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Abstract: Propagation effects on the Narrow Bipolar Pulses (NBPs) or the radiation fields generated 11 
by compact cloud discharges as they propagate over finitely conducting ground are presented. The 12 
results are obtained using a sample of NBPs recorded with high time resolution from close 13 
thunderstorms in Sri Lanka. The results show that the peak amplitude and the temporal features 14 
such as the Full Width at Half Maximum (FWHM), zero crossing time and the time derivative of 15 
NBPs can be significantly distorted by propagation effects. For this reason the study of peak 16 
amplitudes and temporal features of NBPs and the remote sensing of current parameters of compact 17 
cloud discharges should be conducted using NBPs recorded under conditions where the 18 
propagation effects are minimal. 19 
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1. Introduction  25 
The knowledge concerning the characteristics of electromagnetic fields generated by lightning 26 

flashes is of importance in evaluating the interaction of these electromagnetic fields with electrical 27 
networks and in the remote sensing of lightning current parameters from the measured fields. [1, 2, 28 
3, 4]. However, electromagnetic fields generated by lightning flashes change their character as they 29 
propagate over the ground surface due to selective attenuation of the high frequency signals by 30 
finitely conducting ground (i.e. propagation effects). Thus, depending on the distance of propagation 31 
and the conductivity of ground, the peak, the rise time, Full Width at Half Maximum (FWHM), zero 32 
crossing time of the lightning generated electromagnetic fields and their time derivatives measured 33 
at a given distance from the lightning channel may deviate more or less depending on the 34 
conductivity from the values that would be present over perfectly conducting ground.  35 

Most of the studies conducted so far on the propagation effects have concentrated on the 36 
radiation fields generated by return strokes [5]. Propagation effects on pulses generated by cloud 37 
flashes were investigated by [6]. Narrow Bipolar Pulses (NBP) are radiation fields generated by short 38 
duration cloud discharges known as compact cloud discharges [7 – 15]. To the best of our knowledge, 39 
studies pertinent to the propagation effects on the Narrow Bipolar Pulses (NBP) are not available in 40 
the literature. In this paper, we will study the propagation effects caused by finitely conducting 41 
ground on the NBP. 42 
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      43 
Propagation effects are evaluated for both negative NBP, positive NBP and derivative of NBP. 44 

The results are based on 100 negative NBP, 29 positive NBP and 9 waveforms of measured derivatives 45 
of NBP. Since NBP are produced by electrical discharges taking place in the cloud the theory 46 
developed by [6] to calculate the propagation effects on pulses generated by cloud flashes will be 47 
utilized. The atmospheric sign convention is used in defining the polarity of the pulses. 48 

 49 
 Preliminary results of this study, based only on 27 negative NBPs, were reported previously by 50 

the same authors at the International conference on lightning protection held in China, 2014.   51 
 52 

2. Theory 53 
The geometry of the situation under consideration is shown in Figure 1. Let us assume that the 54 

channel of the compact cloud discharge is vertical. Let Z1 be the height of origin of the discharge and 55 
Z2 is the height where it was terminated. The vertical electric field at the point of observation, which 56 
is located at ground level, is given by 57 
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In the above equation ( , , )a z jω ρ  is the attenuation function defined in reference [6]. This 61 
electric field is directed into the ground and, since we use atmospheric sign convention, it is assumed 62 
to be of positive polarity.  Since the length of the channel of compact cloud discharges is no more 63 
than a few hundred meters (as inferred from the pulse durations) the attenuation function can be 64 
replaced by the function corresponding to height 1Z i.e. 1( , , )a Z jω ρ . With this approximation 65 
Equation (1) can be inverse Fourier transformed into time domain as 66 
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    69 
    In the above equation 1( , , )W Z t ρ  is the inverse Fourier transformation of 1( , , )a Z jω ρ and 70 

