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Abstract: Physical reason for the small scale tortuosity observed in sparks and lightning channels is 6 
unknown at present. In this paper it is suggested that the small scale tortuosity of the discharge 7 
channels is caused by the natural tendency for subsequent leader streamer bursts to avoid each other 8 
but at the same time to align as much as possible along the direction of the background electric field. 9 
This process will give rise to a discharge channel that re-orients in space during each streamer burst 10 
creating the small scale tortuosity.      11 

Keywords: Lightning, spark discharges, tortuosity, streamer bursts, leaders 12 
 13 

1. Introduction  14 
Tortuosity of spark and discharge channels has been observed since antiquity. The similarity of 15 

the tortuous nature of the sparks and the lightning channel is one reason that suggested to Benjamin 16 
Franklin that the basic physics underlying these two phenomena is the same. The first study that 17 
analysed the tortuous nature of the lightning channel qualitatively is probably due to Hill [1]. He 18 
analysed the nature of tortuosity and estimated that the average angle of tortuosity in lightning 19 
channels is about 17.30. Since then several studies have been conducted to analyse the tortuosity of 20 
lightning and spark channels both theoretically and experimentally [2, 3, 4, 5]. 21 

One of the best recording of the small scale tortuosity of the lightning channel with high 22 
resolution was obtained by Evans et al. [6]. An Example from their study is shown in Figure 1. Note 23 
the fine scale tortuous structure on the channel. This is a photograph of a lightning channel taken 24 
from a distance of about 112 m. The lightning flash struck a tower of height 74 m located on a 25 
mountain. The details of the geometry pertinent to this photograph is shown in Figure 2. Since this 26 
strike took place on a tall tower it is possible that the section of the lightning channel shown in the 27 
figure is created by upward moving positive connecting leader.     28 

The exact reason for the appearance of small scale tortuosity in the lightning channel is unknown 29 
at present. Of course the presence of branches also add to the tortuosity of the lightning channel but 30 
the fine scale tortuosity we are interested in here appears in channel sections without any branches. 31 
It has been suggested that the tortuosity of the lightning channel is caused by the diversion of the 32 
leader by the space charge pockets that exist in air between the cloud and ground [7]. The large scale 33 
tortuosity in the lightning channel could very well be due to such space charge effects but it is difficult 34 
to understand how the fine scale tortuosity observed experimentally could be explained by this 35 
mechanism. It is possible that the fine scale tortuosity created by discharge channels is different 36 
depending on whether the channel is created by a negative or a positive leader. This is the case 37 
because the mechanism of propagation of negative leaders differ from the positive ones. In this paper 38 
we will concentrate on the positive discharges because the mechanism of propagation of positive 39 
leaders is less complicated and this mechanism is known better than that of negative discharges.  40 
Here we suggest that the fine scale tortuosity of the lightning channel sections and spark channels 41 
created by positive discharges is caused by the orientation of the leader streamer bursts in space to 42 
decrease the total energy associated with the leader streamer system. Of course, as we will discuss 43 
later the same mechanism may involve, at least partly, in the creation of channel tortuosity in negative 44 
discharges.   45 
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Figure 1: Fine scale tortuosity observed in the bottom 10 m or so of the lightning channel. 62 

Adapted from [6]. 63 
 64 
 65 
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 75 
 76 
Figure 2: Geometry relevant to the acquisition of the photograph shown in Figure 1. 77 
  78 

