28 

-1.55 
-1.62 
-1.22 

-1 .OO 
-0.35 

2.00 
1.35 
1.OO 
0.00 
0.00 
0.00 
3.50 
3.50 

7.00 
3.50 

10.00 
10.00 
13.50 

ISmoothed value 

0.5 
0.5 
0.4 
0.3 
0.1 

0.6 
1.4 
3.0 
4.7 
5.8 
5.8 
5.3 
5.8 
6.2 
5.3 

2.5 
1.9 
1.4 
1.4 
1.5 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

+ 	 27/ I r 2 2 p  
d , x  18 hr 1 hr 
2 3  

0.71 -4.55 
1.30 -4.50 
1.64 ­

30/VI 3OlVI 19/VII 6/VIII
3hr  3hr  3#hv,' 6 hr 6hr  

Beneath the cloud 
-0.89 -0.89 
-0.55 I -0.55 

0.70 

In the cloud 

1.27 -0.50 
1.84 -7.50 
0.90 -13.50 
0.70 -8.50 

-6.50 4 . 5 0  
-7.50 -1 .OO 
-3.50 -7.50 
-3.50 -2.00 
-2.10 -3.50 

0.18 -9.55 
0.30 -12.65 
0.16 -14.70 
0.13 -14.35 
0.06 -10.70 

-1.50 -9.35 
1.75 0.10 -25.00 
0.35 -0.30 -8.50 

-1.65 -0.50 -2.40 
-2.00 -1.00 -1.85 
-0.90 -0.50 -1.05 
-1.25 -0.50 -1.55 
-1.45 -0.50 5.00 
-1.95 -0 80 2.70 

-0.95 I - I -0.06 
-0.12 - -0.03 

0.11 -0.95 
0.20 I 1 I -0.09 

-O.I0 I - I -O.O7 

1.91 
2.14 

3.15 
2.05 
1.90 
1.90 
1.50 
0.80 
0.65 
0.20 
0.20 
0.10 

1 -0.20 
2 -0.35 
3 -0.35 
4 -0.35 
5 -0.20 

1 0.23 
2 0.03 
3 0.38 
4 1.23 
5 1.23 

-5.45 
1.OO 

-9.50 
-9.00 

-19.00 
-15.50 

1.50 
-4.50 
-4.50 
-3.50 
-3.50 

-1 .oo -1 -60 -1.50 

0.10 -0.50 -0.50 - 0.05 4 . 0 5  
0.29 0.27 0.27 
0.52 0.10 0.10 
0.52 0.10 0.10 

26/V
18hr 

1959 
-1.95 -6.95 

3.85 6.80 
-15.65 -8.30 
-5.75 -13.00 
-2.75 -6.00 

Beneath the cloud 
1958 

0.45 -2.00 -1.03 0.23 
0.25 -2.45 -1.60 0.66 
0.40 -2.55 -2.32 0.49 
0.44 -2.45 -0.43 0.26 
0.35 -2.45 -0.84 -0.40 
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-- 

20/VIII 27/VIII
15hr 1 18hr I 28/VIII

6hr 

0.95 0.95 -30.00 -6.00 -7.00 -8.00 
-1.25 -2.00 -37.50 -2.75 -7.00 -9.50 
-0.05 -2.00 -44.00 4.00 -6.00 -7.50 
-0 05 -1 .OO -33.50 -2.00 -5.50 -5.00 
-0.05 -0.50 5.50 -1.00 -6.50 -13.00 

0.02 -2.00 -0.50 -3.50 -4.00 -12.00 
0 02 -0.50 -4.50 -1.00 -5.. 50 -14.00 
0.04 -1 .OO -12.50 0.50 -5.50 13.50 
0.01 -3.50 -13.00 1.00 -7.50 -18.50 

Above the cloud 

0.25 0.60 -10.00 -4.45 -3.50 -3.50 

-

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

6 

7 
8 
9 

10 

-2.00 
-6.50 
-6.50 

-12.00 
-12.50 
-14.00 
-9.50 
-1.50 

2.00 
-0.50 

-0.50 

-1.00 
-0.50 
-0.20 
-0.19 

2.85 
1.95 
1.10 
0.98 
0.60 

0.01 

0.43 -0.05 -10.50 
0.32 0.51 0.44 
0.35 0.51 0.21 
0.38 0.62 0.21 
0.36 1.01 1.17 

__
I 

- - -4.50 - -0 65 -0.05 
- 0.07 -0.15 
- 0.13 -0.45 
c -0.01 -0.53 

-0.05 -0.05 0.80 
0.10 0 10 1.85 
0.25 0.25 1.14 
0.40 0.40 1.05 
0.55 0.55 3.25 

0.40 -2.00 -2.00 
0.30 -2.50 -2.50 

-0.60 -4.00 -4.00 
-0.55 -3.50 -3.50 
-0.20 -0.50 -2.00 
4 . 1 0  -0.50 -2.00 

0.20 --0.15 -5.00-0.20 
0.35 

-0.50 
-0.50 -0.50 

-0.30 -0.50 -l..% 

2 20 0.47 
1.95 0.70 
1.45 1.OO 
1.55 1.30 
0.65 1.45 

1.90 1.OO 
1.70 1.OO -1 .OO 

-3.50 -2.00 -7.00 
-3.00 -8.50 4 . 0 0  
-5.00 -3.50 -6.00 
-6.50 -0.25 - 5 . 5 0  
-3.50 -0.95 -2.00 
-6.50 
-5.00 

-5.00 
-10.00 

-2.50 
-8.50 

4.00 2.45 -10.50 
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Above the loud 

1 -0 .50  4 . 5 0  1.90 -3.50 0.43 -2.00 
2 -0.50 -0.50 0.41 -3.00 0.41 -6.50 
3 -1.00 -1 .OO 0.63 -1.50 0.14 -0.50 
4 
5 

0.50 
1.OO 

0.50 
0.50 

0.35 
-0.20 

0.00 
-0.30 

0.06- -0.50-

1959 I 1960 I 1961 1962 
1 0.15 0.15 3.24 -1.01 2.02 -3.05 
2 -0.01 4 . 0 1  2.70 -0.88 7.75 -3.40
3 0.33 0.33 1.76 -0.86 4.40 -3.40 
4 0.44 0.44 0.07 -0.81 4.40 -3.70 

