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Abstract --- The objective of this research was to test, by 

means of an experiment in a high-voltage laboratory, the key 
aspects of the hydrometeor hypothesis of lightning initiation, 
namely, the effect of an array of hydrometeors on processes 
involved in the streamer-leader formation of lightning.  Because 
the common types of hydrometeors present in all regions of 
lightning initiation in thunderstorms are ice particles (graupel, 
hail, or ice crystals), we used, in this experiment,  conductive 
particles similar to hail in size, with various spacings between 
them, but all under normal atmospheric pressure and room 
temperature.   The laboratory array was suspended on 
dielectric threads in a uniform electric field of 1 MV m-1 in the 
middle of the gap between the high-voltage and ground 
electrodes.  During the first phase of the experiment, we studied 
the formation of a bidirectional arc discharge from the array, 
and the effects on the array’s size on the electrical 
characteristics of the discharge.  We continued with the same 
objectives in the second phase of the experiment, by adding the 
high-speed video observations with a recording speed of 10 
Mfps. 

  
Keywords—lightning initiation  

 

I. INTRODUCTION 

The fundamental question of the physics of lightning 
initiation still remains unresolved, despite the tremendous 
progress achieved in lightning research in recent years.  There 
are only two rather vague hypotheses that attempt to explain 
lightning initiation in thunderstorms.  The first of these 
considers hydrometeors as potential nuclei, from which a 
bipolar lightning leader emerges in the region of a high 
electric field (the “hydrometeor theory”). This hypothesis, 
however, does not refer to a specific mechanism of lightning 
initiation; the laboratory experiments relevant to confirming 
this hypothesis have been limited to the investigation of 
corona formation on hydrometeors of different types and in 
various environmental conditions [e.g., Griffiths and Latham, 
1974; Coquillat et al., 1995]. The second hypothesis suggests 
that cosmic rays, by means of the “runaway electrons 
theory,” cause an electrical breakdown leading to the 
initiation of a lightning leader.  This hypothesis was put 
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forward as a possible consequence of gamma-ray emissions 
detected in thunderstorms by air- and balloon-borne 
measurements [Gurevich et al., 1992, and Roussel-Dupre et 
al., 1993].  However, observations of gamma-ray radiation in 
thunderstorms [Eack et al., 1996; Moore et al., 2001] and in a 
high-voltage laboratory [Kochkin et al., 2015] suggest that 
this radiation, indicative of runaway electrons, can be 
produced by lightning leaders, rather than be associated with 
the initiation phase of lightning. So far, there are no 
observational data to support the involvement of any 
high-energy processes (runaway electrons, X-rays, gamma 
rays) in lightning initiation.  The tremendous progress made 
in the field of high-energy atmospheric phenomena, 
stimulated by introduction of the “runaway electrons theory,” 
confirmed only the consequential relationship of these 
phenomena to lightning processes, characterizing them as a 
result of lightning development, rather than the cause of 
lightning occurrence [Dwyer and Uman, 2014].     

On the other hand, the testing of major aspects of the 
hydrometeor hypothesis of lightning initiation did not attract 
the attention it deserved from researchers, to address these 
aspects in laboratory experiments.  
 There are two interrelated aspects of the hydrometeor 
theory of lightning initiation that need to be considered by 
researchers in laboratory experiments.  The first one, the 
microphysical aspect, should provide answers to the 
following questions: (1) What are the realistic sizes, types, 
and concentration of hydrometeors involved in lightning 
initiation, (2) what are the ambient electric fields required for 
leader initiation to occur in ambient temperatures inside 
thunderstorms, and (3) how realistic is it to be able to meet 
these environmental conditions, to initiate a lightning 
discharge?  The second aspect of the hydrometeor theory, the 
electrical one, defines the physical mechanism for the 
transition from corona streamers, started either on a single 
hydrometeor, or on a group of hydrometeors, to a bipolar and 
bidirectional leader that becomes a lightning flash.   

