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Abstract:- 
Lightning is a sudden electrostatic discharge occurring between the charged regions of a cloud, between two clouds, or 

between a cloud and the ground. Here, based on the law of electro-magnetic induction, we choose the kinds of lightning 

originated from rotating cloud and volcanic ash as the subjects, by analyzing the processes of charge causing, separating 

and accumulating in them under the influence of geomagnetic field, to expound the fundamental mechanics of lightning 

formation. An experiment is designed to verify the rationality of this mechanism indirectly. The related investigation is 

helpful to interpret correctly the lightning phenomena in nature.  
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1. INTRODUCTION  
Lightning is a sudden electrostatic discharge occurring between the charged regions of a cloud (intra-cloud lightning, IC 

lightning), between two clouds (CC lightning), or between a cloud and the ground (CG lightning). The strong electric 

field built between the charged regions can breakdown the air, and so form a discharge channel. In this process the created 

light is called flashes, and the produced powerful shock wave from the explosively expanded air caused by nearly 

instantaneous heating is heard as thunders [1, 2].   

Many researchers have early explored the charging mode of particles in a cloud, and the typical ones include ice-crystal 

collision mode [3, 4,5], temperature difference mode [1,6], icing charging mode [7, 8], and so on. These modes are 

basically related with the collision of particles in a cloud, and they point out that it is the colliding between these particles 

that induces the occurring of positive or negative charges in clouds. Many literatures have also discussed the mechanisms 

of lightning formation, in which the collision charging mechanism of intra-cloud particles is a common explanation [1, 

9,10]. The mechanism means that the collision- induced charges among the cloud particles (droplets and ice crystals, etc.) 

in the cumulonimbus cloud and the precipitation particles (rain, snow, graupel and hail, etc.) move in separating trend, 

meanwhile these motions are mutually restrained by the Coulomb interaction. However the updrafts lifting cloud particles 

and the gravity acting on precipitation particles can offset the interaction, leading to the separation of the positive and 

negative charges. Consequently, the lighter positive-charged ice crystals are carried upward to the top of the cloud, and 

the bigger-diameter negative-charged graupels sink to the bottom of the cloud. When the charges are accumulated to a 

certain quantity, the strong electric fields can be built between different parts in a cloud or between the cloud and the 

ground, even the field intensity can reach averaged to some KV/cm, and partial region can reach high to 10,000 V/cm. 

Such strong electric fields are enough to breakdown the atmosphere inside and outside the cloud. In these circumstances, 

the lightning between different parts of a cloud, different clouds, or between the cloud and the ground are formed [11].  

 

Some investigations show that the warm-front thundercloud caused by the convergence of warm and cold drafts does not 

meet the forming conditions of ice-crystal particles, and in most cases the tornado thunder, so-called cyclonic storm, and 

the thunderbolt mixed in the intense updrafts produced in volcanic eruptions have also no component of ice crystal 

particles [12]. Yet, the friction of air participated is the foundation of charge development and separation process [5]. As 

for how to accumulate the separated charges, the related literatures have not given further descriptions. However for their 

directional accumulation, Tangshan [13,14] has given an explanation in a short essay. He think when the cloud with great 

deal of positive and negative charge particles moves rapidly eastwards or westwards horizontally (the maximum of the 

wind speed can be up to 40m/s), it cuts the geomagnetic field lines, just like a conductor cutting magnetic line to produce 

electric current. So the directional movement of the positive and negative charges in cloud happens, with the moving 

direction being predicated by the right-hand rule. Consequently, more and more positive and negative charges will 

accumulate on the top and the bottom parts of the cloud, respectively, which creates the condition for lightning occurrence.   

The works above analyze the forming mechanism of thundercloud charge and the producing process of lightning from 

different aspects. However because the processes of charge separation and accumulation have not been understood 

completely up to now, and the relative unpredictability of lightning also limits the complete explanation of how or why 

it occurs, the mechanism that causes the charges to build up to lightning are still a matter of scientific investigation. Here 

we make an exploration for the lightning formation starting from the interaction between the geomagnetic field and 

rotating cloud or volcanic ash. The paper is arranged as follows. The second part introduces the fundamental principle of 

electromagnetic induction and an experiment designed to test the charge moving in a coil induced by geomagnetic field. 

Sec. 3 makes analyses about the movement of high-speed rotating cloud using the theory of electromagnetic induction, 

and about the process of charge separation and accumulation in a cloud under the geomagnetic field. In the last part of 

the paper, the research conclusions are outlined.  

