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ABSTRACT 

The l ightning is proposed to start i n  a limited region of electric 
break-down f i e l d .  A growing charge pool i n  a cumulonimbus cloud is l i k e l y  
to produce such a f i e l d  i n  its outer layers. When the  f i e l d  is not  aligned 
with the poten t ia l  surfaces ,  the electric force pushes pos i t ive  charge in 
one d i rec t ion  and negative i n  the opposite. Self-inductance develops and 
an embryo open electric c i r c u i t  is born. Oscillations swif t ly  g r o w  i n  
s t rength when poten t ia l  energy of the cloud is released. The channel 
extends in s t eps  during those cycle-stages where charge is crammed i n t o  
the channel terminals. 

are computed. The conductor is charged by influence to such a degree t h a t  
the charge is bound to  leak out  to  the ambient air and appear as a charge 
sheath some dis tance off the channel. Ample energy is released to sus ta in  
the osc i l l a t ions .  The period increases with channel length and agrees w e l l  
with observed t i m e  between steps.  

Electro-static consequences of a narrow conductor among the cloud charges 

A ground s t r i k e  leads to a shock-pulse t rave l l ing  up the channel. 

INTRODUCTION 

The start locat ion of a l ightning event is within a cumulonimbus cloud and 
therefore out  of s igh t .  The highly v i s i b l e  event, par t icu lar ly  during the 
night,  is the f i n a l  stage. That stage has been intensely studied by various 
photographic means. Electrostatic and electrodynamical instruments observe 
the l ightning as an e n t i t y  from some distance.  The total descr ipt ion 
gathered lacks some d e t a i l  and is fe l t  to be puzzling i n  many respects.  

A model for the phenomenon should obviously lead to l ightning 
cha rac t e r i s t i c s  i den t i ca l  to  those observed. The more important 
cha rac t e r i s t i c s  are the following: 

- Before the l ightning event the electric charges are on cloud 
droplets  or i n  the air ,  i. e. on isolators. The l ightning 
collects charge i n  a f rac t ion  of a second. 

- The channel extends i n  s t eps  of the order  of 50 m over a b u t  
1 ps. It apparently "rests" for some 50 ps inbetween. The 
whole channel is v i s i b l e  when a new s t e p  takes place. It 
seems to become ex t inc t  inbetween. 

- The return s t roke shows up as a l i g h t  pulse t rave l l ing  upwards 
along the channel. Later s t rokes are l i g h t  pulses as w e l l ,  
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going down and then up the channel. 

- The electric current  is more pronounced in the re turn s t roke  
than i n  the  stepped leader. Electric f i e l d  changes associated 
with the l ightning last longer than the  v i s i b l e  l ightning. 

It is the purpose of t h i s  paper to point ou t  t h a t  the cha rac t e r i s t i c s  
above are those of a progressing aerial conductor undergoing free electric 
osc i l l a t ions .  Some electro-static consequences of such a conductor among 
the cloud charges must first be considered. 

ELECTROSTATIC CONSIDERATIONS 

The cumulonimbus cloud is highly charged. Tens of coulombs of pos i t ive  
charge are present i n  the upper pa r t  and tens  of coulombs of negative charge 
i n  the lower pa r t ,  where a smaller amount of posi t ive charge may also be 
found. If a v e r t i c a l  rod-shaped conductor is introduced i n  such a cloud, 
a rad ica l  red is t r ibu t ion  of the rod charge takes place. 

The fundamental requirement for a conductor is a common poten t ia l  a l l  over 
its surface. The common poten t ia l  is achieved by a d i s t r ibu t ion  of charge 
over the surface.  Ambient po ten t ia l  deviations are loca l ly  balanced by 
the surface charge. 

Charge and poten t ia l  are connected. L e t  the mean ground poten t ia l  be zero 
and the r e l a t i v e  poten t ia l  be cal led voltage. If the  ground is considered 
t o  be a per fec t  conductor, a charge element AQ causes a voltage increment 
AU a t  a point i n  space 

AU =: AQ*(I/Q~ -1/~* )/E (1) 

The equation is based on the model of a charge combined with a negative 
m i r r o r  charge below the ground, where Q and Q are the dis tances  between 
the point and the t w o  charge elements i h  question, while E is the  
permit t ivi ty  of air. I n  order to f ind  the voltage a t  a given point ,  the  
increments may be added for the whole charge d is t r ibu t ion .  