0.01 -1.22 4 . 6 1  1.70 -3.70I O.O1 

In the cloud 

1 0.90 -3.50 -3.24 -0.81 6.75 -3.70 
2 0.85 -3.50 -3.78 -0.54 10.10 -2.00
3 0.60 -5.50 -4.39 -0.88 4 70 -1.55 
4 1 .OO -5.50 -5.35 -1.28 -3.05 -1.22
5 1.OO -7.50 -3.40 -1.42 - 3 . 4 0  -1.28
6 -0.50 -7.50 4 . 0 5  -1.48 - 0 . 7 0  -1 .oo
7 -1.00 -5.50 -4.05 -1.48 0.00 - 0 . 7 0
8 -2.00 -3.50 4 . 4 0  -1.55 0.00 0 70
9 -2.00 -3.50 -4.40 -1.55 3.50 1 35

10 -2.00 -5.00 -3.40 -1.48 3.50 1.35 

Above the cloud 

1 -3.50 -3.50 - -1.15 -0.07 1.oo
2 -3.50 -3.50 -3.70 -0.61 -0.07 ­
3 -0.40 4 . 4 0  -3.70 4 . 4 0  0.07 0.70
4 4 . 2 0  4 - 2 0  -0 .81  0.07 0.205 -0.25 4 . 2 5  -0.61 0.07 0.47 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

___-

No. of 8/VIII
layer 9 hr 

1962 


1 2.77 


2 3.38 


3 3.38 


4 2.77 


5 1.42 


3.05 


200 


-1.70 

-3.70 


-3.70 


-3.50 


0.00 


0.00 


-2.35 

7.00 


1 0.00 

-2 


3 0.00 


4 0.07 


5 0.07 


-~ __.-. 

No. of
Total 

cases 

Beneath the cloud 

-15.52 26 

-12.24 26 


-29.75 26 

-28.07 26 

-12.30 26 


In  the cloud 

-28.11 27 

-78.68 27 


-149.17 27 

-1 39.55 27 

-109.00 27 


-80.18 27 

-72.91 27 

-64.43 27 

-41.91 27 

-65.17 27 


Above the cloud 

-28.62 23 

-21.75 22 


-7.03 25 

1.21 24 


2.66 22 


. 

Smoothed
Mean value 

.~ 

-0.60 -0.60 
-0.50 -0.70 
-1.10 -0.90 
-1.10 -0.90 
4 . 5 0  -0.70 

-1 .OO -1.60 

-2.90 3 . w  

-5.50 4 . 8 0  


-5.20 -5.00 


-4.00 4 . 0 0  


-3.00 -3.00 


-2.70 -2 I 70 

-2.40 -2.20 


-1.50 -1.90 

-2.40 -2,10 


-1.20 -1.10 

-1 .OO -0.90 


-0.30 4 . 4 0  

0.00 0.00 
0.10 0.10 
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APPENDIX XLVIII  

Keduced variation of the electric field in Ns clouds (n i ixcd ,  positively 
polarized). Leningrad, 1958-1962 

1958 

1 1 Beneath the cloud 

1 I 
1 

1 -0.2 0.8 2.2 0.9 2.7 0.2 1.0 
2 
3 

4 . 2  
-0.2 

-0.6 
-0.5 

2.2 2.9 
2.2 1.2 

-0.4 
-1.2 

1.0 
0 .9  

4 
5 

-0.2 
-0 2 

-0.4 
0.0 

2.2 0 .9  
2.2 1.2 1.0 

-3.3 
-2 7 

0.9 
0.5 

In the cloud 

0.2 0.8 1.3 23.5 1.o 4.7 1 0 5
2 5.0 -1.7 -0.6 40.0 1.5 4.7 0.5
3 2.0 -5.5 -2.5 48.5 1.5 
4 0.0 10.0 -6.0 57.0 0.5 
5 -0.3 -7.5 -2.1 62.5 0.3 0.6 0.4
6 - 0 . 1  4.6 -1.2 110.0 -0.4 0.4 0.4..­
7 -1 .o 11.3 -2.7 136.0 -0.7 0.5 0.4 

9 
10 

-1.4 
0.0 

8.0 
5.0 

-2.0 133.0 
0.2 100.0 

-0.4 
-0.4 

2.0 
3.2 

3.3 
0.5 

Above the cloud 
1 
2 

O i  
0.0 

0.0 
0.0 

-1.5 17.9 
-0.2 

-1.5 
-1.4 

3 -0.1 0.0 0.0 -0.4 
4 0.3 0.0 0.0 -0.5 
5 0.0 0.0 4.3 0.5 -0.6 

8 -1.7 8.0 6.0 133.0 -0.7 5.5 0.3 

Beneath the cloud 
1958 1959 

-1.0 -0.6 -0.7 4 . 8  0.8 0 . 5  -2 3 
-1.2 0.7 -0 4 -3.7 1.9 2.4 -2.3
-2.5 1.o -0.9 -4.6 3.0 3.4 -2.3 
4 . 1  1.4 -0.1 -5.2 2.6 -15.5 -2 3
-0.5 1.8 -0.3 0.9 2 2  -15.5 -2.3 
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22/VI
18hr 1 26/VIII 1 27/VIII I 28/VIII

6 h i  6hr 6hr 

1 -3.1 0.9 
2 -4.5 1.o 
3 -4.5 1.2 
4 -3.1 1.4 
5 0 0  1 8  
6 4.0 14.3 
7 0.5 18.6 
8 4.5 -6.1 
9 13.0 -3.9 

10 5.7 -4.9 

-0.5 
-0.3 

0.3 
0.2 
1.2 

1 0.4 1.5 
2 0.2 2.6 
3 0.2 4.2 
4 -2.5 3 8  
5 0.0 3.2 
6 1.5 3.4 
7 -1.8 1.4 
8 0.5 -5.7 
9 0.1 -5.7 