, , ( , )z s clE t ρ , , , ( , )z i clE t ρ and , , ( , )z r clE t ρ  are the static, induction and radiation field components, 71 
respectively, of the electric fields generated by the compact cloud discharge over perfectly conducting 72 
ground. These field components are given by 73 
 74 
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 78 
Using the above technique, if the undistorted radiation fields generated by compact cloud 79 

discharges (i.e. NBP) are available, they can be used in the above equation to evaluate the propagation 80 
effects. In the case of pure radiation fields above set of equations reduce to 81 

 82 
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 85 
 86 
Figure 1: Geometry relevant to the calculation of propagation effects on electromagnetic fields 87 

generated by cloud flashes. X-Y plane represents the finitely conducting ground plane and the point 88 
of observation is located at ground level.   89 

3. Results 90 
In this study the narrow bipolar pulses recorded from nearby thunderstorms in Sri Lanka, in 91 

May 2013, are used as the undistorted waveforms. In other words we assume that the recorded 92 
waveforms are not distorted by propagation effects. The reason for this assumption is the following. 93 
The measuring station is located about 50 m from the Indian Ocean and the thunderstorms were 94 
located within about 20 – 80 km over the Ocean (based on satellite images). Since the path of 95 
propagation of the waveforms is over salt water, the propagation effects on the sample of data 96 
selected in the analysis is minimal. The presence of 30 MHz radiation in the recorded waveforms also 97 
confirms this assertion. The experimental set up used to record the data and the general features of 98 
the recorded NBPs were presented previously in [15]. 99 

Since the recorded NBP are pure and undistorted radiation fields, Equation (6) can be used to 100 
calculate the propagation effects. In order to calculate the propagation effects the only other 101 
parameter that is necessary is the height of origin of the bipolar pulses. Unfortunately the height of 102 
origin of the narrow bipolar pulses are not known but they may occur at height from about 5 km to 103 
13 km calculations are done for several heights of origin. The main features of propagation effects do 104 
not change significantly as this height is changed and results pertinent to 5 km height are presented 105 
in this publication. 106 

 107 
As pointed out in reference [6] propagation effects are different for a source located at ground 108 

and for a source located at a certain height from ground level. In the case of a source located at ground 109 
level, the distance radiation field consists only of a ground wave. In the case of a source located above 110 
the ground level, the distance radiation field consists of a ground wave and a sky wave. It is the 111 
ground wave that is being attenuated by the finitely conducting ground. For this reason, in the case 112 
of a source located at a certain height from ground level, this is the only part of the distant radiation 113 
field which is affected by the finitely conducting ground. In order to illustrate this, assume that the 114 
source is excited by a current moment whose temporal variation can be represented by a ramp 115 
function. In this case, the radiation field over perfectly conducting ground will have the temporal 116 
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shape of a step function. However, when the ground is finitely conducting this shape will be modified 117 
due to attenuation of high frequencies. The resulting radiation field signature at two distances over 118 
finitely conducting ground of 0.001 S/m is shown in Figure 2. In the calculation, the height of the 119 
source from ground level was fixed at 5 km. Observe that part of the radiation field still behaves as a 120 
step and this is the part associated with the sky wave. Note how the amplitude of the sky wave 121 
decreases with distance. Let us now consider the propagation effects on NBPs. 122 

  123 
 124 
  125 
 126 
          127 
 128 
 129 
 130 
 131 
 132 
 133 
 134 
 135 
 136 
Figure 2: The variation of , ( , )z clE t ρ  in Equation (6) when , , ( , )z r clE t ρ is a step function.  In the 137 

calculation, the height of the source is at 5 km and ρ  = 10 km for curve 1 and ρ  = 100 km for curve 138 
2. The conductivity of the ground was 0.001 S/m. Note the step at t = 0 which is produced by the sky 139 
wave.   140 

  141 
An example of a narrow bipolar pulse propagating 10 km, 50 km, 100 km and 200 km over 142 

finitely conducting ground of ground conductivity 0.001 S/m is shown in Figure 3. In this figure, the 143 
amplitude of the radiation field over perfectly conducting ground is normalized to unity. Moreover, 144 
in order to illustrate the propagation effects, the decrease of the radiation field with distance over 145 
perfectly conducting ground is removed from the data. That is, if there were no propagation effects 146 
all the waveforms would have an amplitude equal to unity. In the calculation, the height of origin of 147 
the pulse is assumed to be 5 km. Observe that the propagation effects significantly distort the 148 
waveform. They reduce the peak amplitude of the pulse significantly. At the same time the 149 
propagation effects lead to the increase in the zero crossing time of the pulse. 150 