In  a computer model the cloud e l e c t r i c i t y  has been replaced by t w o  charge 
pools shaped as cylinders.  The charge i n  a pool has even density.  A lower 
pool between 3 and 5.5 km height has radius 2.5 km and charge -20 C. An . 
upper one between 8.5 and 11 km has radius 1.5 km and charge +10 C. The 
conductor is represented by surface-charges on a tube with radius 200 m; the 
height of the charge-terminals may be chosen a t  w i l l .  The tube has no ne t  
charge, but whenever it in t e r sec t s  the charge pools, the core charge is 
moved r ad ia l ly  out  to its surface.  The cylinders and the tube have a 
common axis. The horizontal  resolution is variable ,  but less than 250 m. 
The v e r t i c a l  one is 100 m. 

The charge on the conductor surface cannot be found ana ly t ica l ly ,  but i t  
may be approximated by i t e r a t ion .  The i t e r a t i o n  requirement is a common 
voltage for the tube axis. It is achieved by s h i f t i n g  charge along the tube. 
The total amount of pos i t ive  charge must be equal to the total amount of 
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negative charge: t h i s  demand is su f f i c i en t  to es tab l i sh  the  value of the  
cotmion axis voltage. 

The voltage along the system axis is shown i n  figure 1 for d i f f e ren t  tube 
configurations. Wherever it is positioned, the tube-shaped charges have a 
pronounced effect on the  voltage dis t r ibut ion.  The comnon voltage 
established along the axis appears to be close to the m e a n  value of the  
or ig ina l  d i s t r ibu t ion  between the terminals. 

When charge d is t r ibu t ion  and voltage d is t r ibu t ion  are known, the potent ia l  
energy may be computed. If a charge on the ground is given zero energy, the 
potent ia l  energy W of the system is 

W = C(O.5*AQ*U) (2) 

For the tubes with an upper terminal a t  8.5 km, the  system energy is 
plot ted i n  f igure 2 as a function of height of the  lower terminal. When the 
tube charges are introduced, the energy is reduced fram t h a t  represented by 
the cloud charges. This is also t rue  for the  tubes 3-5.5 and 8.5-11 km, 
where energies are 19.7 and 19.9 GJ respectively. The reduction increases 
with increased length of the tube, although the increment appears to be 
marginal for tube extensions outside 
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Fig. 1. Voltages i n  the  Model 
The s o l i d  curve is the  voltage 
for the cloud charges only, the 
dashed curves when additional 
tube-shaped charges are present. 
Radius 200 m. Various end points. 
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Fig. 2. Energy of the Configurations 
Upper tube end 8.5 km. 
Solid curve: Potent ia l  energy. 
Dashed curve: The energy released by 
introducing tube charges. 
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The energy d e f i c i t  represents an energy conversion. If the  tube is 
envisaged as a l ightning channel, the released energy is diss ipa ted  or is 
avai lable  for fu r the r  channel progression. The converted energy is plot ted 
i n  f igure  2 as w e l l .  

The v e r t i c a l  f i e l d  a t  the ground is another quant i ty  of i n t e r e s t .  I n  the  
computer d e l  it is only avai lable  as a mean for the l o w e s t  100 m, and it 
is plo t ted  i n  f igu re  3. One curve is drawn for the  base of the axis, the  
o ther  close to the  outer  cloud l i m i t .  The f i e l d  is st rongest  in the  cen t r a l  
p a r t ,  and it is very much influenced by tube charges close to the  ground. 

The charge d i s t r ibu t ion  along the tube is plo t ted  i n  f igu re  4. Within the 
cloud the extreme sect ions car ry  very large charges compared with the  next 
ones. It is ce r t a in ly  qua l i t a t ive ly  correct, but the  vertical resolut ion is 
not  good enough to bring about quant i ta t ive  accuracy. A b e t t e r  resolut ion 
would undoubtedly give higher absolute values for the charge i n  the 
terminals. 

The charges are nevertheless very high. A t  9 km height the break-down f i e l d  
of air might be about 1 MV/m. For an i n f i n i t e l y  long cyl inder  with a l i n e a r  
charge densi ty  of 20 &/m, the  f i e l d  s t rength drops below t h i s  value a t  a 
distance of 360 m. The computer model is consequently artificial. If the 
charge d i s t r ibu t ion  were ever brought i n t o  existence,  ions would achieve 
ionizat ion energy between co l l i s ions  with neut ra l  molecules. They would 
multiply, and an exchange of charge between cloud and tube would take place. 