A study of the microphysical aspect of lightning initiation, 
with reproduction of the ambient temperature, pressure and 
electric field inside the thunderstorm regions, is possible only 
in a chamber of small size.   However, the small size of the 
chamber immediately imposes a limit on the length of the 
corona streamers obtainable in the experiment before they 
attach to the walls of the chamber. Therefore, no experiment 
in a small environmental chamber can proceed beyond 
studying corona formation.  The only alternative is to study 
corona-leader transition from particles that simulate some of 
the relevant properties of hydrometeors (but without 
addressing the environmental conditions inside the cloud), 
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which can be done in a large cloud chamber, or in a large gap 
in a high-voltage facility.  This was the objective of the study 
described in this paper. 

II. CONSIDERATIONS FOR THE EXPERIMENT 

The possibility of leader initiation on individual 
hydrometeors is affected by the field-enhancement factor of a 
particle (e.g., for a spherical particle, this factor is 3) that 
magnifies the ambient electric field on the surface of the 
particle.  This field should be sufficiently high to sustain 
creation of the multiple streamers necessary to produce the 
streamer-leader transition.  Lalande et al. (2002) have shown 
that the electric field at the hydrometeor surface should be 
two orders of magnitude higher than the internal field of a 
forming leader, in order for the streamer-leader transition to 
occur.  The shapes of hydrometeors that can create such field 
enhancements are not found in cloud particles. Therefore, we 
believe streamer-leader transition on a single particle in a 
cluster of widely spaced particles in a cloud to be unrealistic. 

The suggestion that lightning initiation involves 
precipitation particles in closely-spaced clusters was first 
discussed by Nguyen & Michnovsky [1996].  The behavior of 
such closely-spaced arrays of particles in a uniform electric 
field in the laboratory may provide an important clue to the 
understanding of the streamer-leader transition in the regions 
of lightning initiation.   However, no such study has ever been 
conducted.  

We know that in nature, hydrometeors, may indeed exist in 
closely-spaced clusters (arrays) of particles of similar sizes 
(e.g., ice crystals), or mixed sizes (e.g., hail and graupel).  
Gardiner et al. (1985) reported from airborne measurements 
in summer thunderstorms that graupels “in sizes from <100 
m to >1 mm, are in total concentrations ranging from 2 to 40 
L-1.”  From measurements with a sailplane, at altitudes from 7 
to 9 km and radar reflectivity from 20 to 45 dbZ, Dye et 
al.(1986) reported that ”as the cloud evolves to a mature stage 
of microphysical development, the total ice particle 
concentration can increase up to several hundred per liter.” 
Based on these estimates of the concentration of ice particles 
in a cloud, the assumption we used in the laboratory 
experiment, of spacing of a few centimeters between 
particles, seems realistic.  

Corona streamers can easily bridge the gaps of a few 
centimeters between the suspended particles placed in a 
strong ambient electric field. We postulate that an array of 
particles may behave as the equivalent of a single large, 
weakly-conductive-and charged body (with a total field 
enhancement factor significantly greater than that of any 
individual particle).   From such a body suspended in an 
ambient electric field of realistic values the bipolar and 
bidirectional leader may emerge.  The experimental testing of 
this hypothesis is another objective of this study. 

Field observations of the locations, in which lightning 
originates in storms, conducted with both the  time-of-arrival 
technique and interferometers for mapping lightning 
radiation sources [see, e.g., Proctor, 1991; Shao & Krehbiel, 
1996], show that lightning initiation occurs primarily in three 
thunderstorm regions, centered roughly at -10 0C, -20 0C and 
-40 0C.   Two of these three regions have temperatures cooler 
than the so-called “reversal temperature” of ~20 0C --- 

believed to be the lowest temperature possible for streamer 
formation on a frozen particle [Griffiths and Latham, 1974].  
However, in laboratory investigations of streamer formation 
from simulated ice particles, Petersen et al. [2006] has found 
-38 C to be the lowest temperature for occurrence of 
streamers, confirming the results of lightning radiation source 
mapping.  

