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Abstract: In this paper, we analyze the waveform data of nearly 200,000 intra-cloud (IC) and cloud-
to-ground (CG) lightning discharges detected by the Jianghuai Area Sferic Array on 26–29 August
2019 to investigate the propagation features of lightning electromagnetic fields. Through the analysis
of variation in the electric field (E-field) signal of lightning during the actual propagation, it was
found that (1) the attenuation of lightning E-field signal with distance can be fairly well described by
the power-law relationship E = ar−b, and the attenuation index is b = 1.02 (for IC) and b = 1.13 (for
CG); (2) under the situation of the same propagation path, the IC pulses experience less attenuation
than CG pulses; and (3) through the comparison with simulations, it can be seen that the attenuation
of lightning E-field pulse is affected by the conductivity of the ground surface, and according to the
attenuation factor of lightning E-field strength, it can be inferred that the conductivity in the Jianghuai
area ranges between 0.005 S/m and 0.01 S/m, which is in good agreement with the measured
conductivity in this area. Our results suggest that lightning radiation could provide a feasible means
for remotely sensing the ground conductivity.

Keywords: lightning electric field (E-field); propagation attenuation; conductivity of ground surface

1. Introduction

The electromagnetic (EM) wave excited by lightning is subject to the influence of
underlying terrain features and surface conductivity during its propagation, and the high-
frequency components rapidly attenuate as the propagation distance increases, causing the
weakening of lightning electromagnetic fields and an increase in waveform rising time [1–8].
The understanding of the characteristics of propagation attenuation for the EM pulses
generated by lightning discharges on the ground surface with finite electrical conductivity
is not only important for remote sensing of the parameters of lightning-discharging current,
but also has great application value for evaluating the coupling mechanism and destructive
effects between lightning electromagnetic pulses (LEMPs) and the electronic and electrical
equipment of various industrial facilities.

At present, the propagation attenuation effect of low-frequency/very-low-frequency
(LF/VLF) LEMPs is mainly examined via two methods: The first method is to investigate
the propagation features of LF/VLF EM waves generated by lightning along the ground sur-
face with finite conductivity through theoretical simulation or numerical modeling [5,9–11].
In these simulation studies, the ground surface is usually presumed as a plane with uniform
electrical conductivity, or as being composed of segments with varying conductivity. In
recent years, by adopting the finite-differential time-domain (FDTD) method, it has become
possible to investigate the influence of more complicated ground surface features—such as
irregular undulating terrain (e.g., mountains) and ground stratification—on the propaga-
tion features of lightning EM waves. These model assumptions unavoidably have some
deviations from the actual propagation of EM waves. To avoid the aforementioned issues,
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some researchers examined the characteristics of propagation attenuation by measuring
the variation in the peak value of EM waves from the same lightning discharge at different
propagation distances.

Uman et al. 1976 analyzed the observation data of artificially triggered lightning in
Florida; it was found that the peak value of discharging pulses for CG strokes usually
attenuates by 10% while propagating more than 50 km over the soil in Florida State, and
attenuates by 20% while propagating over 200 km [12]. Orville 1991 and Idone et al. 1993
analyzed the measurement results of calibrated sensors at different stations for the stroke
peak value of rocket-triggered lightning, and fitted the relationship for the variation in
the EM field peak value of CG strokes with the propagation distance [13,14]. Orville
1991 examined the measurement results from four lightning observation stations, which
were between 117.9 and 259.1 km, for seven artificial rocket-triggered lightning flashes
at the Kennedy Space Center (KSC) of the United States National Aeronautics and Space
Administration (NASA); the fitting between the peak value of lightning EMP pulses y and
propagation distance exhibited the power-law relationship E = ar−b, where b varies between
−0.96 and −1.20, with an average of −1.13 [13]. Similarly, Idone et al. 1993 examined the
observation results of 12 rocket-triggered lightning flashes at six stations of NASA-KSC,
which were between 117.9 and 427 km, and determined that the fitting coefficient b ranges
between −0.95 and −1.34, and the average is −1.09 [14].