 

2. Fundamental theory and an experiment  

2.1 The theory of electromagnetic induction  

According to the Farady law of electromagnetic induction [15], an alternating magnetic field can produce an electric field, 

and induce in an exposed conductor the electromotive force denoted by  

 
Where N is the coil turns,  the magnetic flux in the coil. When a conductor moves in a static magnetic field, the magnetic 

flux is also changing relative to the conductor. In this case, the motional electromotive force induced in the conductor can 

be expressed by  

 
In which 𝐵⃗⃗  is the intensity of magnetization, 𝑣⃗  the velocity of the conductor cutting magnetic field lines, and L the 

effective length of the conductor. The direction of the motional electromotive force can be determined by the right-hand 

rule.  

According to the Ampere’s law [15], the Ampere force on a given current-carrying wire in a magnetic field can be 

described by  
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In a uniform magnetic field, if the current-carrying wire, with the current I and length L, is perpendicular to the direction 

of the magnetic field 𝐵⃗⃗  , the Ampere force on the wire can be written conveniently as  

𝐹 = 𝐼𝐵⃗⃗𝐿,                     (4) 

 

And its direction can be predicated with the left-hand rule.   

Below we shall illustrate, based on an experiment, how the motional electromotive force is given by the conductor cutting 

geomagnetic line, and how the charges are accumulated. Through analyzing the movement of high-speed rotating cloud 

under the geomagnetic field, we can explain the directional accumulation in the process of the charge separation.  

 

2.2 An experiment  

Many hypotheses on lightning are only built on the theories. Here based on the principle of electromagnetic induction, 

we designed an experiment to demonstrate a conductor can produce the motional electromotive force by cutting 

geomagnetic field lines, and thereby simulate the high-speed rotating cloud or volcanic ash can also cut geomagnetic lines 

so as to produce, accumulate charges and discharge.   

According to the theory of electricity generator [16], a hollow coil of 30 cm long and 12 cm wide was wound with a 

copper wire, the turn number of which was about 120. In the experiment, this hollow coil was put in the geomagnetic 

field as shown in Fig. 1, the diode was a Ge transistor, and its break-over voltage was relatively low with about 0.35 V. 

Limited by the mechanic condition and due to the large vibration caused by coil’s rotating, the maximal rotating speed 

was about 2272 rpm (Tab. 1) 

 
Fig. 1 Schematic diagram to generate electricity using geomagnetic field  

(A-rotating direction of the coil; N,S-two poles of the geomagnetic field) 

 

Talbe 1 Experimental data of a hollow coil cutting geomagnetic field lines to produce motional electromotive forces 

 
 

The experiment showed that the voltage of the capacitance increased with the increase of rotating speed, and when the 

rotating speed was up to 2272 rpm, the voltage of the capacitance can be up to about 0.378 V. If the break-over voltage 

of the diode 0.35 V was added, the peak electromotive force produced by the human-driven rotating of the experimental 

coil in the geomagnetic field was nearly to 0.728 V. So we concluded that the copper winding coil, as a conductor, can 

produce the motional electromotive force by cutting the geomagnetic field lines.  

 

3. Analysis of charge moving in the high-speed rotating cloud  
The high-speed rotating cloud is a strong air vorticity, which is produced by the strong convective motion of the air in an 

extremely unstable weather condition [17]. The axial of the rotating cloud may be horizontal (the convergence of cold 

and warm air currents) and vertical (tornadoes), and the intense updrafts produced in volcanic eruptions can also drive 

the volcanic ash cloud rotate with high speed along the horizontal axis. Due to the influence of the centrifugal force, the 

water droplets or ice crystals contained in peripheral rotating cloud are with higher densities and so lower break-down 

voltages, they are equivalent to the conductors. Suppose the rotating cloud was divided into several cross sections along 

the axis, each of which had definite thickness. The section in rotating was equivalent to a closed conductor cutting 

magnetic lines in geomagnetic field (Fig. 2). 
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Fig. 2 Discharge principle for convective air mass (A-charging interface; B-interface  of  the  convective  air  

mass  and  the stable cloud; C-rotating direction of the convective air mass; N and S are two poles of 

geomagnetic field) 

 

According to the electromagnetic induction theory, when a closed coil rotates in a magnetic field and cuts the field lines, 

the Faradic current can be produced in it. Similarly, when the axis line of an intense convective air mass is horizontal, the 

electrifying and charging processes of the horizontal section plane passing through the axis line can be analyzed as in Fig. 