 151 
The propagation effects on the derivative of a NBP is shown in Figure 4.  Observe how the 152 

amplitude of the pulses associated with the derivative of the NBP decreases very rapidly with 153 
distance.  154 

 155 
In order to study the attenuation of the peak amplitude of the NBPs due to propagation, let us 156 

define the attenuation coefficient A at any given distance as the ratio between the peak amplitude of 157 
the NBP over finitely conducting ground at that distance and the corresponding peak amplitude that 158 
would be present at the same distance over perfectly conducting ground. In other words, if the 159 
ground is perfectly conducting then A = 1 at any distance and it decreases with decreasing 160 
conductivity. In Figure 5 the variation of A for negative NBP, positive NBP and for the derivative of 161 
NBP are depicted as a function of distance for 0.001 S/m conductivity and for a source height of 5 km. 162 
In the case of the derivative of the NBP the value of A is estimated using the largest amplitude of the 163 
derivative at the given distance. First observe that the propagation effects can significantly decrease 164 
the peak amplitude of the NBPs and their derivatives are severely attenuated by the finitely 165 
conducting ground. The attenuation of the initial peak is larger the longer the distance of propagation 166 
and the smaller the conductivity of ground. For this reason only the NBPs measured from nearby 167 
thunderstorms over good conducting ground should be used in gathering statistics on the peak 168 
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amplitude of NBP. As one can see from Figure 2, the same is true for the zero crossing time of the 169 
NBP. Note in Figure 2 how the zero crossing time is increased by a factor of about 2 in the waveform 170 
that has propagated 200 km over finitely conducting ground.   171 

 172 
 173 

                   174 
 175 
Figure 3: The effect of propagation on a NBP. (a) The radiation field that would be present over 176 

perfectly conducting ground. The curves corresponding to the propagation over finitely conducting 177 
ground over distances of (b) 10 km, (c) 50 km, (d) 100 km and (e) 200 km. The conductivity of the 178 
ground is 0.001 S/m and the height of the source of the NBP is 5 km.  179 

 180 

               181 
(a)      (b) 182 
 183 

              184 
                  (c)                                   (d) 185 
 186 
Figure 4: The propagation effects on the derivative of a typical NBP. (a) Undistorted derivative. 187 

(b) Derivative at 10 km. (c) Derivative at 30 km. (d) Derivative at 50 km. The conductivity of the 188 
ground was 0.001 S/m. Note that the vertical scale is arbitrary but it is proportional to the units V/m/s. 189 
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It is interesting to note that NBPs were first detected by LeVine [7] as the events that produced 191 
the highest amount of HF radiation among various radiation field pulses produced by lightning 192 
flashes. Now, a feature of the NBP that distinguishes it from other lightning events is the signature 193 
of its derivative. Its derivative contains a large amount of high frequency oscillations (see Figure 4) 194 
and it is possible that the HF radiation detected by LeVine [7] was generated by the same process that 195 
gives rise to these rapid oscillations in the derivative of the NBPs. However, these high frequency 196 
oscillations in the derivative will rapidly decrease as the NBP propagates over finitely conducting 197 
ground and as a result one may not be able to distinguish these pulses from other radiation field 198 
pulses generated by cloud flashes when they have propagated significant distances over finitely 199 
conducting ground. Thus, in order to separate NBP from other cloud events they have to be measured 200 
in such a way so that the propagation effects are minimal and the main features that distinguish them 201 
from other lightning radiation pulses are retained.  202 