De Mesquita et al. (2012) analyzed seven lightning flashes measured at the observation
tower at Morro do Cachimbo station in Brazil [15]. To evaluate the attenuation of lightning
EM signal peak values, they used two quantities of EM field peak value and the distance
from the tower to the sensors to determine a power regression curve (in the form of
E = ar−b), thereby fitting the data. The average fitting coefficient of seven lightning events
was −1.52, in contrast with the measurement result of −1.13 by Orville 1991 in Florida [13];
that is, the attenuation of lightning E-field over distance was faster in Brazil. Kolmašová
et al. 2016 used the MÉTÉORAGE lightning location network of France [16]. By analyzing
15 lightning events observed on 11 October 2012, they obtained the power regression curve
E = A

D 10−αD, where α is in the range of 1.74–2.3, where the coefficient A (in V/m) represents
the electric field amplitude at a distance of 100 km, and D = d/100 km, where d is the
lightning distance. This value is likely caused by the farther distance, where the lightning
observation distance of three stations is between 300 and 600 km. There is relatively large
fluctuation in index b fitted from different lightning observation data; for example, the
maximum and minimum b fitted by Idone et al. (1993) are different by 0.39 [14]. On the
one hand, this could arise from the fitting error under the condition of a relatively small
fitting sample, and on the other hand, it also likely indicates that the actual gain of sensors
at the measurement stations could have random fluctuations relative to the calibrated gain,
causing a relatively large deviation in the measured CG peak values. Apparently, we need
to conduct the fitting study on the characteristics of lightning E-field attenuation with
propagation distance based on a relatively large sample of observation data, in order to
minimize the fluctuation of fitting results caused by the relatively small sample size.

It has been a long time since the study of the propagation effects of electromagnetic
pulses driven by lightning has mainly focused on the return stroke process of CG ap-
proaching the ground surface. In fact, IC discharge can also produce a bipolar pulse with
strength comparable to the CG strokes [17–20]. In the early CG location systems, these IC
discharge pulses were removed by the traditional identification algorithm, while they can
be registered as IC discharging events and also located in the model total lightning location
system. For these lightning pulses occurring inside the clouds and CG stroke pulses that
mainly occur near the ground surface, their characteristics of propagation attenuation can
be obviously different due to the differences in the height of the lightning source and the
propagation path. Cooray et al. 2000 [21] applied the propagation attenuation function of
air dipoles to study the attenuation effect of propagation for IC pulses, and their results
indicate that in comparison with CG stroke pulses that mainly propagate along the ground
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surface, the IC pulses undergo less propagation attenuation. This conclusion still merits
validation with experimental data.

In this paper, we use a set of observation systems that record the impulsive waveforms
of lightning EM fields synchronously at multiple stations. For the huge amounts of data
for the E-field waveforms recorded for CG strokes and IC bipolar pulses, we propose a
method that actually fits the attenuation features of lightning pulse peak with propagation
distance. This method does not need to calibrate the antenna gain in the field for each
station. Meanwhile, it can fit the relatively large data sample within a greater range. In
particular, it can not only fit the pulse of CG strokes, but also measure the propagation
attenuation of bipolar IC pulses. In addition, a simulation was carried out on the influence
of the ground conductivity on the transmission of IC/CG electromagnetic wave, and a
comparison was made with the measurement.

2. Methodology

With respect to the actual observations and theoretical derivation, the sketch of the
observation site and lightning event is shown in Figure 1.
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As shown in Figure 1, for a lightning channel reaching the ground as a perfect conduc-
tor (i.e., with infinite conductivity),when the current pulse propagates along the channel,
the E-field at point P is as follows [12]:

E(r, t) = 1
2πε0

∫ h2
h1

2z′2−r2

R5(z′)

∫ t′
0 I(z′, t′)dτdz′

+ 1
2πε0

∫ h2
h1

2z′2−r2

cR4(z′) I(z′, t′)dz′

− 1
2πε0

∫ h2
h1

r2

c2R3(z′)
∂I(z′ ,t′)

∂t dz′

(1)

where R(z′) =
√

z′2 + r2, t′ = t− R(z′)/c, and c is the speed of light in the air. The three
terms on the right-hand side are the electrostatic, induction, and radiation fields, respec-
tively. When the observation distance is relatively far, the E-field is mainly the radiation
component—the last term in Equation (1). That is, if r >> H, and R ∼= r (R > 100 km),
we have

E(r, t) ≈ − 1
2πc2ε0r

∫ h2

h1

∂I(z′, t′)
∂t

dz′ (2)
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Denote A(I) = 1
2πc2ε0

