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Abstract: The impulse charge moment change (iCMC) is an important electrical property of cloud-to-
ground (CG) lightning. In this paper, a new method of measuring the iCMC at distances of several
hundred kilometers is proposed. The method is based on the vertical electric field below 1 kHz
measured by the widely used fast electric field antenna with low frequency/very low frequency
(LF/VLF) band. The impulse response of Earth-ionosphere waveguide (EIWG) is modeled using a
finite difference time domain (FDTD) method considering an anisotropic ionosphere. By comparing
the observed waveform with the simulated impulse response, the lightning discharge is classified
into the impulsive discharge and the non-impulsive discharge. For the impulsive discharge, its iCMC
is obtained directly by comparing the measured ELF waveform to the modeled impulse response
at the same distance. For the non-impulsive discharge, its current moment waveform is assumed
to be a sum of two Heidler’s functions, and the genetic algorithm is used to search the unknown
parameters in the functions. The good agreement between the measured ELF waveform and the
simulated waveform implies that the extracted current moments are reasonable. This method can be
used to continuously monitor the lightning iCMC in a given time and space.

Keywords: lightning impulse charge moment change; ELF propagation; Earth-ionosphere waveguide;
fast electric field antenna; genetic algorithm

1. Introduction

The lightning charge moment change, which is defined as the product of charge
transferred from cloud to ground by the discharge and the lightning channel height,
is an important electrical property of the CG lightning [1,2]. The charge moment change
within the first 2 ms after the return stroke is usually called the impulse charge moment
change (iCMC) [3]. Different from the peak current which is commonly provided by the
widely used lightning locating systems, the iCMC is a parameter related to the charge. In
addition, the charge moment change and peak current are not always well correlated [3,4].
The charge moment change is an important parameter to evaluate the characteristics of
lightning discharges [4,5], the formation of transient luminous events (TLEs) [6–11] and
terrestrial gamma-ray flashes (TGFs) [12,13].

Previous measurements on the lightning charge moment change were conducted
using the recorded lightning electromagnetic (EM) waveforms in the extremely low fre-
quency band (ELF usually refers to frequencies ranging from 3 to 3000 Hz in atmospheric
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research) [1]. The ELF wave propagates in the Earth-ionosphere waveguide (EIWG) as a
guided wave and the EIWG can be regarded as a linear and time invariance system for this
problem. The input of this system is the lightning source, the output is the far field, and
the impulse response or the transfer function is controlled by the ionosphere parameters.
Below the waveguide cutoff frequency (~1.5 kHz at nighttime), only the quasi-transverse
electromagnetic waves (QTEM waves) can propagate. In such frequency bands, since the
lightning channel length is much shorter than the electromagnetic wavelength, the distant
EM field is directly related to the lightning current moment, which is the product of the
lightning current and the channel height. In addition, the time integral of the current
moment is the charge moment.

With simulated or measured propagation impulse responses, the lightning current
moment and the charge moment change can be obtained by the deconvolution of the ELF
field and the impulse response. These remote measurements can be roughly divided into
two categories according to the frequency band used, including the Schumann resonances
(SR) method with an upper frequency limit of tens Hz (e.g., [7,10,14]) and the method
based on a wider frequency band up to several kHz (e.g., [1,3,8,9]). Due to the very
low attenuation of the ELF propagation in the EIWG, which is about 2–3 dB/1000 km at
ELF/VLF frequencies [15], the remote sensing technique based on the ELF field has been
applied to measuring the lightning charge moment at thousands of kilometers.

The charge neutralized by the ground lightning flash can also be measured based
on the measurement of the electrostatic field component produced by the discharge [16].
The point charge model is assumed in this technique and simultaneous measurements
of the electric field change at multiple stations are used to calculate the point charge and
its coordinates [17]. Nieckarz et al. [18] compared the lightning charge moment change
calculated from the electrostatic method and from the ELF radio observations. Results show
a good correlation between the CMC obtained by the two methods. However, because of
the fast attenuation of the electrostatic field which is inversely proportional to the third
power of distance, the electrostatic method can only be used for measurement within a
limited distance of several tens of kilometers.

In this paper, we will develop a new method to measure the lightning iCMC using
the fast electric field antenna. It follows the same principle as the ELF method in which
the distant ELF field is the convolution of the lightning current moment and the impulse
response. A two-dimensional cylindrical finite difference time domain (FDTD) method
considering the anisotropic ionosphere is used to simulate the impulse response of EIWG.
By comparing the observed waveform with the simulated impulse response, we can infer
whether the lightning discharge is an impulsive discharge. If the lightning discharge is
not an impulsive discharge, the current moment waveform is assumed to be a sum of two
Heidler’s functions [19], and the genetic algorithm (GA) is used to search the unknown
parameters in the function. The charge moment change can be obtained by the time
integration of the current moment.