10 -2.7 -1.2 

In the c l o u d  

0.0 -12.0 
0.8 	 -12.0 

-12.0 
-12.0 
-12.0 
-9.0 

1.1 -16.0 
-0.1 -4.1 
-0.7 -4.3 
-0.9 -1.1 

Above the c l o u d  
-0.2 
-0.6 

0 3  
0.4 
0.4 

Beneath the  c l o u d  

-
---
-

In the c l o u d  

5 3  0.9 
6.4 0.9 
1.4 0.9 
5.1 0.9 
3.3 0.9 

-4.2 1.6 
-4.8 1 5  

3.4 -0.8 
5.0 -1.8 

-5.2 -1.6 

5.4 -6.2 -2 8 
6.7 -2.0 -23.3 

-1.6 2.0 -37.0 
-9.3 3.0 -43.5 

7.5 20.0 -12.6 
12.7 24.5 5.7 
63.2 45.5 -2.7 

152.5 45.0 -9.0 
45.5 0.1 -11.7 
12.0 -1.8 -12.0 

14.6 - -6.5 
9.2 - -3.5 
4.4 - 0 .3  
0.4 - 0.1-0.6 0.2 

25/1V
15hr 

1960 
0.7 3.4 7.8 
0.7 3.7 16.6 
1.2 3.2 13.5 
1.7 2.7 3.8 
1.7 3.0 1.2 

-2.4 3.7 3.7 
4 5 4.2 3.7 

3.0 4.7 3.7 
3.5 5.0 3.7 
7.0 5.4 3.7 

12.8 9.3 6.4 
16.2 11.1 2.4 
12.8 4.8 0 8  
3.5 4.8 0.9 

-1.1 4.4 0.5 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

?!IX 

1 -0.5 1.4 
2 1 .o 1 8  
3 0.4 1.1 
4 0.1 0.9 
5 0.1 0.8 

27/IV 

22 6 hr 'Yv11 hr  

1 -1 .o 0.4 
2 -0 5 -0.8 
3 0.0 -0.8 
4 -1.7 0.1 
5 -2.3 0.3 

- 0.0 - 0.0 - 0.4 - 1.o - 1.5 
-3.5 2.4 
-3.9 -0.1 
-3.9 0.7 

5.6 0.1 
3.1 0.7 

1 -3.7 0.0 
2 -3.9 0.1 
3 -3.7 0.0 
4 -2.8 4 . 1  
5 -3.3 0.1 

Above the cloud 

- -2.3- -3.1 
- -1.9 
- 0.2 
- 0.0 

15 VI11 3O/VIII6hr 6 hr 
-

1960 

Beneath the cloud 

0.8 -3.3 
0.3 -1.9 
@ 2  -0.3 
0.2 0.2 
0.3 -1.4 

I n  the cloud 

0.4 I -1.2 
0.4 1.4 
0.5 0.7 
0.7 -1.9 
0.7 3.3 
7.3 3 5 0  
5.0 14.0 
2.5 18.0 
4.5 87.8 
5.5 20.0 

the cloud 

23.5 
23.5 
22.0 
20.9 
20.9 

25/iv
15hr 

-5.2 1.4 0.3 
-7.0 3.2 -0.2 
-7.0 4.5 --0.4 

4.4 3.0 -0.3 
2.3 2.6 4 . 1  

8/IX 9 I X  
6 hr  14 hr 1 hr 

-" - . ­

--1.4 -2.0 --0.2 -1.8 --0.3 -1.8 
-0.5 -1.6 ­
-0.1 -1.6 ­

0.0 -1.5 0.4 
0.4 -1.4 0.0 
1.5 -1 .o 4.0 
0.3 -2.2 4.0 
0.3 1.7 3.8 

-5.3 4.0 3.7 
-3.5 -4.6 3.7 

10.4 -3.5 3.7 
1.5 3.5 3.7 
5.6 -1 .o 3.7 

0.4 -5.2 3.4 
0.2 -3.3 0.9 
0.0 0.9 
0.0 0.9 
0.0 0.8 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

~ ~. 


N o .  of 1/X1 I 6 i t : l  I 27/IV 

layer I I 

I 
7'v11 I 5 h r  6 Iir
6 hr 

Beneath the cloud I
1961 1962 

-0.3 
-1.9 
-1.9 
-2.6 
-2.5 

-
-
-
-
-

2.0 0 .2  
7.1 0.2 
5.2 0.3 
4.1 0.3 
4 7  0.4 

-1 .o 
-1 .o 
-0.9 
-0.9 
-0.9 

0.5 
-0.9 
-1 .o  
-0.9 
-1.1 

-1.6 
-9.5 

-30.2 
-19.0 

1.1 
1.8 

3 3  
1.7 

0.5 
3.0 

-1.1 
-1.1 

-17.5 -3.5 7.6 2.3 -1.1 
-13.2 0.5 9.4 1.2 -0.4 
-9.1 

1.2 
1.o 
1.3 

-1.7 
-2.1 1.o 

0 3  
-0.5 

0.2 
-1 ..5 

4.6 7.2 0.4 0.9 -1.3 -1.4 
5.1 -7.4 1.8 -0.5 -5.7 -0.7 
2.5 -0.1 5.8 -1.5 -0.6 0.0 
1.8 5.@ 0.0 -2.0 -11.1 1.4 

-0.21 0 .5  0.1 -0 8 -1 . o  1.o 
-0 12 1 8  0.1 -0.6 -1.7 0 .5  

0.13 3.7 -0.1 -0 2 -2.0 1.6 
-0.34 3.2 0.0 -0.1 -2.0 0.9 
-0.35 1.5 0.1 0.0 --2.0 1.2 

~~ 

INo. of 
laycr 

Ikneath the  c l o u d  

-0.8 0.7 5.7 31 0.2 0.4 
-0.9 0.7 22.8 31 0.7 0.5 
-0.9 0.7 16.4 31 0.5 0 . 3  
-0.9 0.7 -13.7 31 -0.4 -0.1 
-1 .0 0.7 -9 1 31 -0.3 -0.3 