∫ h2
h1

∂l(z′ ,t′)
∂t dz′, and for a specific discharge, it is only related to

the propagation of the lightning current along the channel, and does not depend on the
propagation distance. Thus,

Ep =
A(I)

r
(3)

Equation (3) indicates that when the lightning current propagates in the vertical channel,
without taking into account the influence of propagation attenuation, the E-field at different
distances is inversely proportional to the propagation distance. When the electromagnetic
wave of lightning propagates on the ground surface with finite conductivity, the variation in
the peak E-field along the distance can be described with the following equation:

Epa =
A
r
∗ f (r) = A f́ (r) (4)

where f (r) is the influence of propagation attenuation on the amplitude of the E-field
waveform, and Epa is the attenuated E-field peak, which is a function of the propagation
distance, f́ (r) = f (r)/r. When we use the antenna to measure the E-field strength, we also
need to consider the influence of antenna gain in the field:

Epag = G ∗ Epa (5)

where G is the site gain coefficient of the antenna, and Epag is the attenuated E-field peak
considering the field strength gain. We use the sensor calibrated with the field gain
to measure the impulsive signal value Epag of the same lightning discharge at different
distance r, and can obtain the variation in f́ (r) with distance through the Epag-r curve [13,14].
In this paper, we introduce a method that can fit f́ (r) without needing to calibrate the
antenna gain in the field. According to Equation (5), we use the sensors placed at location i
and location j to measure the identical discharging event, and the peak value of measured
signal is denoted as follows:

Epagi = Gi A ∗ f́ (ri) (6)

Epagj = Gj A ∗ f́
(
rj
)

(7)

We can further derive

Epagi

Epagj
=

Gi
Gj

f́ (ri)/ f́
(
rj
)
= k f́ (ri)/ f́

(
rj
)

(8)

where k is the ratio between the site gain of two sensors, and is a constant independent of
distance. If we select the lightning events at the same distance from station j in the actual
measurement—namely, f́

(
rj = const

)
= const—then

Epagi

Epagj
=

k
f
(
rj=const

) ∗ f (ri) = k1 ∗ f (ri) (9)

Equation (9) indicates that, by fixing the distance of one station relative to the light-
ning stroke, we can use the ratio between the lightning pulse amplitudes measured syn-
chronously at two stations to determine the variation in propagation attenuation function
with distance (k is the ratio between the site gain of two sensors, and is a constant indepen-
dent of distance, without considering the constant coefficient).

Figure 2 shows the geometric layout necessary to achieve this measurement. When
the lightning event is located on the circular ring at the same distance from the JS station,
its distance from the HF station is different. We can obtain the variation relationship for
the ratio between the pulse peak at the JS station and the pulse peak at the HF station with
the distance of the HF station, and further derive the variation of f́

(
rj
)

with distance (by
ignoring the constant coefficient). In the actual measurement, in order to ensure sufficient



Remote Sens. 2022, 14, 1672 5 of 14

samples, we usually select the lightning discharge events on a circular ring with very
nar-row thickness, and the thickness of the circular ring is small enough in comparison
with the radius of the circular ring. In this way, all of the discharges within the circular ring
can be considered as being of an equal distance relative to the HF station. Meanwhile, the
radius of the circular ring cannot be too small, in order to ensure that the lightning events
within the circular ring have a sufficiently large span with respect to the distance from the
JS station.

Remote Sens. 2022, 14, x  5 of 15 
 

 

Figure 2 shows the geometric layout necessary to achieve this measurement. When 
the lightning event is located on the circular ring at the same distance from the JS station, 
its distance from the HF station is different. We can obtain the variation relationship for 
the ratio between the pulse peak value at the JS station and the pulse peak value at the HF 
station with the distance of the HF station, and further derive the variation relationship of 𝑓ሖ(r) with distance (by ignoring the constant coefficient). In the actual measurement, in 
order to ensure sufficient samples, we usually select the lightning-discharging events in a 
circular ring with very narrow thickness, and the thickness of the circular ring is small 
enough in comparison with the radius of the circular ring. In this way, all of the discharg-
ing events within the circular ring can be considered as being of an equal distance relative 
to the HF station. Meanwhile, the radius of the circular ring cannot be too small, in order 
to ensure that the lightning events within the circular ring have a sufficiently large span 
with respect to the distance from the JS station. 