The rest of the paper is organized as follows. Section 2 presents a description of the
instrument, the data processing and the simulation of the impulse response using a FDTD
model. With the observed data and the simulated impulse response, a new method of
iCMC measurement is proposed. Section 3 presents several measurement examples. The
error analysis is also presented in detail. The Discussion and Summary are presented in
Sections 4 and 5, respectively.

2. Data and Methods
2.1. Instrument and Data

The fast electric field antenna (flat plate antenna) installed at the Nanjing University of
Information Science and Technology (NUIST) (32.2065◦N, 118.7170◦E) was used. The 3-dB
bandwidth of the fast antenna was 1.25 kHz to 350 kHz and its frequency response is shown
in Figure 1 (black line). The site calibration factor was obtained by comparing the recorded
electric field with that recorded on the ground level. A GPS receiver with an accuracy of
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±50 ns was equipped at the station, and it provided a one-pulse-per-second output (1-PPS)
as a reference source for data sample time tagging. The signals were sampled at 1 MHz.

Figure 1. The normalized frequency response of our fast electric field antenna (black line) and the
6th-order Butterworth high-pass filter with cutoff of 1 kHz (red line).

In this study, only the signal below 1 kHz was used in the iCMC measurement. This
is because there are pure QTEM waves in this band and the influence of the ionospheric
parameters on the wave propagation is relatively less. On the contrary, in the VLF/LF band,
due to the complicated waveguide propagation effects, the observed waveform is largely
influenced by the ionospheric parameters [20–22]. A 6th-order Butterworth high-pass filter
with cutoff of 1 kHz was applied to the recorded electric field. The red line in Figure 1
shows the frequency response of the high-pass filter. After filtering, the power line noise
was reconstructed according to the data segment that does not contain lightning waveforms.
Then, a clean electric field waveform could be obtained by subtracting the noise from the
raw data.

Figure 2 shows an example of the data processing. Figure 2a shows a raw data
measured by the fast antenna for a CG stroke. In Figure 2b, the black solid line is the
waveform after the 1 kHz low-pass filtering. The blue dash line is the reconstructed noise
waveform according to the adjacent waveform segment without lightning signal (20–40 ms),
and it has a duration of 20 ms. The red line is the clean waveform obtained by subtracting
the noise from the filtered waveform. It can be seen that the ELF waveform after the noise
cancelation has a high signal-to-noise ratio.

The Jiangsu Advanced Direction and Time-of-Arrival Detecting (ADTD)-2 lightning
data were used to identify the lightning location of the recorded lightning waveform.
The Jiangsu ADTD-2 lightning locating network works in the VLF/LF band and includes
16 stations. It has a position accuracy less than ~500 m and time accuracy better than 2 µs
in theory [23]. A match was found if the time difference between the calculated ADTD-
lightning EM wave arrival time and the recorded wave arrival time by our antenna was
less than 5 µs. When a match was found, the lightning location and propagation distance of
the recorded lightning waveform were obtained. Then we simulated the impulse response
at the distance.

2.2. Simulation of the Impulse Response

The impulse response of the EIWG is key to measure the lightning charge moment
change. In this study, the impulse response was calculated using the finite difference time
domain (FDTD) method. We will give a brief introduction of the FDTD and present an
analysis on the impulse response in the time domain.
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Figure 2. An example of the data processing. (a) Raw data, (b) noise cancelation process.

2.2.1. FDTD Model

The two-dimensional cylindrical FDTD code developed by Hou et al. [20] was used
to simulate the propagation of the lightning electromagnetic pulse (LEMP) in the EIWG.
This FDTD model was first developed by Hu and Cummer [24]. In this model, the lower
ionosphere is regarded as a cold magnetized plasma, which is full of electrons, negative
ions and positive ions. These charged particles move under the electric field, collide with
neutral air and rotate under the geomagnetic field, generating the current in the ionosphere.

Figure 3a shows the overall FDTD configuration. The upper and right boundaries are
surrounded by nearly perfectly matched layer (NPML)-absorbing boundaries [25]. The
surface impedance boundary condition (SIBC) is applied to the bottom boundary to include
the propagation effect. The Earth’s curvature is considered by modifying the refractive
index at different heights [24]. The lightning channel is placed on the axis of symmetry.
Figure 3b shows the mesh scheme of the FDTD model. The components of the electric field
(E) and the current density (J) are collocated in time and space. The magnetic field (H) is
shifted by half of the grid compared to E and J. The stability condition for the magnetized
plasma is independent of medium properties and remains the same as that in free space
when adopting the E–J method. More details of this FDTD model can be found in [24].