The tube charges i n  the lower terminal are lower, and the  highest  pos i t ive  
charge densi ty  corresponds to about 200 m radius  for the breakdown region. 
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Fig. 3. Ground Voltage Gradient 
Sol id  curve: A t  the  axis base. 
Dashed curve: 2.5 km off-base. 
Upper tube end a t  8.5 km. 
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Fig. 4. Tube Charge Distr ibut ion 
Distr ibut ions corresponding to 
a l l  the  tubes i n  f igure  1 are 
shown. 
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I n  the middle p a r t  of a long tube the computed charge-densities seldom give 
break-down r a d i i  greater than a f e w  tens of meters. These charges are 
consequently able  to remain on the surface. 

The general conclusions i n  t h i s  sect ion are meant to be used for the  
l ightning phenomenon, but sane caution must be applied. The computer-results 
depend very much on the charge configuration i n  the cloud, both on the 
quan t i t i e s  and on the posi t ions in space. soole runs with a more impressive 
pos i t ive  charge pool show a pos i t ive  axis voltage when the terminal 
approaches the ground. 

INITIATION OF A LIGHTNING 

The charge generation i n  a cumulonimbus w i l l  not  be discussed here. Charge 
pools of the order of tens  of coulombs are formed. A f t e r  a l ightning event 
the charge lost may be replenished over some 20 s i n  a mature cloud. The 
charge build-up appears to be fast. 

In  an i so la ted  and symmetric spherical  pool with charge Q arid radius  r, 
the f i e l d  E a t  the surface is 
E = Q/hr 2 f ( 3 )  

The charge w i l l  i n  general build up as r3, and the surface f i e l d  should 
therefore increase and eventually surpass the break-down l i m i t  of some 
1 MV/m. The configuration i n  a cloud is never idea l ,  and deviations f r o m  a 
rad ia l  f i e l d  is the rule .  The break-down f i e l d  should therefore i n i t i a l l y  
be surpassed over a l imited region only, and the region is not  l i k e l y  to 
be aligned along equi-potential  surfaces.  A t i l t e d  electric f i e l d  pushes 
posi t ive charge i n t o  one end and negative charge i n t o  the o ther  end of the 
region. Self-inductance leads to more separation than ca l led  f o r  i n  the 
s i t ua t ion ;  a voltage drop develops i n  the opposite d i rec t ion ,  and charge is 
pushed back. An embryo o s c i l l a t i n g  c i r c u i t  has been brought i n t o  existence. 

The air  is heated to  some sort of plasma. The outer  plasma pa r t s  are 
exposed to  cooling and recombinations, and the o s c i l l a t i n g  charges are 
l i k e l y  to f ind  a bes t  path with low r e s i s t i v i t y  i n  the core part of the 
breakdown region: The e l e c t r i c i t y  f low consequently contracts  to a current  
i n  a narrow channel. 

The channel is a conductor among the cloud charges. It is not the sturdy 
tube considered i n  the computer model, but the effect m u s t  be s i m i l a r .  The 
high charges formed by influence, most pronounced for the terminals, cause 
break-down f i e l d s  exceeding by far the trigger-off f i e l d .  Charge is 
immediately t ransferred to the very l i m i t  of the f i e l d ,  and the f i n a l  r e s u l t  
is a new configuration with charge neutralized i n  the cloud pool, but 
appearing anew, a t  a d i f f e ren t  place,  as a charge sheath surrounding the 
channel. A common mean voltage f o r  the channel is achieved by the sheath 
charges, not  by charges i n  the channel proper. 

The concept of a charge sheath l ed  to the formulation of the computer model 
discussed i n  the electro-static section. The osc i l l a t ions  are not affected 
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by a e l  to a surrounding sheath.  

E STEP L EXTENSIONS 

The oscillatio cu r ren t  is s t a r t e d  by a p o t e n t i a l  d i f f e rence  between the  
r-shoots  because the  cu r ren t  bu i ld s  up self- inductance.  And 
a terminal  creates break-down field i n  t h e  channel 

l i k e l y  to proceed beyond the l i m i t  reached i n  
f i e l d  is b e s t  aligned when t h e  terminal  charge 

is of the  s e as t h a t  i n  the  shea th ,  and those extensions should be 

uncer ta in  f ie  posite charges,  which occurs i n  every second s t e p .  

new s t e p  may only be s l i g h t l y  affected by t h e  o r i g i n a l  static f i e l d .  

wisted shape of a channel may be caused by the  more 

1 extends i n  a field of its own making, t he  d i r e c t i o n  of a 

ening is an involved electric phenomenon t i e d  up with 

e r -po ten t i a l ,  and the  excess charge diminishes.  The 
advancing t i p .  I n  t h i s  stage t h e  cu r ren t  works aga ins t  

progress  s t o p s  when the  bre  -down f i e l d  disappears .  