-1.3 
-1 .0 

0.r 
0.2 I 

0 .5  

2.7 
1 .4  

I n  t h c  c lo i id  
-3.2 

7 . 3  
14.2 

35 

35 
35 

35 

1 
I 

-0.1 

0.6 
0.2 

0.7 

-0.1 
0.2 
0.4 
1.1 
3.1 

0.0 0.0 
0.2 -1 1 300.1 

366.3 
290.4 
131.2 

36 
36 I 8.1 

3.6 
7.5 
4.1 

-0.5 0.0 35.5 28 1 .3  1.7 
-0.3 0.0  21.8 28 0 8  1 .o 
-0.3 0.0 27.3 28 1.o 1.o 
-0.1 -0 1 31.7 28 1.1 1.1 
-0.1 0.0 32.3 28 1.2 1.2 
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L i d9 2 4/11
6 h r  

4/11
6hr 

28/11 15/XII
15hr 15h r  

5/I . 9/I
3 hr 6h r  

9/ 1
18hr 

22 

1959 
1 -0.95 -0.95 4.55 0.50 -1.50 0.50 
2 -2.10 -2.10 6.00 0.50 -1.50 1.55 
3 -1.80 -1.80 5.80 -1.50 1.10 
4 
5 

-1.30 
-0.85 

-1.30 
- 0 . 8 5  

6.25 
5.70 

-0.75 
-0.60 

1.OO 
0.35 

In t h e  c l o u d  

1 -0.65 -5.50 2.50 0.50 -11 .oo -0.10 -1.30 
2 -1.80 -6.50 2.00 -1 .OO -11 .OO -0.10 -3.50 
3 -3.00 -5.00 2.50 -1.50 -12.00 -0.30 -4.50 
4 -3.00 -8.50 1 .OO -2.50 -12.00 -0.95 -3.50 
5 -2.00 -6.50 1 .OO -3.00 -12.00 -1.10 -5.00 
6 -2.00 -7.00 0.25 -1 .oo --.12.50 -1.35 -6.50 
7 -0.75 -5.00 0.20 -1 .OO -11 .oo -0.90 -6.50 
8 -0.95 -3.50 0.50 -0.50 -12.50 -0.70 -8.00 
9 -3.50 -5.00 1.50 -0.50 -14.00 -0.85 -6.50 

10 -3.00 -3.50 0.20 -0.25 -11.00 -0.80 -6.50 

Above  t h e  c l o u d  
1 -0.15 -0.15 0.10 -0.05 -12.00 -0.20 -10.00 
2 -0.50 -0.50 -0.15 -0.21 -12.00 0.15 -13.50 
3 -1.85 -1.85 -0.04 -0.13 -12.00 0.25 -13.50 
4 -1.05 -1.05 0.20 -0.08 --11.00 0.40 -15.50 
5 -1.40 -1.40 0.35 -0.03 -11.00 0 35 -13.50 

CI 

?;
2? 

% / I
18 hr  

26/ I 
18 hr 

31 / I  2/11 
18hr 18hr 

15 I 1?dk: ldhr 
17/11 
6h r  

.~ - - -~ 

1 0.48 0.48 -0.15 - - 0.55 
2 0.37 0.37 0.15 0.60 0.60 1 0.35 I -0.70 

0.40 
3 0 57 0.57 0.70 0.90 0.90 0.45 0.85 
4 0.03 0.03 0.95 1.90 
5 0.13 0.13 1.25 2.65 
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-	 __

'' 
2% 18hr 18hr 18hr 1 hr 18hr 1 hr 6hr  

1 1.20 -0.01 0.95 2.50 -1.20 -0 50 1.oo 
2 1.40 0.46 -2.00 1.80 -3.50 -0.50 1.OO 
3 -0.15 -1.45 -6.00 1.15 -3.00 -1 .OO -0.50 
4 -0.65 -0.20 -6.00 0.60 -4.50 -2.00 -0.50
5 -0.50 -0.05 -2.50 0.30 -6.00 -1 .OO -0.50 
6 -0.50 -0.10 -2 00 -0.30 -5.00 -1 .OO -0.50 
7 -0.50 -0.35 -2.50 -0.75 -4.50 0.50 0.50 
8 1 .OO -0.80 --2.00 -1.80 -6.50 -0.50 1 .OO 
9 0.55 -1.10 -1.00 -2.30 -4.50 0.50 1 .OO 

10 -0.40 -0.90 1.00 -1 55 -5.00 0.50 1.OO 

1 -0.35 -0 35 1.10 -1.60 -1.60 0.50 ­
2 -0.35 -0.35 0.30 -0.13 -0.13 -0.50 ­
3 -0.17 -0.17 1.OO -0.10 -0.10 - __ 
4 -0.24 -0.24 .-0 .40 -0.12 -0.12 - ­
5 4 . 2 0  -0.20 - -0.09 -0.09 0.50 ­

1 2.60 
2 1.85 
3 1.55 
4 1.44 
5 -1.25 

1 1.55 
2 -17.00 
3 -8.50 
4 -4.50 
5 -2.50 
6 -2.50 
7 -2.50 
8 -4.00 
9 -2.50 

10 -0.50 

28/III 28/ 111 19/ IV 61x1 
18hr 1 18hr 1 8/1v I 7hr 6hr 

0.44 0.44 - -6.50 0.75 
0.53 0 53 - -7 50 0.78 
0.86 0.86 - -4.50 0.98 
0.66 0 66 - -7.50 1.27 
0.55 0.55 - -7.50 1.87 

-0.10 1 .oo - -6.50 2.23 
-0.30 1.OO 4 . 5 0  -17.50 2.41 
-0.40 1.oo -13.00 -16.00 1.75 
-0.25 1 .oo -12.00 -22.00 1.49 
-0.30 1.OO -10.00 -18.00 0.95 
-0.20 1 .oo -7.00 -12.00 1.10 
-0.50 -3.50 -12.00 1.15 
-0.50 ::E 1 -;:E -16.50 0.35 
-0.50 0.50 -13.00 1.15 
-0.65 2.50 -5.00 1.15 

0.50 I 
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I I 1 
28/ 111 lS/IV
18hr I 8/1v I 7hr I 6G/?: 

Above the loud  

1 4.30 - I - 0.75 
2 0.05 0.13 0.65 0.48 
3 0.05 0.03 0.15 0.49 
4 0 05 0.01 0.00 0.38 
5 0.10 0.01 0.05 0.58 

~~ 

rr 18/XI 17/X1I 9/11 lO/II 7/XII 7/XII 8/x11:’ 6 h r  18hr 6 hr 6 hr 6 hr  6 Iir 6 h r&?z? 
Beneath the c l o u d  