2. Mechanism of propagation of positive leader channels 79 
Information gathered from long sparks shows that the positive leaders travel with the aid of 80 

streamer bursts generated from its tip. As the electric field increases and reaches a critical value at 81 
the point of origin of the positive leader, this could be the positive electrode in the laboratory setting 82 
or a lightning conductor or tower exposed to the electric field of the down coming negative stepped 83 
leader, the point under consideration will give rise to a series of electron avalanches. In an increasing 84 
electric field these avalanches will be converted to streamers and the result is a burst of positive 85 
streamers emanating from the tip of the point where the leader to be initiated. Many of the streamers 86 
of this burst have their origin in a common channel called the streamer stem. The streamers travelling 87 
out from this common stem stop propagating when the background electric field decreases below a 88 
critical value necessary for their propagation. Each individual streamer is a cold discharge and the 89 
current associated with it cannot heat the air sufficiently to make it conducting. However, the 90 
combined current of all streamers flowing through the common stem causes it to heat up increasing 91 
the conductivity of the stem. When the temperature of the stem increases to about 1000 - 1500 K, the 92 
rate of negative ion destruction greatly increases, retarding the drop in conductivity [8]. Furthermore, 93 
during the initial current flow through cold air, about 95% of the energy gained by electrons from the 94 
electric field is transferred to vibrations of nitrogen molecules [9]. The vibrational relaxation time 95 
decreases with increasing temperature. Around 1500 – 2500 K, the VT relaxation of nitrogen 96 
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molecules is accelerated, and the energy stored in the vibrational states of the molecules transfer to 97 
the translational energy thus raising the temperature. The increase in the temperature causes the gas 98 
to expand making the /E n ( E is the electric field and n is the gas density) ratio to increase leading to 99 
an increase in ionisation and electron production. Thus the current will be concentrated into a thin 100 
channel and this in turn produce more heating and accelerate the ionisation. Through this process 101 
the stem will be transformed into a hot and conducting channel called the leader.   102 

Owing to its high conductivity the voltage of the object that gave rise to the leader will be 103 
transferred to the head of the leader channel resulting in a high electric field there. The production of 104 
streamer discharges now takes place from the head of the common stem (or the newly created leader). 105 
As before, these streamers will be attached to a common stem which, with the aid of cumulative 106 
streamer currents, gradually transforms itself to a conducting channel making it a part of the leader 107 
channel. The process is repeated again and again and each time when it happens the leader length is 108 
extended by a certain amount. Indeed, the streamer system located in front of the leader is the source 109 
of current which heats the air and make possible the elongation of the leader. As the leader progress 110 
forward through the space originally traversed by streamers, the charge of the latter forms a space 111 
charge or corona sheath around the leader channel. Figure 3 illustrates the propagation of a positive 112 
leader with the aid of streamer bursts. 113 

In the analysis of the propagation of the leader it is usually assumed that each streamer burst is 114 
generated in the same direction as the previous one [10, 11]. However, this assumption completely 115 
neglects the fact that the region ahead of the tip of the last section of the leader channel is filled with 116 
positive charge of the last streamer burst and creating another streamer burst with the same polarity 117 
of charge through the same region is energetically unfavourable. It is reasonable to assume that the 118 
new streamer burst completely avoids the previous streamer burst and generate streamers in a new 119 
direction that does not overlap with the streamers of the previous burst. However, there are two 120 
conditions that the direction of the new streamer burst has to satisfy. As mentioned previously, the 121 
new streamer burst should avoid the positive charge of the previous streamer burst. Second, the 122 
direction of the streamer burst should be such that it will minimize the energy of the system. In other 123 
words while avoiding the location of the previous streamer burst the new streamer burst should take 124 
place in a direction so that the leader is elongated in the general direction of the background electric 125 
field. Location and extension of streamer bursts based on these two criteria generates a leader channel 126 
which continuously re-orients itself after each corona burst. 127 

The simulation of the inception and propagation of the leader channel is conducted in a manner 128 
essentially similar to that used in the leader progression model SLIM [10] with a slight modification. 129 
As in SLIM the first streamer burst that will give rise to the first leader segment is assumed to be 130 
oriented vertically. The length of the streamer burst and its length is calculated using the procedure 131 
documented in [10]. The next streamer burst is assumed to take place in any direction (but not 132 
vertical) that will minimize the energy of the streamer leader system. The optimal direction of the 133 
second streamer burst is obtained by selecting all possible orientations of the second streamer burst 134 
and calculating in each case the energy associated with the system (i.e. due to charges on the tower, 135 
the charges on the streamer bursts and the background electric field). The direction that minimizes 136 
the energy is selected as the optimal direction. In calculating the energy of the system the charge 137 
associated with each streamer burst is assumed to be distributed uniformly along the central axis of 138 
the streamer burst. The same procedure is followed in obtaining the direction of successive streamer 139 
bursts.  140 