A conductor extension r equ i r e s  a new "static" vol tage  pa t t e rn .  It can only 
by way of the  channel: I n  order to cope with the  new 
a balance cu t s h i f t s  charge along t h e  channel. The event  

is i l l u s ~ r a t e d  i n  f i g u r e  5. 
-down f i e l d  and immediately takes up a more permanent pos i t i on  

as a charge shea th  extension i n  the  surrounding air .  

charge brought i n t o  t h e  terminal  creates a 

The ad jus ted  charge d i s t r i b u t i o n  has  less p o t e n t i a l  energy than the  o l d  
the  re leased  energy is fed  r i g h t  i n t o  the  channel by t h e  balance 

cur ren t .  The cu r ren t  is a c t u a l l y  a pulse  spanning over  t h e  extension t i m e  
e sequence of lses is synchronized with t h e  o s c i l l a t i o n s .  When the  

i t i a l ,  medium and f i n a l  stages of 
a t ed  by the  heavy curve with a r r o w s .  
those moving are i n s i d e  circles. 
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balance and the oscillation charges are of the same type, oscillations are 
reinforced. When they are opposite, oscillations are damped. The former step 
type is likely to be most pronounced, and the oscillations are consequently 
sustained and amplified. 

The balance current must be the main agent for heating the whole channel to 
luminosity. The charge distribution in figure 4 m a y  be used for an estimate: 
The lowest terminal has a charge density of 3.5 mC/m. An extension of 50 m 
over 1 ps demands a current of 175 kA. The secondary oscillating current is 
likely to be considerably weaker. Photographs agree with this concept. 
According to the idealized diagram of Schonland et a1 [l] and the 
photographs of Salanave [a], the whole channel is visible at the moment 
of extension and becomes extinct for a much longer time inbetween. 

In the furher course of events the channel apparently defies spread 
of the luminous molecules. In a cross-section the periphery is cooled 
between the current-pulses. The channel appears stable and narrow 
because new pulses again and again find their way along the best path 
in the core region and revitalizes the channel along its axis. 

OSCILLATION CHARACTERISTICS 

The lightning oscillations are defined by capacity and self-inductance. 
Standard radio formulas [3] may be used for an estimate. The electric 
quantities depend on the dimensions of the conductor. In the calculation a 
channel radius of 1 cm is assumed. Estimates in the literature range from 
millimeters to tens of centimeters. The results are given in table I. 

Table I. Oscillation Characteristics for a Vertical Channel 

Channel length, m 10 100 500 1000 4000 10000 
Capacity, pF 80 604 2570 4830 16400 40000 
Self-inductance, pH 15 152 1150 2441 10900 29000 

Wave-length, 65 570 3240 6470 25000 64000 
Period, ps 0.2 2 11 22 84 215 

The wave length is always long compared to the channel length. The whole 
channel will consequently oscillate without nodes. Two lightning steps 
should take place in a full oscillation. The oscillation period agrees well 
with reported stepped-leader intervals. 

An estimate of the energy needed for heating and ionization is called for. 
Lightning temperatures above 25000 K have been measured, but are probably 
confined to a very n rrow core. For the 1 cm channel let us assume 3000 K 
and a prespre of 10 Pa. The number of molecules per meter channel length 
is 7.5'10 . If a mean ionization potential of 16 V is used, the calculated 
energy for singly ionized molecules is 1.2 kJ. Heating the molecules 
requires an other 1 kJ. These are the major energy requirements. Let us 
assume that a 1000 m channel is built up in 20 steps, i. e. heating and 
ionization must take place anew 20 times for a mean length of 500 m. 

t 
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The energy need is 22 MJ. 
accord ing  to figure 2 is t h e  mean energy released. 

It is small compared wi th  the 1.2 GJ, which 

The o s c i l l a t i o n  model seems to i n d i c a t e  a l i g h t n i n g  p a t h  growing somewhat 
by chance. The released energy is however e s s e n t i a l  for d r i v i n g  t h e  
o s c i l l a t i o n .  The loss by way of h e a t  r a d i a t i o n  and i o n i z a t i o n  is 
cons ide rab le ,  and a p a t h  ex tend ing  i n  t h e  wrong d i r e c t i o n  cannot be h e l d  up 
for a long  t i m e .  Some of the l i g h t n i n g s  t e r m i n a t i n g  i n  free air may s imply  
have run o u t  of working energy. 