 203 

                        204 
                                      (a) 205 

                        206 
                                    (b) 207 

                        208 
                                     (c)   209 
Figure 5: The variation of attenuation coefficient, A, of NBPs as a function of distance over 210 

finitely conducting ground. (a) Negative NBP. (b) Positive NBP. (c) Derivative of NBP. The error bars 211 
indicate the standard deviation. The conductivity of the ground is 0.001 S/m and the height of the 212 
source is 5 km.  213 
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The propagation effects not only reduce the amplitudes but also modify of the shape of the 214 
waveforms. As one can see from the results presented in Figure 3, the zero crossing time, the Full 215 
Width at Half Maximum (FWHM) and the ratio of the initial peak to the overshoot ratio also change 216 
as the waveform propagates along finitely conducting ground. Figure 6 shows how the average zero 217 
crossing time of the negative narrow bipolar pulses (based on 100 waveforms) varies as the pulses 218 
propagates over finitely conducting ground. Figure 7 depicts how the FWHM is increased due to 219 
propagation effects. Results are shown in Figure 6 and Figure 7 for two conductivities, 0.001 S/m and 220 
0.0005 S/m. The results show that the zero crossing time of the undistorted narrow bipolar pulses is 221 
about 4 μs but it could increase to about 10 – 15 μs after about 100 to 200 km propagation over finitely 222 
conducting ground. The average FWHM of the undistorted NBPs is about 2.1 μs and it can increase 223 
to about 3 μs due to propagation effects. The average values of the undistorted zero crossing time 224 
and the FWHM are in agreement with the results presented by Gunasekara et al. [15]. These features 225 
of the propagation effects have to be considered when remote sensing the currents in compact cloud 226 
flashes using the features of narrow bipolar pulses.        227 

 228 

       229 
 230 
 231 
Figure 6: Variation of the zero crossing time as the negative NBPs propagate over finitely 232 

conducting ground of two different conductivities. The value at distance zero corresponds to the 233 
parameter pertinent to undistorted waveforms. In the calculation, the source height was fixed at 5 234 
km. 235 

 236 
 237 

                238 
 239 
 240 
Figure 7: Variation of the FWHM as the negative NBPs propagate over finitely conducting 241 

ground of two different conductivities. The value at distance zero corresponds to the parameter 242 
pertinent to undistorted waveforms. In the calculation, the source height was fixed at 5 km. 243 

 244 
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 246 
 247 

 248 
 249 

          250 
 251 
Figure 8: Variation of the ratio of the initial peak to the opposite overshoot of the negative NBPs 252 

as they propagate over finitely conducting ground of two different conductivities. The value at 253 
distance zero corresponds to the parameter pertinent to undistorted waveforms. In the calculation, 254 
the source height was fixed at 5 km. 255 
 256 
    Another waveform parameter that is affected by propagation effects is the ratio of the initial peak 257 
to the peak of the overshoot. Figure 8 depicts how this parameter varies as the negative NBPs 258 
propagate over finitely conducting ground. Note that the way in which this parameter varies with 259 
distance is rather complex. This ratio depends on how the two peaks (initial peak and the opposite 260 
overshoot) are attenuated with distance. This in turn depends on the frequency content or the time 261 
width associated with the peaks. According to the results given in Figure 8, initially the opposite 262 
overshoot is attenuated more than the initial peak but once the propagation distance becomes 50 km 263 
or so the attenuation of the initial peak becomes larger than the opposite overshoot. For this reason, 264 
for distances larger than about 50 km the ratio starts to decrease with distance.   265 

4. Conclusions 266 

The results presented in this paper show that, due to their narrow width, the peak amplitude, the 267 
zero crossing time, the FWHM and the time derivatives of NBPs or the radiation fields from compact 268 
cloud discharges are significantly distorted by propagation effects. Any study designed to collect the 269 
statistical data on either the peak amplitude, the zero crossing time, FWHM or the time derivative of 270 
these pulses should be conducted over ground planes of high conductivity utilizing nearby 271 
thunderstorms. Moreover, in any study pertinent to the remote sensing of currents of compact cloud 272 
discharges using NBPs, the data sample has to be recorded in such a way to minimize the propagation 273 
effects.  274 
 275 
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