3. The model 141 
As observed in the experiments and described in the last section, a positive leader starts from an 142 

object where the electric field at its tip is near the breakdown electric field. In the simulation we 143 
consider a lightning rod or a tower located in a background electric field. The electric field is increased 144 
to a level sufficient to the initiation of a positive leader. The process of initiation of a leader and its 145 
subsequent propagation with the aid of streamer bursts are considered as follows. 146 

 147 
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1) When the background electric field is high enough electrical avalanches will be initiated from 148 
the tip of the object under consideration and if the background electric field reaches a certain 149 
threshold which depends on the geometry of the object under consideration the avalanches will be 150 
converted to streamers. The first step in the simulation is to investigate whether the selected 151 
background electric field is strong enough to give rise to a streamer burst. If the selected value of the 152 
electric field is not large enough to generate streamers it is increased until the streamers are incepted 153 
from the tip of the object under consideration.    154 

2) The first streamer burst takes place along the direction of the background electric field and in 155 
this case it takes place along a vertical line. The experimental data show that positive streamers 156 
require a background electric field of about 0.5 × 106 V/m for stable propagation [11]. The length of 157 
the streamer burst is calculated by plotting both the background potential and the streamer potential 158 
as a function of distance from the tip of the lightning conductor. The streamer zone is assumed to 159 
maintain a constant potential gradient sE  and in the distance–voltage diagram, the potential along 160 
the streamer region is represented by a straight line. The point of intersection of these two potentials 161 
gives the length of the streamer region. This is illustrated in Figure 3 where the length of the streamer 162 
region is denoted by sl . In the analysis to follow it is assumed that sE = 0.5 × 106 V/m [11]. 163 

 164 
 

 165 
Figure 3. Distance–Voltage diagram that illustrates how the charge associated with a streamer 166 

burst is obtained. The area between the two curves representing the background potential and the 167 
streamer potential is marked A.  168 

 169 
 3) The charge in the positive streamer burst generated from the space leader is calculated 170 

following the procedure outlined in references [10]. The charge associated with these streamer bursts 171 
is calculated using the same distance–voltage diagram used in the previous step as follows. The 172 
procedure is illustrated in Figure 3. If the area between the two curves up to the point where they 173 
cross is A  (see Figure 3), the charge in the streamer zone is given by 174 

ns QQ K A≈   
In the above equation, QK is a geometrical factor. Becerra and Cooray [10] estimated its value to be 175 
about 3.5 × 10−11 C/V m. For energy calculations to follow it is necessary to know the charge 176 
distribution inside the streamer burst. In the calculations to follow it is assumed that the charge is 177 
concentrated along the central line and this charge is distributed uniformly along this line. This is the 178 
only simplifying assumption made in the study and this assumption is necessary to evaluate the 179 
energy of the system at any given time of development of the leader channel.  180 

