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The simulation process of lightning initiation is characterized by complex geometry 

involving fractal structure, large range of spatial and time scales of processes and a large number of 

evolving components. Modern approaches to simulation of lightning can be divided into several 

categories: 

 Kinetic and gas-dynamic models. The stationary or non-stationary kinetics of the lightning 

channel is calculated at different stages. Tens and hundreds of plasma chemical reactions are 

considered. Such models are complex to be computed and they do not reproduce the 

complex geometry of lightning discharge. In the strict sense, plasma chemical models 

reproduce breakdown in the air, but not the lightning itself. 

 Electro-dynamical models. They describe a change in distribution of charges and currents 

in the lightning channel. Such models exclude the influence of electrical processes on the 

discharge geometry and they mostly used to describe the main stage of lightning. They are 

limited in sense of application for reproduction of the lightning initiation process.  

 Discrete models, cellular automaton. They reproduce dynamics of the lightning channel at 

its stage of formation on a discrete grid. The discrete models reproduce complex geometry of 

lightning; however, they have strict limitations on the scale and branching of conducting 

structures. The selection of parameterization of the processes occurring in cells in the design 

grid represents a difficult task. The existing discrete models of lightning describe spreading 

of leader, but they do not investigate the process of its beginning. 

Thus, conventional approaches to lightning simulation are not effective enough to simulate 

the initial stage of lightning development. The development of leader due to overheat instability and 

its propagation, e.g. evolution of new streamers and their heating and transformation into leader’s 

segments require development of some other simulation methods. 

This paper describes a self-organizing transport model (SOTM) of lightning initiation 

process. The main idea of SOTM is that the transfer of dynamic variables in space occurs in 

accordance with geometry defined by these dynamic variables. The work is a development of [1], 

however, the model was created from scratch and it was based on completely different principles. 

The initiation of lightning process is accompanied by complex system of streamers and the 

leader is developed. These objects form an electrical network circuit, which can be represented as a 

graph embedded in three-dimensional space. The structure of such graph changes over time (see 



figure 1). Certain parameters and dynamic variables are mapped to graph vertices and edges. As the 

model improves, the set of dynamic variables and parameters can be supplemented and modified. 

 

Figure 1. Conducting lightning structures as a graph 

The model of lightning initiation described in this paper is based on approximation of 

electrostatics: the change of any charge causes instantaneous change in the electric field throughout 

the system. Inductance values of all circuits are negligible. 

qi is the electric charge is a dynamic variable for the vertices,  conductivity G and 

temperature T is a dynamic variable for the edges. The vertex parameters include electric 

capacitance and effective radius; edge parameters include length, heat capacity, and other constants 

that determine growth and relaxation of conductivity and temperature. Thus, from the point of view 

of electrodynamics, the system is an ideal conducting sphere interconnected by conductors of finite 

conductivity. 

As part of the selected description, a single streamer is modeled by sequence of vertices 

connected by their edges along chain without branches. Thus, the model takes into account the 

streamer’s unit-length capacitance. The leader differs from the streamer by increased temperature of 

channel and development of ionization-overheating instability. 



The evolution of simulated system 

Let qualitatively consider the basic principles of this model omitting the formula, for short. 

The evolution of the system is determined by two factors: change of dynamic variables 

corresponding to vertices and edges and bifurcations that change the graph structure. The first 

process simulates redistribution of charge, heating, cooling and changing of conductivity in various 

parts of the system, and the second process simulates the spatial development of discharge. 

Charge redistribution at the graph of model is defined by the law of its conservation. The 

current level through the edges is defined in accordance with edge conductivity, by potentials at their 

ends. The edge conductivity depends significantly on the neutral gas temperature. At a temperature 

exceeding the critical overheating instability temperature, the edge conductivity is assumed to be 

constant, and large according to stability of the numerical calculation. At pre-critical temperatures, 

conductivity evolves together with electron concentration, increasing proportionally to the square of 

the electric field and it relaxes at a given rate. The temperature of the neutral gas of edge is 

determined by Joule heating. The relaxation value of heat due to thermal conductivity at times of 

simulation can be neglected. 

Bifurcations of the model graph can be divided into three types: 

1. Emersion of a new vertex and link directed to it. Corresponds to the streamer growth process 

and determined by the field distribution on the vertex surface. 

2. Quenching of existing edge due to lack of concentration of electrons, i.e. conductivity. 

3. The formation of relationship between existing vertices in the presence of sufficiently strong 

average field between them. 

As a result, the simplified algorithm for the model calculating can be presented as follows: 

1. The integration of dynamical variables bound to the vertices and edges in the graph by 

fourth-order Runge-Kutta scheme with the current time step Δt. 

1.1. Pre-computation of auxiliary variables (e.g., electric fields for each vertex) 

1.2. Calculation of right-hand sides of equations for dynamic variables for sub-step 

1.3. Runge-Kutta scheme sub-step 

1.4. Execution of  i. 1.1 - i. 1.3 for all sub-steps 

1.5. Estimation of increments of dynamic variables. Modification of the time step Δt, if 

required. When the step is needed to be reduced — re-calculation of iteration from step 

1.1 



2. Calculation of probabilities and parameters of system bifurcations in accordance with the 

above rules: 

2.1. Generating of branching direction for each graph vertex by Monte Carlo method 

2.2. Finding and removing edges with too little current 

2.3. Finding and joining of pairs of vertices whose mean field exceeds critical field value 

3. Delivery the current state of the model into files in case it was enough model time since the 

moment, when the previous state was saved. 

Calculation results 

The evolution of the lightning channel can be divided into the following stages reproduced 

by the designed model: 

1. Periodic occurrence and quenching of weakly interconnected streamers in positive direction 

with respect to initial conduction phase. The negative streamers do not exist due to 

insufficient strength of field. Emerging streamers increase non-uniformity of the electric 

field. 