 
Figure 2. Geometric layout for using two measurement stations to investigate the peak value atten-
uation function with propagation distance. HF station and JS station are lightning observation sta-
tions. roa is the distance between point O and point A. 

3. Observations and Data 
In this paper, the waveform data of lightning pulses recorded by a regional detection 

network—namely, the Jianghuai Area Sferic Array (JASA)—are used to characterize the 
attenuation of lightning’s electromagnetic signal with distance [17–20]. The JASA is a re-
gional network that can achieve the multi-station recording of electromagnetic pulses gen-
erated by local thunderstorm activity, and different stations are synchronized by adopting 
the technique of high-precision temporal synchronization. The system was constructed in 
the Jianghuai area of China in 2011, and its first phase includes six detection stations. At 
present, the number of stations in this system is continuously expanding, as shown in 
Figure 3. Each station is equipped with a reception antenna for VLF/LF band (bandwidth 
0.8–400 kHz) lightning signals, along with a seamless acquisition system for lightning 
waveforms with high-precision temporal synchronization (40 ns). With the waveform of 
lightning pulses recorded synchronously at multiple stations, we can manually determine 
the type of discharge, and calculate the occurrence location with a time-of-arrival location 
algorithm [22]. The detection efficiency of the JASA is better than 95%, based on composite 
pattern recognition and machine recognition. The positioning accuracy of the JASA is bet-
ter than 2 km in the Jianghuai region when using methods such as Monte Carlo. For more 
detailed information, refer to Liu et al. 2021 [20]. 

Figure 2. Geometric layout for using two measurement stations to investigate the peak value
attenuation function with propagation distance. HF station and JS station are lightning observation
stations. roa is the distance between point O and point A.

3. Observations and Data

In this paper, the waveform data of lightning pulses recorded by a regional detection
network, the Jianghuai Area Sferic Array (JASA) are used to characterize the attenuation
of lightning electromagnetic signal with distance [17–20]. The JASA is a regional network
that can achieve the multi-station recording of electromagnetic pulses generated by local
lightning activity, and different stations are synchronized by adopting the technique of high-
precision temporal synchronization. The system was constructed in the Jianghuai area of
China since 2011, and its first phase includes six detection stations. At present, the number
of stations in this system is continuously expanding, as shown in Figure 3. Each station is
equipped with a reception antenna for VLF/LF band (bandwidth 0.8–400 kHz) lightning
signals, along with a seamless acquisition system for lightning waveforms with high-
precision temporal synchronization (40 ns). With the waveform of lightning pulses recorded
synchronously at multiple stations, we can manually determine the type of discharge,
and calculate the occurrence location with a time-of-arrival location algorithm [22]. The
detection efficiency of the JASA is better than 95%, based on composite pattern recognition
and machine recognition. The positioning accuracy of the JASA is better than 2 km in the
Jianghuai region when using methods such as Monte Carlo. For more detailed information,
refer to Liu et al. 2021 [20].

Figure 4 shows the waveform of a CG stroke recorded at multiple stations. The
location of this CG stroke was determined from the time-of-arrival of pulses recorded at
four stations—HF, FN, HB, and JS—via the time-of-arrival (TOA) method. Its distance
from each station is indicated in the figure. This stroke was approximately 148.5 km from
the JS station, and the measured peak value of the CG pulse was 951 digital units (DU);
meanwhile the distance from the HF station was 283.4 km, and its pulse amplitude was
581 DU. According to Equation (9), the ratio of their pulse amplitude was 1.64.
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Figure 4. Waveforms of the same CG lightning stroke measured by stations of the Jianghuai Area
Sferic Array.