4) The currents associated with the streamers convert their stem into a hot channel and it 181 
becomes part of the leader channel. Following the procedure introduced in reference [11], the 182 
extension of the leader during each streamer burst is assumed to be /ns lQ q , where lq is the charge 183 
necessary to thermalize a unit length of the leader channel. Based on the theory of Gallimberti [11], it 184 
is assumed to be equal to 60 µC/m. 185 
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5) Once the location of the new tip of the leader is estimated as described in the previous step, 186 
the simulation is ready to calculate the second burst of the streamers that will be generated from the 187 
new leader tip. The direction of the second burst of the streamers is estimated by minimizing the 188 
electrostatic energy associated with the charges in the streamer bursts and the background electric 189 
field. This is done as follows. Let us define angles θ  and ϕ  as the polar and azimuthal angles with 190 
respect to the axis of the previous streamer burst. These angles can take any value between 0 to π  191 
and 0 to 2π , respectively. For any given direction pertinent to a given set of θ  and ϕ , the charge on 192 
the streamer burst and the charge associated with it is estimated. From this, the energy associated 193 
with the system is calculated. The same procedure is done by changing the two angles over the given 194 
range in intervals of 10. From this calculation the direction that minimizes the energy is obtained and 195 
this is considered to be the direction of the new streamer burst. Note that in the case of the second 196 
burst the energy depends only on the angleθ and not onϕ . In this case the program selects a value 197 
for the angleϕ at random. Figure 4 illustrates the scenario of the process described above.      198 

 199 

 200 
 201 
Figure 4: The first streamer burst (marked 2) from the lightning conductor (marked 1) takes place 202 

in a vertical direction. This streamer burst gives rise to the first leader section (marked 3). The 203 
direction of the second streamer burst (marked 5) is estimated by considering all the possible  204 
directions around the direction of the first streamer burst (i.e. all values of θ andϕ ) and finding the 205 
direction that minimizes the electrostatic energy of the system. The circle marked 6 shows the location 206 
of different directions for a given value ofϕ . The second streamer burst gives rise to a new leader 207 
section (marked 7). The direction of the third streamer burst (marked 9) is obtained by going around 208 
the direction of the second streamer burst (marked 8) and finding the direction that minimizes the 209 
electrostatic energy. The circle marked 10 shows the location of different directions for a given value 210 
ofϕ . The third streamer burst gives rise to the third leader section (marked 11) which is directed 211 
along the line marked 12. The process is continued to obtain the full geometry of the leader channel.  212 

4. Results and discussion 213 
 214 
The analysis is conducted by using an earthed rod exposed to a uniform background electric 215 

field. In the analysis the length of the rod is changed from 25 m to 100 m, the radius of the rod is 216 
changed from 1 cm to 10 cm. The background electric field is selected always in such a way that a 217 
continuous propagating leader is established from the rod. These consideration led to background 218 
electric fields in the range 3.5 kV/m to 30 kV/m. The polarity of the electric field is such that the 219 
upward moving leader has the positive polarity. In the calculations we have documented the x, y and 220 
z (vertical) coordinates of the leader sections and for this reason for any given configuration one can 221 
plot the x-z and y-z projections.  222 

 223 
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    224 
 225 
Figure 5:  The x-z and the y-z projections of the leader channel generated by a 100 m long rod 226 

of 5 cm radius located in a background electric field of 7.5 kV/m. 227 
 228 

     229 
 230 
Figure 6:  The x-z and the y-z projections of the leader channel generated by a 25 m long rod of 231 

1 cm radius located in a background electric field of 15 kV/m. 232 
 233 
The results of our simulations are shown in Figures 5 to 8. In each figure the height of the 234 

conductor, its radius and the background electric field is given. Figure 5 shows the geometry of the 235 
positive leader for a 100 m long rod with a 1 cm radius. The background electric field is 7.5 kV/m. 236 
Observe the fine structure of the leader geometry. This variation is caused by the rotation of the 237 
streamer bursts away from the previous one. The result obtained for 25 m rod with 1 cm radius is 238 
shown in Figure 6. The background field pertinent to this case is 15 kV/m. Figure 7 and Figure 8 239 
depict similar data but for background electric fields of 20 kV/m and 30 kV/m, respectively. Note that 240 
irrespective of the rod length or the background electric field the displacement of the streamer bursts 241 
from each other will give rise to the fine scale tortuosity of the channel. The scale of the tortuosity 242 
that is shown in the diagrams takes place for leader segments on the order of a few centimetres. This 243 
scale changes with increasing electric field because the leader segments created by each streamer 244 
bursts increases with increasing electric field. For example, Figure 9 depicts the fine structure 245 
associated with the leader segments of a 25 m long rod with 1 cm radius for three different 246 
background electric fields. Observe how the length of the leader segments increases with increasing 247 
background electric field. This increases is caused by the large charge associated with the streamer 248 
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bursts and hence the length of the newly created leader segments as the background electric field 249 
increases.  250 