Despite the difference in environmental and electrical 
conditions, the common types of hydrometeors in all three 
regions are ice particles, either graupel or hail, or ice crystals.   
For this reason, in the laboratory array of particles we 
simulated hail in sizes and the spacing between particles.  
Small hollow aluminum balls of diameter ¾” that we have 
chosen are of sizes similar to hail particles, but certainly not 
similar to them in their conductivity.  Although hail is not a 
pure dielectric, due to the impurities it contains, it is also not a 
perfect conductor.  Therefore, an experiment with an array of 
metal ball as substitutes for hail may only be used to 
investigate the array’s effect on the formation of a leader.  
The other properties of hail particles, besides their sizes and 
numbers in an array, may be addressed in future stages of a 
similar experiment.  

III. SETUP OF THE EXPERIMENT 
The experiment was conducted in the high-voltage facility 

of the Department of Electrical and Computer Engineering at 
Mississippi State University.  The 56 kJ impulse generator in 
this facility is capable of producing maximum voltage of ~ 
2.4 MV.  

 
Fig. 1. Diagram of the measurement system for the test gap in the 
high-voltage facility of the Mississippi State University. .   

 
During the first phase of the experiment, we intended to 

reproduce the streamer formation and streamer-leader 
transition from an array of uncharged conducting particles 
suspended in the gap between the high-voltage and ground 
electrodes, in the ambient E-field of 1 MV m-1.  An electric 
field such as this is sufficient to produce electrical breakdown 
from the surface of spherical particles, at normal atmospheric 
conditions.  A uniform E-field in a 0.9 m-long gap was 
produced by an impulse generator that charged the RC circuit 
that consisted of a capacitive voltage divider, C, and a 
resistance boom, R (see Fig.2). The time constant of the RC 
circuit is ~ 64 s.  In addition to measurements of the applied 
voltage and current to ground, we used, during the first phase 
of the experiment, a high-speed video camera Photron SA 
1.1, operated at a speed of 360,000-450,000 fps. 
 
Fig.2.  Setup of the first phase of the experiment in the high-voltage facility.  
The electric field in the gap is horizontal, and particles of the array are 
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Fig. 6.  Comparison of breakdown conditions for a single ball and a three-ball array (see symbols).  The upper part of each panel shows voltage, V(t), in kV, and 
the lower part shows, I(t), in kA, prior to the flashover.  Two vertical dashed lines in the graph for current identify the period, delta T, of rising voltage between 
occurrence of the first streamers and the beginning of a flashover, which is the duration of the discharge: 1.8 s for a single ball and 1.36 s for the three-ball 
array.    

 
A comparison of the two sets of records in Fig. 6 also 

indicates that the duration of the discharge, which is the 
period from the appearance of streamers to the flashover, is 
shorter for the three-ball array (1.36 s) than for the single 

ball (1.8 s).  This difference suggests a faster transition from 
the streamer to the leader phase for the larger array of 
particles. 
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 VI.  CONCLUDING REMARKS 
 

By using an array of conducting particles in a high-voltage 
chamber experiment, we achieved an accurate laboratory 
simulation of the conditions that lead to lightning initiation.  
Placed in an ambient E-field sufficient to start  breakdown on 
a single particle, the array of particles, turned from the start of 
the discharge, into a larger plasma-connected body from 
which the bidirectional and bipolar leader developed. 

We observed that, as the number of particles in the array is 
increased, the total current of the discharge grows, and the 
duration of the discharge diminishes.  The effects of 
electrodes, noticeable during a discharge in a high-voltage 
laboratory, may not exist in a cloud.  They do not, however, 
mask the stages of leader development from an array of 
particles, which should be similar to those inside the 
thunderstorm. 
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