Figure 5 shows the bipolar waveform recorded by the system for an impulsive event
generated by an IC discharge. Its distance from the HF station was 290.6 km, and the pulse
peak was 224 DU; its distance from the JS station was 157.0 km, and the pulse peak was
224 DU; its distance from the JS station was 157.0 km, and the pulse value was 421 DU.
Therefore, the pulse peak at the two stations was 1.88. These two lightning events were
about 290 km from the HF station, and about 150 km from the JS station. The propagation
path was almost the same as the propagation distance, while the ratio of IC pulse amplitude
was about 1.15 times the ratio of CG pulse amplitude, which indicates that the IC pulses
might undergo less peak value attenuation under the same propagation path conditions.
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Figure 6 shows the location results of the time-of-arrival technique for lightning events
recorded by the system on 26–29 August 2019. We can see that the distance of these
lightning events from the HF and JS stations varied in a relatively large range, and in
this paper we discuss the characteristics of propagation attenuation. As addressed in the
following discussion, for the lightning-discharging events occurring at particular locations,
we can identify the IC pulses and CG stroke pulses according to the signal waveform. The
ratio of pulse peak observed at the HF and JS stations was calculated respectively, and the
distance from the station was taken as the function.
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4. Results and Discussions
4.1. Ratio of Field Gain

According to Equation (8), the ratio between the field antenna gain at two stations is a
constant independent of distance. In order to validate this hypothesis, as shown in Figure 7,
we respectively selected the lightning events at the same distance from the HF and FN
stations, and calculated the variation in the ratio between pulse peak with distance. The set
of events was located on the normal line to the HF–FN station link in Figure 7. To increase
the amount of data, we used the distance method above, and lightning events within 5 km
of both sides of the normal line were taken into account.
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Because the selected discharging event was at comparable distance from two stations,
we could ignore the influence of propagation attenuation, which was therefore independent
of propagation distance. In the practical calculation, in order to enlarge the sample size as
much as possible, we chose the lightning events within 5 km range from the HF station
and the FN, HB, and JS stations.

We can see from Figure 8a that the relative ratio of field strength at the stations HF
and HB fluctuates in the range of 1.006–1.91, with an average of 1.32; it can be seen that
the ratio of the amplitudes between the two stations is not affected by the distance. This
ratio of field strength exhibits independence of propagation distance, which indicates that
our assumption in the formula is appropriate. The average ratio of relative field strength
at the HF and FN stations is 0.98, and the average ratio of relative field strength at the HF
and JS stations is 1.18. However, we can also see from Figure 8a that this ratio of amplitude
exhibits a relatively large fluctuation. We speculate that this could be related to the random
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fluctuation of site gain; specifically, when the electromagnetic wave comes from different
directions, there is a considerable difference in the site gain.

Remote Sens. 2022, 14, x  10 of 15 
 

 

 
Figure 8. (a) Observations of field gain at equal distance for the HF–HB station link. (b) Observations 
of field gain at equal distance for the HF–FN station link. (c) Observations of field gain at equal 
distance for the HF–JS station link. 

4.2. Variation of Lightning Pulse Peak Value with Distance 
According to Equation (9), in order to explore the variation in lightning pulse peak 

value with distance, here we manually sort the lightning-discharging events at a range of 
205 km (200–210 km) from the JS station, including a total of 1053 IC discharges and 726 
CG strokes. The distance from these discharging events to the HF station varies from 0 km 
up to 400 km; therefore, we can examine the variation in pulse peak value at the JS station 
(relative to the amplitude at the HF station) with propagation distance. We can see from 
the figure that for both the IC and CG pulses, the pulse amplitude attenuates rapidly with 
the propagation distance. Idone et al. 1993 pointed out that the peak value of CG strokes 
attenuates exponentially with distance (r); therefore, we can adopt the data fitting in the 
logarithmic coordinates [14]: 

Take the 𝐸 = 𝛼𝑟ି  (10)

We fit the logarithmic value of the data by applying the logarithm on both sides of 
Equation (10). We then we get the following equation: lg(𝐸) = (−𝑏) ∗ lg(𝑟) + lg (𝑎)  (11)

For the IC events and CG events at a range of 205 km (200–210 km) from the JS station, 
b = 1.0422 and b = 1.1385, respectively, as shown in Figure 9. 

Figure 8. (a) Observations of field gain at equal distance for the HF–HB station link. (b) Observations
of field gain at equal distance for the HF–FN station link. (c) Observations of field gain at equal
distance for the HF–JS station link.