1959 I 1960 
-3.50 1.00 -1.35 0.61 0.07 0.07 -0.61 
-0.50 0.55 -0.70 0.61 0.14 0.14 -0.68 
-0.50 0.40 3.50 7.00 0.27 0.27 -0 34 
-2.00 0.20 3,50 -10.00 0.27 0.27 0.14 
-2.00 0.32 3,50 -7.00 0.27 0.27 0.27 

In the c l o u d  

1 -3.50 2.00 3.50 -7.00 0.20 -0.54 -0.47 
2 -3.50 1.50 3.50 -7.00 0.20 -0.54 -1.15 
3 -3.50 0.80 0.00 -10.00 0.14 -0.54 -1.35 
4 -2.00 -0.05 0.00 -7.00 0.00 -0.47 -1.35 
5 -3.50 -0.65 0.00 -7.00 -0.40 -0.54 -1.35 
6 -2.00 -3.50 0.00 -7.00 -0.40 -0.61 -1.48 
7 -5.50 -6. a 5 0  -3.50 -7.00 -0.47 -0.68 -1.55 
8 -3.50 -7.00 -7.00 -7.00 -0.94 -0.74 -1.69 
9 -2.00 -8.00 -7.00 -7.00 0.08 -0.74 -0.61 

10 -2.35 -6.00 -10.00 -7.00 -0.40 -0.88 -0.81 

Above  the c l o u d  

1 - -0.70 -17.00 - 4 . 2 7  -0.27 
2 - 0.25 -7.00 - 0.40 0.40 
3 - 0.23 0.00 - 0.27 0.27 
4 - 0.13 0.20 - 0.14 0.14 
5 - 0.13 0.40 - -0.07 -0.07 
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-- 

c 20/11 30/1V Total N 0 . 0 f  Mean Smoothed
9 ;; 21hr 7 h r  cases v a l u e  
0 %z 2  


Bcncath the c l o u d  

1962 
1 -0.70 - -3.97 24 -0.02 -0.01 

2 -2.00 -1.05 26 0.00 0.16 

3 -1.35 - 16.24 26 0.62 030  

4 -0.35 - -0,83 26 -0.03 0.14 

5 -0.35 - -2.76 26 -0.10 -0.27 

1 -0 35 -3.98 -23.57 28 -0.84 -1.11 

2 -0.35 -8.80 -77.27 29 -2.67 -2.43 

3 -1 .OO -16.55 -102.90 29 -3.54 -3.37 

4 -1.70 -15.85 -107.42 29 -3.72 -3.60 

5 --2 00 -16 55 -99.69 29 -3.44 -3.45 

6 -1.70 -16.55 -92,34 29 -3.20 -3.28 

7 -2.00 -17.20 -94.80 29 -3.28 -3.40 

8 -2.00 -17.50 -105.27 29 -3.63 -3.44 

9 -0.35 -17.55 -91.92 29 -3.20 -3.18 

10 -1 .oo -17.20 -77.84 29 -2.68 -2.84 

Above the c loud  

1 - -15.20 -57 74 20 -2.80 -2.55 

2 - -10.45 -42.44 22 -1.93 -2.06 

3 - -6.10 -33.28 21 -1.59 -1.64 

4 - -2.00 -30.06 21 -1.45 -1.42 

5 - -0.35 --25.53 21 -1.21 -1.29 
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44 14/I 15/1 21/11 7/III  15/III 26/IX 15/X 

z ,$ 18 hr 3 hr 6 h r  1 6hr 6hr 1 18hr 1 3hr  

1 0.25 8.00 1.00 2.00 0.37 1.80 -0.45 
2 0.25 2.Ii5 I 1.00 I 3.50 0.35 1.40 0.62 
3 2.50 1.55 -0.50 2.00 0.34 1.15 0.95 
4 3.30 0.80 -3.50 2.50 0.57 1.12 1.40 
5 4.00 0.96 1 -2.00 1 6.90 0.76 0.86 3.65 

1 2 50 2.60 -0.50 0.75 0.60 1 70 17.50 
2 2.50 3.00 -1 .OO 1.OO 0.78 3.25 19.50 
3 1.50 2.50 0.50 1.05 0.91 4.65 18.50 
4 1.oo 2.90 1.50 1.25 1.26 -0.80 15.00 
5 4.50 5.00 4.00 1.10 1.22 -4.45 1.oo 
6 6.00 6.50 4.50 1.25 1.45 2.50 -2.00 
7 6.00 10.00 -2.00 0.80 1.23 -2.00 -2.50 
8 6.00 15.50 0.50 0.40 1.09 -3.50 -4.00 
9 4.00 19.50 -0.10 0.30 0 75 0.50 -1 .oo 

10 2.50 14.00 1 .oo 0.30 0.20 0.50 -2.50 

1 2.50 3.50 - 0.55 0.19 3.50 -4.00 
2 6.00 0.41 - 0.45 0.22 1.OO -5.00 
3 12.50 0.24 - 0.13 0.16 0.20 0 0 0  
4 4.00 0.19 - 0.04 0.10 1.55 0.50 
5 0.50 0.15 - 0.20 0.05 1.35 0.50 

44 '' 14/XI 14/XI 14/XI 28/XI lO/XIl 26/XII 28/XII 3l/XlI 

25- 18hr 18hr 18hr 6 h r  6h r  6 hr 18hr 6 hr 
-~ . 