THE GROUND STRIKE 

The electro-static computations are meant to i l l u s t r a t e  some a s p e c t s  of t h e  
l i g h t n i n g  event .  With some j u s t i f i c a t i o n  t h e  a b c i s s a  of f i g u r e  3 may be 
taken as t i m e .  The rate of change for a te rmina l  close to t h e  ground appears  
to be formidable .  It is q u e s t i o n a b l e  i f  t h e  less than perfect ground is a b l e  
to  keep on to a z e r o  voltage i n  t h e  s t r i k i n g  p o i n t .  

A voltage turmoi l  is l i k e l y  to  appear  at  t h e  moment of s t r i k e .  The model 
l i g h t n i n g  of f i g u r e  1 should  keep on to some of its n e g a t i v e  voltage, b u t  
t h e  s h o r t - c i r c u i t e d  base  would immediately be r a i s e d  to zero .  A p o s i t i v e  
pu l se  is t hus  fed i n t o  t h e  channel and w i l l  start its way upward as a r e t u r n  
s t r o k e  . 
It should  be n o t i c e d  t h a t  n e i t h e r  t h e  ground s t r i k e  n o r  t h e  r e t u r n  p u l s e  

has  an immediate effect on t h e  charge s h e a t h  o u t s i d e  t h e  channel proper .  A 
compara t ive ly  s low d i s c h a r g e  m u s t  t h e r e f o r e  follow. The o s c i l l a t i o n  model 
t h u s  l e a d s  to a two-step electric s i g n a l ,  an i n s t a n t a n e o u s  jump followed by 
a slower f i n a l  d i scharge .  

The p r e s e n t  theory  e s t a b l i s h e s  t h e  s tepped  l e a d e r  as t h e  main l i g h t n i n g  
s t r o k e .  It releases t h e  bulk  of t h e  a v a i l a b l e  electrostatic energy. It 
t r a n s f e r s  t h e  charge.  It is, however, brought about  i n  smaller s t e p s ,  t h e  
mean is a "s low"  transfer. The e lec t ro-magnet ic  r a d i a t i o n  may for t h i s  
reason be f a i r l y  w e a k ,  and ins t ruments  based upon s e n s i n g  r a d i a t i o n  may 
f a u l t i l y  record  t h e  first ground s t r i k e  as a r a t h e r  i n s i g n i f i c a n t  even t .  

FURTHER MODEL POTENTIALITIES 

Up to now o n l y  t h e  lower end of a channel has  been s t u d i e d .  The m o d e l  
does  n o t  imply any d i f f e r e n c e  between t h e  t e rmina l s .  The o t h e r  end is 
expected to  extend  o u t  of t h e  reg ion  where it w a s  c r e a t e d .  

A n  extens ion  upwards could imply a l i g h t n i n g  towards t h e  ionosphere 
s imul t aneous ly  wi th  t h e  lower f l a s h .  Such thoughts  a p p a r e n t l y  have been 
p u t  forward earlier, based upon obse rva t ions .  A d i s c h a r g e  towards t h e  
more d i f f u s e  ionosphere is n o t  so abrup t  as t h a t  towards t h e  ground, 
and t h e  p r e r e q u i s i t e  for a fo l lowing  shock-pulse may n o t  be p r e s e n t .  

The upper te rmina l  need n o t  to proceed upwards a t  a l l .  A h o r i z o n t a l  or 
even downward growth meets t h e  b a s i c  requirements .  Some l i g h t n i n g  
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terminations into free air could be "the other end" channels. 

Multiple strokes following the same channel are in general observed. The 
subsequent strokes appear as travelling light pulses. They could be pulses 
reflected from the upper channel. The model is open for other explanations 
as well, if a semi-free upper channel is allowed to roam about. On its way 
it might be able to tap energy from other charge configurations and thus 
have the power to mend a broken section of the channel. Continuous 
luminosity might be new and stronger oscillations with the ground as a lower 
condenser plate. Salanaves photographs indicate oscillations. 

CONCLUSION 

If a long and narrow conductor is exposed to rapid changes of a strong 
electric field, electric oscillations tend to be generated. The lightning 
model proposed owes its characteristics to free electric oscillations. 
Channel extensions are triggered off when oscillating charge is crammed 
into the channel terminals. 

Many characteristics can be tested against observations published on the 
lightning phenomenon, and they seem to agree well. Other characteristics 
are not explicitly mentioned in the literature and may be looked on as 
predictions. It is the hope of the author that these predictions will be 
tested . 
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