2. Merging of positive streamers in a long and sustainable the conductive structures to the scale 

of several meters. A gradual increase of the streamers’ temperature. 

3. The formation and growth of negative streamers. 

4. Heating of one fragment in the chain of connected streamers to a temperature that is 

sufficient to develop overheating instability. When the temperature of the low conductive but 

warmed-up streamer reaches critical value, it turns into strongly conductive leader; thus it 

realizes streamer-leader transition. The process is developed rapidly, since the adjacent 

streamers in the chain have almost equal temperature and they are easily heated by 

increasing current. 

5. Extending the leader’s head into a space that was not occupied by the leader. The tip of the 

leader develops large number of streamers. The streamers carry accumulated lightning 

charge further along the field and quickly heat up and some of them turn into a continuation 

of the leader. At this stage, the speed of distribution of the leader is lower than in paragraph 4 

as the new streamers are not initially heated, in contrast to the leaders already "prepared" at 

the early stage. 



 

Figure 2. Evolution of discharge prior occurrence of the leader  

Figure 2 shows the result of modeling of lightning development process prior to streamer-

leader transition. After 100 µs from the beginning of the simulation process the system consists of 

only 22 nodes with small number of emerging and fading links. The electric field generated by 

separated charges is still too weak to form larger number of streamers. In 500 µs the number of 

nodes is 3330. At this stage the discharge represents a set of loosely coupled streamers. At t = 800 µs 

we can see stable chains of coupled streamers, and total numbers of nodes is approximately 25,000. 

Figure 3 shows the dynamics of simulated lightning after streamer-leader transition. The 

upper row shows conductive structure, and the lower row shows the charge distribution in space. 

The number of the model graph nodes increases up to 484 thousand by t = 1116 µs. 



 

Figure 3. Leader  development. Top — conductors, below — charge distribution 

Figure 4 shows enlarged positive end of the bi-leader: structure of conductor and charge 

distribution. For easier perception, cold streamers and nodes with charge close to zero are depicted 

transparent. The real number of elements in the system significantly exceeds the elements seen in 

figures. 



 

Figure 4. Positive leader’s end, close-up picture 

The described calculation was performed on a server with 32 processor cores based on four  

processors Intel Xeon E5-4620 v2 @ 2.60GHz. 

Model validation 

As a criterion for the model verification it is reasonable to consider correspondence of 

reproduced macroscopic processes and values to the experimental data. One of these parameters is 

represented by the leader distribution speed. In the calculation shown in figure 3, the leader spreads 

at a speed of 210 km/s, which is quite consistent to the current knowledge. 

A complex collective effect reproduced by the model is inversion of a charge near the leader 

axis. Figure 4 shows this in the form of blue negative inclusions in the red positive end of the leader. 

Also, this effect can be seen in figure 3. This effect leads further to formation of layers of lightning 

channel cover with charges of different signs that is accepted in many models (for example, [3]) and 

is confirmed experimentally [4].  

Model implementation 

A special software package was developed to implement the transport self-organizing 

lightning model. It was based on modularity principle: the logical structure of the transport system is 

separated from the task of dynamic variables evolution bound to the vertices and edges of the graph. 

This approach makes it easy to modify the physical principles underlying the model. 



From the point of view of processor time, most consuming task is to calculate the total 

electric field at each vertex of the graph generated by each other vertex. The calculation with direct 

summation of fields on each time iteration has complexity level of O(N2), where N - the number of 

graph vertices. To optimize the Coulomb field calculations it was implemented eight-dimensional 

tree - the case of k-tree for three-dimensional space. This approach significantly reduces the 

complexity of calculations via cost of some loss of accuracy. The algorithm helps to adjust in 

arbitrarily manner the ratio between speed and accuracy, so you can choose the optimal mode to 

calculate the model. 

The software package is coded in C++ in accordance with principles of object-oriented 

programming. Currently, the package consists of approximately 15,000 lines of code. The 

parallelization of calculations was performed using Intel TBB library. The state graph was printed in 

the file in the VTK format by using libVTK library. The data was visualized in real time by Qt and 

libVTK. The modular testing of various system components is based on Gtest library. Other 

auxiliary tasks - parsing of configuration files, working with command line, etc. were carried out 

using Boost library components. Visualization of ready-made calculations, video generation and 

processing of images for publications was performed by Pareview external program. 

Conclusion 

As part of the work, it was developed a new approach to modeling lightning, and in 

particular, the process of its initiation. Based on first principles, a self-consistent model was 

developed and implemented with account of the asymmetry of positive and negative streamers that 

reproduced self-organization of streamers and streamer-leader transition. The model reproduces 

inversion of charges near the axis of the leader. The velocity of leader distribution according to the 

simulation results approaches experimental data. 

In the future, the model can be used to simulate development and spread of lightning leader 

in real conditions, including probability calculation of effect of certain objects and evaluation of 

lightning protection effectiveness. 
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Abstract of the report 

Numerical Simulation of Lightning Initiation  

A.A. Bulatov (IAP RAS), D. I. Iudin (IAP RAS) 

The task of lightning simulation is characterized by complex geometry with fractal structure, 

a large range of spatial and temporal scales of processes and large number of evolving components. 

The paper presents self-organizing transport process model for lightning initiation that reproduces 

the dynamics of bi-leader development from the first principles, from the formation of the first 

streamers to sustainable leader development. The developed model is characterized by self-

consistency, absence of grid, consideration of asymmetry of positive and negative streamers and 

parameterization of streamer-leader crossing through overheating instability. Example of simulation 

is shown in figure 1.  

 

Figure 1 Fragment of leader’s positive end reproduced by the model: structure of conductors (left) and structure of charge (right) 