4.2. Variation of Lightning Pulse Peak Value with Distance

According to Equation (9), in order to explore the variation in lightning pulse peak
value with distance, here we manually sort the lightning-discharging events at a range of
205 km (200–210 km) from the JS station, including a total of 1053 IC discharges and 726 CG
strokes. The distance from these discharging events to the HF station varies from 0 km up
to 400 km; therefore, we can examine the variation in pulse peak value at the JS station
(relative to the amplitude at the HF station) with propagation distance. We can see from
the figure that for both the IC and CG pulses, the pulse amplitude attenuates rapidly with
the propagation distance. Idone et al. 1993 pointed out that the peak value of CG strokes
attenuates exponentially with distance (r); therefore, we can adopt the data fitting in the
logarithmic coordinates [14]:

Take the
E = αr−b (10)

We fit the logarithmic value of the data by applying the logarithm on both sides of
Equation (10). We then we get the following equation:

lg(E) = −b ∗ lg(r) + lg(a) (11)

For the IC events and CG events at a range of 205 km (200–210 km) from the JS station,
b = 1.0422 and b = 1.1385, respectively, as shown in Figure 9.
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Figure 10 shows the variation in pulse amplitude with the distance from the JS station
for 453 IC pulses and 334 CG pulses. Similarly, for the CG and IC events occurring at
a distance of 150 km (147.5–152.5 km) from the JS station, we obtained the variation in
E-field pulse peak value (relative to the HF station) with distance, and the results of index
fitting were b = 1.0236 (for IC) and b = 1.116 (for CG), respectively. The results are shown in
Figure 10.
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Figure 11 shows the variation in the ratio between the E-field peak values of CG and
IC events occurring at a distance of 250 km (245–255 km) from the JS station with distance,
where we obtained b = 1.0171 (for IC) and b = 1.1006 (for CG), and there were 192 IC pulses
and 177 CG pulses. The results are listed in Table 1.
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Table 1. Variation in the E-field peak values of CG and IC events with distance from the HF station.

No.
Width of

Distance Ring
(km)

Radius of
Circular Ring

(km)

Attenuation
Index of IC

Events, b

Attenuation
Index of CG

Events, b

1 5 150 1.0236 1.116

2 10 205 1.0422 1.1385

3 10 250 1.0171 1.1006

According to Equation (3), when b =−1, it indicates that there is no peak value attenua-
tion of the lightning pulse during the propagation process. Our result of b > 1 indicates that,
for both IC and CG pulses, the propagation on the ground surface with finite conductivity
caused the attenuation of the peak value. Under the same propagation conditions, the
propagation attenuation index b of IC pulses was smaller than the attenuation index of
CG pulses, which indicates that the IC pulses suffer less attenuation than CG pulses. As a
matter of fact, Cooray 2012 used the propagation attenuation function of a dipole above the
planar ground surface to simulate the propagation attenuation situation of IC discharges
over the ground surface with finite conductivity, and revealed that the IC pulse mainly
propagates in the air [10]. In comparison with the CG pulses that mainly propagate along
the ground surface, IC pulses undergo less peak value attenuation. The results of field
observations in this paper confirm this result.

We can also see from Table 1 that, even though the waveform data observed at the
HF and JS stations are used, when we select different concentric rings, the propagation
attenuation coefficient obtained from fitting is slightly different. Moreover, there is relatively
large fluctuation in the fitting value of the amplitude ratios calculated for individual
lightning events. This fluctuation is very likely related to the fluctuation present in the field
gain of EM waves coming from various incident directions. As shown in the figure, even
though we do not consider the influence of propagation attenuation, the ratio of E-field gain
coefficient in the field is not a fixed constant, and it also undergoes fluctuation, which leads
to fluctuation in the calculated ratio of E-field pulse peak value. Even though in this paper,
according to the fitting results of numerous lightning events occurring in a broad range, we
can eliminate the influence of this fluctuation in the field gain to some extent, our results
indicate that the attenuation index obtained by the fitting of CG events is 1.12–1.14. This
result is very close to the attenuation index of 1.13 obtained by Idone et al. 1993 according
to the CG stroke of artificial rocket-triggered lightning [14]. It should be noted that the
attenuation index obtained by Idone et al. 1993 according to individual rocket-triggered
lightning varied in the range of −0.95 to −1.34, which also confirms that the field gain
coefficient of the antenna is not a constant, because of its feature of random fluctuation.
This probably indicates that when Idone et al. 1993 fitted the relationship between EM
wave peak value and return stroke current according to the E-field strength corrected with
the propagation attenuation, they could not improve the correlation coefficient.