 251 
Due to the repulsion between the charges associated with streamer bursts, each new streamer 252 

burst find the best direction that minimized the energy of the system while taking the advantage of 253 
aligning along the background electric field in minimizing this energy. In a three dimensional space 254 
this gives rise to a rotation of the propagating leader channel. This is illustrated in a 3-D diagram 255 
given in Figure 10.  256 

  257 
 258 

    259 
 260 
Figure 7:  The x-z and the y-z projections of the leader channel generated by a 25 m long rod of 261 

1 cm radius located in a background electric field of 20 kV/m. 262 
 263 
 264 

     265 
 266 
Figure 8:  The x-z and the y-z projections of the leader channel generated by a 25 m long rod of 267 

1 cm radius located in a background electric field of 30 kV/m. 268 
 269 
 270 

Observe the tortuous nature of the leader channel and its similarity to the fine structure captured 271 
in the photographs of the lightning channel by Evans et al. [6]. Recall that we are simulating the 272 
upward moving positive leaders. In the case of Evans et al. [6] the photograph corresponds to the 273 
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bottom 10 m or so of a lightning flash that struck a 74 m tall tower located on a mountain. It is thus 274 
reasonable to assume that this portion of the lightning channel is created by an upward moving 275 
positive connecting leader. 276 

 277 
It is important to point out that the current flowing along the leader channel can exert magnetic 278 

forces on the tortuous channel and the direction of these magnetic forces is to make the channel 279 
straighter. This process is not included in the present paper. However, it is possible that the 280 
mechanical displacement of the channel due to magnetic forces may take longer time than the 281 
duration of the lightning flash. This is an interesting topic that needs investigation. 282 

   283 
 284 

           285 
 286 
Figure 9: The x-z projection of the leader channel segments generated by a 25 m long rod of 1 cm 287 

radius located in three background electric fields, namely, 30 kV/m, 20 kV/m and 15 kV/m. 288 
 289 
 290 
 291 

       292 
 293 
Figure 10:  A 3-D diagram of the leader channel generated by a 50 m long rod of 1 cm radius 294 

located in a background electric field of 7.0 kV/m. Note the rotation of the leader channel in space. 295 
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 296 
One interesting question that we can raise at this point is the following: Can negative leaders 297 

also generate fine structure similar to that predicted to exist in positive leaders? First one has to note 298 
that positive leaders are present not only in isolation but they also are involved in the creation of 299 
negative leader channels. Major part of the steps of negative leaders are actually forged by positive 300 
space leaders that begin at the extremity of the streamer region of the negative leader and 301 
propagating towards the tip of the negative leader. It is difficult to speculate whether reorientation 302 
of the streamer bursts will also take place in the case of space leaders propagating towards the leader 303 
tip. The space leaders are moving in a very high electric field and this may compensate somewhat for 304 
the energy necessary in the overlapping of successive streamer bursts of same polarity.  305 

 306 
The main point illustrated in this paper is the possible rotation of the streamer bursts from each 307 

other to minimize the electrostatic energy associated with the charges deposited by streamers. 308 
Actually, laboratory spark experiments combined with high speed photography can indeed be used 309 
to study the spatial evolution of the streamer bursts in space and confirm whether they will change 310 
direction in space as they move forward. 311 
 312 

5. Conclusions 313 

In this note we suggest that the fine structure that has been photographically documented in the 314 
lowest portion of the lightning channel is created by the reorientation of the successive streamer 315 
bursts in leaders as they move in the direction of the background electric field.  316 
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