2, in which the solid line with arrow is the moving direction of positive charges in a rotating cloud, and the dashed line 

with arrow is the direction of charging current in a relatively stable cloud. The stable cloud can be polarized under the 

induction electric field, which is equivalent to a capacitor whose positive pole carries positive charges (electron holes) 

and the negative pole carries negative charges (electrons). The charging voltage of stable cloud is the motional 

electromotive force of single sided conductor with voltage /2. 

Above analysis is to the horizontal section along the axis line. Similarly, any section along the axis can be regarded as a 

layer of charge-discharging circulation, and the electromotive force also changes as a cosine function with the dihedral 

angle of the section and the horizontal plane. For different dihedral angles, the initial phase is also different (Fig. 3).   

 
Fig.3 Change of the electromotive force with angle between the section and the horizontal plane  

(θ is the initial  dihedral angel) 

 

The existence of a relatively stable cloud is the necessary condition for charging realization. Due to the centrifugal force, 

the rotating cloud forms the convective cloud of fusiform. Fig. 4 is the horizontal section of the convective cloud. 

Evidently the central part of the section is with a higher rotating velocity, and there is a slowing down 

 
Fig.4 Schematic diagram of the convective cloud producing Faradic current (A, B-direction of Faradic current; 

C-rotating direction of the convective cloud; N, S-two poles of geomagnetic field) 

 

Tendency at other parts towards two ends. Because it cuts the geomagnetic lines, according to the right-hand rule, the 

Faradic current can be formed through the movement of charges as shown in Fig. 4. 
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The existence of Faradic current makes the cloud produce a force opposite to the rotating direction, according to the left-

hand rule, and this force can keep a balance with the pushing force acted on the rotating draft and form a relatively stable 

region, as shown in the shaded portion of Fig. 4. It is just this stable region that creates the charging condition, finishes 

the charge build up at both the positive and negative poles, and forms the clouds with the positive and negative charges, 

respectively. In Fig. 2 we can also find a vertical and longitudinal contact face between the convective air mass and the 

stable cloud. When the charging voltage rises to some extent, the breakdown discharging will take place in between two 

electrodes, which is the so-called lightning phenomenon. Depend on different directions of cloud shifting driven by wind, 

it can be intra-cloud lightning or inter-cloud lightning [18].  

 

The balance of the relative stable region in the shaded portion of Fig. 4 is easy to be broken down, and what is more, this 

region will shift under the influence of air draft. The existence of this metastable region can also be used to interpret some 

bewildering phenomena, such as the different shapes of lightning and the formation of ball lightning [19]. In these 

analyses, we suppose the axis line direction of the convective air mass is horizontal. The same effect can be generated 

when the axis line of the convective air mass is perpendicular to the ground surface, e.g., the lightning induced by 

hurricanes.   

 

Similarly in the process of volcanic eruption, due to the impact of the follow-up air draft erupting with high speed, the 

cloud generated from volcanic ash forms a rapidly rotating convective air mass [20]. Because of the influence of 

centrifugal force, the outer layer volcanic ash in convective air mass is with high density distribution and good 

conductivity, so the Faradic current can be easily produced under the geomagnetic field. In the same way, the existence 

of the Faradic current make the rotating air mass in the geomagnetic field be imposed a force with the direction being 

opposite to the rotating direction. As a result, the two ends of the rotating air mass are with lower rotating velocity, and 

form the relatively stable regions, which is the necessary condition to finish the charging process.  

 

4. Conclusions  
In this paper we give a simulation analysis to the cause of lighting induced from high-speed rotating cloud and volcanic 

ash, based on the electromagnetic induction law and combined with an experiment designed. It is pointed out that the 

existence of the geomagnetic field is one of the necessary conditions to generate lightning, and that the high-density 

distribution of droplets, ice crystals, or volcanic ash contained in the outer layer of high-speed rotating air mass, which 

makes it with good conductivity, is also the indispensable condition of inducing lightning. The existence of relative stable 

region in the process of cloud rotating is the key factor of charge generation and accumulation. At stable regions of the 

rotating cloud, the accumulation of the induced charges, generated by the high-speed rotating cloud cutting the 

geomagnetic lines, creates the sufficient condition for lightning occurrence. The conclusions obtained here can primely 

guide interpreting other types of lightning generation.  
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