Beneath the  cloud 

1 - - - 2.00 0.80 - 1.35 -
2 
3 
4 

---
-
-
-

- 2.50 1.15 
- 2.50 0.95 
- 3.50 0.65 

-
1.00 
1.00 

0.55 
0.70 
0.40 

2.10 
1.35 
1.05 

5 I - - 4.50 0.55 1.15 0.65 0.80 
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0-50 

14/XI 14/XI 14/XI 28/XI lO/XII 1 26/XII 1 28/XII 31/X1I
18 hr 18hi- 18hr 6 hr 6hr  6hr  18hr 1 6hr  

In the c l o u d  

I 1.55 0.10 5.75 0.20 1.75 
2 2.00 1 .OO - -0.85 2.30 
3 2.95 0.70 0.50 2.66 0.10 14.50 -0.75 0.60 
4 2.15 0.25 2.00 3.50 0.20 - 0.50 1.23 
5 2.30 0 25 2 50 3.50 0.30 50.00 0.80 0.60 
6 2.30 0.25 2.50 2.00 0.30 19.50 0.10 0.15 
7 2.60 0.25 2.00 2.00 0.10 1 .oo 0.05 0.45 
8 2.60 0.10 0.50 5.00 0.10 1 .oo 0.40 -0.15 
9 2.45 0.20 1.00 0.85 0.10 2.30 -0.70 -0.05 

10 2.25 -0.05 0.50 0.22 0.10 1.70 -0.45 -0.55 

Above the c l o u d  
1 --0 .10 -0.10 -0.10 0.37 0 03 0.10 0.30 -0.95 
2 -0.20 -0.20 -0.20 0.11 0.00 0.10 0.50 -0.12 
3 -0.50 0.50 0.50 0.39 0.06 0.05 0.33 1.45 
4 -0.50 0.50 0.50 0.16 0.08 0.35 0.17 2.00 
5 -0 15 -0.15 -0.15 0.59 0.06 -0.10 0.14 1.65 

~~ ._ -. 

IO/ I l o l l  20/1I 20/II 24/11
6 hr 3 hr 3hr  1 15hr 1 1 5 h r  I 18hr 

~ 

1959 
Beneath the c loud  

-1.50 0.00 0.00 1.19 

-1.50 0 00 0.00 1.31 1.31 3.50 

-1.50 -0.45 -0.45 1.26 1.26 I 3.50 

-0.75 0.00 0.00 1.53 1.53 3.50 

-0.60 -0.20 -0.20 2.03 2 03 1 3.50 


In the c loud  

1 0.88 -0.82 -0 05 -0.25 -0.15 2.47 -0.14 2.00 
2 1.64 -0.92 0.60 0.25 -0.15 2.85 0.05 2.00 
3 1.YO -1.14 1.50 1.20 -1.10 2.75 -0.65 5.00 
4 1.80 -1.37 1.70 0.42 -2.10 2.70 -0.85 2.00 
5 1.65 -1.31 1.50 -0.02 -2.55 2.85 1 .OO 1.oo 
6 0.60 -0 82 1.20 1.47 2.00 2.75 1.OO 0.45 
7 0.60 2.50 0.75 -0.55 0.50 2.70 0.50 2.00 
8 0.85 4.00 0.10 -0.40 0.50 2 85 0.50 4.00 
9 0.30 2.50 -0.50 -0.95 1 .oo 2.85 1.oo 1.10 

10 -0.25 1 .OO ---1 .35 -1 80 0.50 1.55 0.50 1.oo 
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Ccl 

9/I 'Oh1 1O/I 20/II 20/II 24/11
6hr  3 r 3 h r  1 15hr 15hr 1 18hrz, 


-0.40 -12.00 -0.20 1.00 1.00 0.25 0.25 1.OO
-0.19 -12.00 0.15 0.32 0.32 0.02 -0.06 5.00
-0.05 -12.00 0.25 0.56 0.56 -0.11 -0.11 2.50 

-0.13 -0.13 0.85 
-0.10 -0.10 0.90 

Ccl9 2 25/11 25/11 19/1V 3/VI  24/XII 25/XII 25 X I 1  

2 2
x 3 h r  3 h r  3 I i r  1 18hr 6hr 1 3 h r  1 d h r  

1 - - -1.42 0.60 1.30 1.30
2 - -3.35 --1.51 0.55 1.25 1.25
3 - -3.50 -3.00 0.55 0.97 0.97
4 - -4.50 -3.50 0.70 1.31 1.31
5 - -4.50 -0.85 0.80 1.32 1.32 

I n  thc cloud 

1 2 30 1.OO -0.20 0.84 I 10 1.72 0.00
2 2.50 2.00 -3.50 1.45 0.85 1.83 0.45
3 2.50 2.00 -10.50 1.91 0.55 1 66 0.60 
4 2.05 3.00 -16 00 2.37 1.60 1.55 0.90
5 1.50 1 .OO -14.50 1.45 1.70 1.40 0.90 
6 1.10 1.OO 0.50 0.75 0.95 1.28 1.55
7 0.80 2.00 20.00 -0.25 1.35 1.05 1.85
8 0.55 1.OO 5.00 -0.35 1.35 0.65 1.80
9 0.50 0.50 15.00 -0.65 0 30 0.35 1.35

10 0 50 0.50 3.50 -0.60 -0 20 0.35 0.25 

Above the cloud 

-0.02 -0.02 -3.00 -0.55 -0.20 -0.21 -0.21
-0.06 -0.06 -2.50 -0.45 0.10 0.25 0.25 
-0.07 -0.07 -2.00 -0.25 0.17 0.12 0.12
-0.10 -0.10 -2 00 4 . 6 5  0.34 0.17 0.17 
-0.11 -0.11 -2.50 12.00 1.65 0.14 0.14 
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No. of 2R/XI I 7/ I 15/lII 15/111 1/111 
layer I 3 h r  I 6hr 1 15hr 1 21hr I 6 h r  

1959 
I .30 
1.25 
0.97 
1.31 
1.32 

1 0.45 
2 0.30 
3 0.25 
4 0.10 
5 0.10 
6 -0.05 
7 -0.20 
8 -0.35 
9 -1.10 

10 -1.20 

-0.21 
0.25 
0.12 
0.17 
0.14 

1961 

Beneath the cloud 
1960 

-1 .BO -1.35 
-0.40 I -1.35 

-1.35 
2.15 -1.35 
1.OO 1 -1 70 

In  the cloucl 
-2.50 -1.70 
-2.85 2.00 

2.20 7.00 
8.50 3.50 
9.50 7.00 
9.50 3.50 
8.00 1.35 
6.00 0.35 
6.50 0.94 
4.00 0.40 
Above ...e cloud 