4.3. Numerical Simulation

We further used COMSOL to simulate and characterize the propagation attenuation of
IC and CG pulses over the ground surface with finite conductivity. COMSOL Multiphysics
is based on the finite element method, and achieves the simulation of real physical phe-
nomena by solving single-field or multifield partial differential equations, and solves the
physical phenomena in the real world with mathematical methods. We took the vertical
dipole model as the source of the lightning pulses. For the CG pulse, it was presumed that
the height of occurrence was 200 m above the ground surface and the length of the simu-
lated discharge was 199 m, while the IC pulse was assumed to be at a height of 8 km above
the ground surface and the length of the simulated discharge was assumed to be 199 m.
For the CG pulse, it was presumed that the frequency was mainly concentrated at 40 kHz,
and the frequency of IC pulses was presumed to be concentrated at 120 kHz. According
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to the features of the actual observation dataset, the simulation studied an observation
range of 300 km. The underlying surface was modeled with uniform conductivity, and
the conductivity was set to be 0.01 S/m, 0.001 S/m, 0.0005 S/m, and 0.0001 S/m. Because
the simulation range was within 300 km, this simulation did not consider the reflection of
the ionosphere.

As for the IC pulses, when the conductivity is 10−4 S/m, the IC pulses will also be
subject to relatively considerable attenuation, and the attenuation index is b = 1.285; for
CG pulses, it is b = 1.454. When the ground conductivity is relatively high (e.g., 0.01),
both IC and CG pulses will experience relatively small attenuation, and the attenuation
index is b = 1.0067 (for IC pulses) and b = 1.0152 (for CG pulses). From the results of actual
observations and numerical simulations, it can be seen that the ground conductivity has
a considerable impact on the attenuation of lightning E-field. This influence provides a
way to use the attenuation features of E-field strength to retrieve the ground conductivity.
Johler 1961 [23] discussed how to use the LF/VLF electromagnetic pulse of lightning to
determine the ground conductivity; by comparing the actual observed waveform and
the predicted waveform under the influence of ground conductivity, he determined the
conductivity between Leoti in west Kansas (Kansas, Brighton) and Colorado. Schueler and
Thomson 2006 [24] used the ground wave signal of lightning received by the lightning
location system of Florida KSC in 1992; by analyzing the variation in dE/dt with ground
conductivity, they estimated the effective ground conductivity, and the geometric mean
ground conductivity was 0.0059 S/m. Aoki et al. 2015 [25] observed a decrease in Ez
peak and an increase in Ez rise time due to propagation over 200 km of Florida soil, which
were reasonably well reproduced by the FDTD simulation with ground conductivity of
0.001 S/m. We can see from Figure 12 that when the ground conductivity is 5 × 10−3 S/m,
the attenuation index is b = 1.0675 for IC and b = 1.1699 for CG. The measurement results of
this paper were in the range of 5 × 10−3 S/m–10 × 10−3 S/m. Although this simulation
only considers the uniform conductivity of the ground surface, and it does not consider
the influence of roughness and earth curvature, this result is in good agreement with the
electrical conductivity of 5 × 10−3 to 10 × 10−3 S/m in the plains region of the Huaihe
River basin as published by Shaanxi Observatory, according to the empirical method used
to predict the propagation delay of the ground wave for timing signal [26].
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5. Conclusions

Based on the lightning pulse waveforms recorded by the modern lightning detection
network, in this paper, we propose a method that applies the concentric ring technique to
measure the propagation attenuation index of the lightning pulse waveform. This method
does not need to precisely calibrate the field gain of sensors. Instead, it fixes the distance
of lightning pulses with respect to a station, and uses the variation in the distance from
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another station to characterize the attenuation of a lightning pulse waveform with distance.
For the large sample data recorded by the system, we found that for both IC and CG pulses,
their peak values exhibit the relatively good power-law feature of E = ar−b with distance,
while the attenuation index was b = 1.02 for IC discharges and b = 1.13 for CG strokes. On
this basis, it can be concluded that under the condition of the same propagation path, the
IC pulses experience less attenuation than CG pulses.

Our results also indicate that even when the condition of propagation attenuation is
identical, there is also a relatively large fluctuation in the ratio of E-field gain. This indicates
that even if we conduct the calibration of gain for the antenna sensor in the field, the gain
coefficient of actual individual measurements could exhibit a relatively large fluctuation
with respect to the calibrated gain coefficient.
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