Beneath the cloud 

1961 
-0.70 -1 .OO 

0.00 -1.35 
0.00 -1.35 
0.00 -2.00 
3.50 -2.00 

3.50 -2.00 
3.50 -2.00 
3.50 -1.70 
7.00 0.00 
3.50 0.70 
0.00 0.35 
0.00 0.00 
0.14 0.35 
0.27 0.70 
0.40 0.70 

- -0.35 
- -0.70 
- -0.35 
- 0.00 
- 0.07 

I 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 

-1.35 --5.36 
--I .oo -3.40 
- 0 70 -1.35 
--I .OO -1 .oo 
-1 .oo -3.40 

0 35 -5.75 
,3.50 -2.70 
3.50 -1.35 
3.50 -1 .oo 
3.50 0.00 
3.50 0.70 
0.00 0.70 
0.00 3.50 
0.00 3.50 

-0.35 3.50 

9.56 
12.53 
12.27 
12.03 
25.15 

In the cloud 
43.44 
50.68 I 
71.79 
53.32 
95.19 
80.48 
65.63 
57.53 
64.16 
17.36 

27 0.35 0.38 
29 0.43 0.40 
30 0.40 0.41 
30 0.40 0.51 
30 0.84 0.81 

37 1.17 1.14 
36 1.40 1 48 
37 1.94 1 70 
36 1.50 1.90 
37 2.60 2.22 
37 2.20 2.20 
37 1.80 1.84 
37 1.56 1.66 
37 1.73 1.37 
37 0.47 1.60 

33 -0.31 -0.08 
33 -0.15 -0.10 
33 0.18 0.10 
33 0.19 0.19 
33 0.20 0.20 

Above the cloud 
0.70 -10.18I -E I -::E I 
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o z  
Lc. 1Y/VII S/VIII 26/V 30/VI 27/VIII 19/IX
0 2  S h r  I 5 h r  5hr 1 3 hr 17 hr 1 7  hr 
z 45 min 45 min 45inin 51 inin 00min 47inin 46min  

_.___ .. 

I 1958 I 1959 
1 0.2 -6.7 -2.6 1.2 -0.6 0.3 0 9  
2 0.3 -12.0 -4.3 -1.2 -0.6 0 3  0.7 
3 0.2 -14.3 -3.7 -2.9 -0.4 0.3 1.o 
4 0.2 -14.0 -0.1 -3.5 -0.2 0.3 1.1 
5 0.2 -13.8 -1.4 -10.3 -1.2 0 .3  0.8 

1 0.1 -3.6 -6.5 -8.6 -1.9 0.5 1.5 
2 0.1 -10.0 -6.5 -8.6 -3.0 0.3 1.5 
3 0.2 -2.0 -9.5 -8.3 -9.5 0.2 1.5 
4 0.1 -3.0 -11 .o -10.8 -17.6 -4.5 1.5 
5 -0.2 -1.6 -11 .o -30.0 -7.2 -2.8 1.5 
6 -1.0 -1.5 -11.1 -67.9 -3.7 -2.0 1.o 
7 -0.5 -1.4 -6.9 -80.0 -4.6 -2.0 -4.0 
8 -1.0 -3.6 -15.5 -78.4 -5.6 -1.8 -4.2 
9 -0.5 11.0 -12.8 -12.1 -2.6 -4.0 -3.5 

10 -0.6 6.0 -16.3 7.8 -7.0 -3.1 -1.1 

Above Le cloud 
-0.3 -3.8 8.0 -0.6 0.3 --0 .2 
-0.5 -0.3 8 .O 0.1 0.4 0.4 
-0.2 I -0 5 1 8.0 	 0.3 0.3 0.6 

0.9 0.3 0.4 
0.9 0.8 0.0 

CL. 	 22/1X 30/IX 6/X 16/X 3 1 / X  29/VI S/VIII 

6 2  1 7  hr 15 hr I 1 7  hr 5 hr 5 hr 1 7  hr 9 hr 
z ~ 43min 00 min 47min  4.5inin 5 7 m i n  55 inin O2inin 

Beneath the cloud 
1959 J 1961 1962 

1 2.4 0.9 1.3 -0.1 -2.4 3.8 I 2.8 
2 0.1 0.9 1.7 -0.1 -4.3 2.5 2.8 
3 2.1 0.9 1.2 -0.1 -3.3 4.6 2.8 
4 1.7 0.9 1.0 -0.1 -4.9 10.1 2.8 
5 1.6 0.9 0.5 -0.1 1.1 8.6 2.8 

In the cloud 
1 1.4 1.4 0.2 0 1  4.6 5.0 3.3 
2 3.0 1.3 -6.7 -0.8 4.6 2.7 -7.7 
3 2.4 0.0 -8.5 -0.5 4.6 0.7 -4.3 
4 -3.8 4 . 9  -6.0 -3.0 4.6 0.1 -1.6 
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L 

I 

3OAX 
15 hr 
00 rnin 

~ -~ 

5 -5.3 -1.6 
6 -3.5 -0 2 
7 -2.0 -0 8 
8 - 3 5  -4.1 
9 -3.5 -7.9 

10 -2.0 2 8  

1 -5.6 21.5 
2 -5.6 22.0 
3 -3.4 22.5 
4 -1.4 0.6 
5 -1.4 -0.4 

-. -

N o .  of 
layer 

..-. 

1962 
1 1.1 
2 1.1 
3 0.3 
4 -0.3 
5 -0.3 

1 -1.9 
2 -1.1 
3 -2.5 
4 -5.8 
5 2.1 
6 -20. s 
7 -57.3 
8 -9.3 
9 -9.3 

10 7.3  

1 0.4 
2 -0.9 
3 -0.3 
4 -0.2 
5 -0.1 

6 /X 1 6 / X  I 1 29/VI 8 /VI11 
1 7  hr 5 hr 1 7  hr 9hr 
47 inin 45 inin 57rnin 55min 0 2  inin 

-10.5 -2.5 4.6 -0.4 
-15.0 -2.4 0 7  -1 .o  
-15.0 -3.4 0.4 -0 6 
-17.2 -2.0 -2.2 -1.7 
-19 5 -2.0 -2.4 8.7 
-19.5 -3.5 -1.9 3.5 

Above the cloud 
-2.6 1.0 -3.2 -0.2 1.7 
-1.1 1.5 -0.1 -0.2 0.0 
-0.7 1.4 0.1 -0.2 0.1 

0.4 2.0 0.1 -0.1 -0.1 
-0.4 1.4 0.9 0.0 0.1 

Beneath the cloud 

2.5 15 
-12.1 15 
-11.3 15 
-5.0 15 

-10.3 15 

In th cloud 

-4.4 15 
-30.9 15 
-35.5 15 
-65.7 15 
-65.2 15 

-139.7 15 
-195.8 15 
-157.8 15 
-65.5 15 
--28.0 15 

Above the cloud 
16.4 15 
23.7 15 
28.0 15 
10.7 15 
8.9 15 

0 .2  - 0 . 1  
-0.8 -0.5 
-0.8 -0.7 
-0.3 -0.5 
-0.7 - 0 . 5  

-0.3 -0.8 
-2.1 -1.7 
-2.4 -2.8 
-4.4 -3.9 
-4.3 -5 
-9.3 -9.0 

-13.0 -11.4 
-10.5 -9.6 
- 4 . 4  -5.3 
-1.9 -1.7 

1.2 0.5 
1.7 1.6 
2.0 1.6 
0.8 1.o 
0.6 0.7  
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Ccl 4/11 251I I 13/ I I 19/IV 19/1v 

2 3$ 18hr 3 h r  zy: 1 6 h r  3 h r  6 hr  

1 -3.50 - -7.50 _. 

2 -3 50 - -7.50 -3.35 
3 -3.50 - -8 00 -*3.50 
4 -3.50 - -8.00 -4. SO 
5 -2.00 - -6.50 -4.50 

I l l  tI1e c l o u d  
1 -3.00 -5.00 I -5.00 -8.00 -4.50 -21.50 
2 -2.00 -5 00 --5.50 -8.00 -2.00 -23.00 
3 -2.00 -5.00 -5.50 -8.00 -2.00 -17 00 
4 --I .80 -4.50 -5.00 -6 50 -2.00 -9.00 
5 -I .70 -4 50 -3 50 -4.50 -I .50 -15.50 
6 -1.60 -4.50 -4 .OO -5.00 -2 65 -10.00 
7 
8 

-0.90 
-0 IO 

-4.50 
--4.50 

-4 00 --3.50 
-2.00 -1 50 

-I .50 
-2.f)o 

-7 ,50
-7.00 

9 0.04 -5.00 -3.IJ0 -3.50 -2.00 -21.50 
I O  -0.50 -6.50 -2.00 -23.00 

1 I -2.60 0.30 -3.50 -6 50 -3.00 -
2 -0.40 0 IO -3.50 -6.00 -2.50 -
3 
4 
5 

-0. !50 
-0.21) 
-0.90 

0 50 
0.15 
0.04 

-2.50 
--4.00 
-4.00 

-5, Of)
-.3. so 
-2.10 

-2.00 
-2 .00 
-2.50 

-
-
-

1959 
1 -0.07 -3.50 0.00 - -.1 .00 
2 0. I7 - 0.00 0.00 - -1.30 
3 0.64 -4.00 -3.50 0 .00 - -1 .oo 
4 0 10 -2.50 -7 00 0.07 -_ -0. 10 
5 0 50 -4.00 - -0.35 

1 -8.50 -7.00 -0 70 -1.30 
2 -13.50 -7.00 0 0 0  -2 70 
3 -12.00 -7.00 0.00 -2.35 
4 -11.50 -5.50 0.00 -2.35 
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-- 

-11.22 

-- _ _  

rr
? G  2211v 6/ I 

1 hr 
20/XI 9/XII 

2 5  3 h r  6 hr 2Y111 15 hr 9 hr 
~­

~ 

. ~ . ~~ 

No. of 

-

5 -4.50 -2.50 -3.40 
6 4 . 5 0  -2.00 -2.70 -0.35 0.00 
7 -14 00 -3.50 -3.05 -0.35 -0.35 
8 -12.50 -3.50 -3.70 -0.07 4 . 3 5  
9 -12.00 -0.50 -3.40 -0.14 -0.35 

10 -7.00 -1 .OO -2.35 -0.14 0.00 

1 
2 
3 
4 
5 

-0.75 
-0.04 

0 03 
0.09 

-0.90 

-
-
-
-
-

-
-
--
-

0.00 
0.00 
0.00 
0.00 
0.00 

0.35 
O..%
0. i i  
0.14 
0.14 

-. __I '?\:' I Total 1 No. of 1 Mean 1
layer 

Beneath the cloud 
1962 

1 -1 -00 -14.57 7 -2.08 
2 -1.35 -16.73 8 -2.09 
3 -1 .OO -23.86 9 -2.65 
4 -1 .OO --27.03 9 -3.00 
5 -1 .OO -24.85 8 - 4 . 1 0  

Tn the cloud 

1 -2.00 -73.85 13 -5.68 
2 -2.00 -73 77 13 -5.65 
3 -2.00 -67.32 13 -5 20 
4 -2.00 -53.90 13 -4.15 
5 -2.00 4 5 . 6 5  13 -3.50 
6 -1.70 -40.30 13 -3.10 
7 -1.70 -46.55 13 -3.60 
8 -1.70 -41.27 13 -3.18 
9 -1 .OO -59.35 13 -4.56 

10 -0.30 4 7 . 7 9  13 4 45 

Above the cloud 
1 0.07 10 -1.73 
2 0.07 I -17.33 I 10 -1.12 
3 0.07 -9.31 9 -1.03 
4 0.07 -9.95 10 -1 .OO
5 0.34 -10.58 10 -1.06 

25/XI1
6hr 

-1.70 
-1.30 
-1.70 
-2.35 
-7.00 
-3.50 

-1.70 
0.70 -

-0.70 
- 0 . 7 0  

value 

-2.08 
-2.20 
-2.60 
-3.19 
- 4 . 2 2  

-5.28 
-5.54 
-5.05 
-4.25 
-3.56 
-3.32 
-3.37 
-3.63 
-4.19 
-4.49 

-2.26 
-1.25 
-1.04 
-1.02 
-1.04 
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