Figure 3. (a) FDTD configuration. (b) Mesh scheme of the FDTD model. The positions of the vector
components in ar, az and aϕ directions are shown.
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In the D region (<95 km) of ionosphere, a two-parameter exponential formulation is
adopted to represent the electron density profile [26,27]

Ne(h) = 1.43× 1013e−0.15h′ e(β−0.15)(h−h′)
(

m−3
)

(1)

where h is the height above the ground in km, h′ is the reference height of the ionosphere
in km and β is the electron density profile sharpness in km−1. h′ is set to 70 km and β is
set to 0.4 km−1 for a typical daytime ionosphere condition; h′ is set to 85 km and β is set
to 0.5 km−1 for a typical nighttime ionosphere condition [28,29]. The electron density in E
region (about 95–170 km) is calculated using the International Reference Ionosphere—IRI
2016 [30] for a midlatitude region. Figure 4 shows the typical electron density profile
under nighttime and daytime conditions and the collision frequencies of the electrons and
ions [26].

Figure 4. (a) Typical electron density profile under nighttime and daytime conditions. The density
of positive ions is set to the same value as the electrons but with a minimum value of 200 cm−3 in
daytime and 100 cm−3 in nighttime. (b) Collision frequencies of the electrons and the positive and
negative ions.

By default, the Earth’s geomagnetic field was set to 50,000 nT and the geomagnetic
inclination was set to 45◦ in the FDTD method. The angle between the horizontal com-

ponent of
→
B E and the wave propagation direction was 0◦ (northward propagation). The

lightning channel height was set to be 10 km. The FDTD simulation domain size was
500 km × 170 km, and the grid size was ∆r = ∆z = 1 km. The time step was ∆t = 2 µs, which
satisfies the Courant stability condition.

The FDTD code used in this study was validated in LF/VLF bands by Hou et al. [20]
by comparing the simulated field waveform with the observed waveform. In Appendix A,
we further validated our FDTD codes in the ELF bands using the transverse horizontal
magnetic field recorded by Lu et al. [11] at Duke Forest Station (35.971◦N, −79.094◦E).
A brief convergence study for the numerical grid is also presented and the results show
that the cell size of 1 km was fine enough for our simulation.

2.2.2. Modeled Impulse Response

In order to get the impulse response of the EIWG, an impulsive source needs to be
inputted. Since the upper frequency limit of our concern was 1 kHz, the duration of
the current moment needed to be much less than 1 ms. An impulsive current moment
waveform in Gaussian shape with duration of 0.1 ms and charge moment change of 1 C·km
was used in this study (see the red line in Figure 5a).

Here we will give some illustration on the use of the Gaussian-shaped current moment.
Figure 5a shows several current moment waveforms which have different half-peak widths
and different peaks. Their amplitude in the frequency domain is shown in Figure 5b. The
time integrals of these current moments are all 1 C·km. The current moment waveforms
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numbered 1, 3 and 4 are all in Gaussian shape, with duration of 0.1 ms, 0.2 ms and 0.25 ms,
respectively. The current moment waveforms numbered 2 and 5 have a fast rise time than
fall time, and their durations are about 0.15 ms and 0.4 ms, respectively. It can be seen that
the amplitude below 1 kHz is approximately a constant for the current moment numbered
1 to 4, no matter the differences in the current moment waveforms. In this situation, their
radiated ELF field within 1 kHz will approximately be the same. Therefore, it is reasonable
to use a Gaussian-shaped current moment to calculate the impulse response of the EIWG.
In addition, the field waveform (or the field peak) radiated by an impulsive lightning
discharge is determined by the time integral of the current moment which is the charge
moment change, rather than the current moment waveform. It also can be seen that a
discharge with duration less than ~0.25 ms can be regarded as an impulsive discharge in
this study.

Figure 5. (a) Five current moment waveforms with different rise and fall times. Their time integrals
are all 1 C·km. The red line labeled 1 represents the impulsive current moment source used to
calculate the impulse response in this study. (b) The corresponding amplitude in frequency domain.

Figure 6 shows the modeled impulse responses within 1 kHz under typical daytime
and nighttime conditions at the distance of 500 km. The black lines are the complete
waveforms below 1 kHz, the red dash lines are the waveforms further considering our
antenna response. It can be seen that the frequency response of the antenna has a significant
influence on the impulse response. The bipolar characteristics of the waveforms are more
obvious, and the field peak is largely reduced when the antenna response is applied. The
impulse response considering the antenna response will be used in the measurement
of iCMC.

Figure 6. Modeled impulse response for 1 C·km at 500 km in the typical (a) daytime and (b) nighttime
condition. The black lines are the complete waveforms below 1 kHz, the red dash lines are the
waveforms further considering our antenna response. Note that ahead of the waveform, initial time
compared with d/c (c being the light speed) is caused by the zero-phase filter.
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The lower ionosphere is an anisotropic medium due to the presence of the geomag-
netic field. In the VLF/LF band, the electron density profile in D region and the EM wave
propagation direction have a large influence on the sky wave and its arrival time [20–22].
In Appendix B, the influence of the electron density profile in D region and the EM wave-
form propagation direction on the modeled impulse response in ELF band were studied.
Results show that this influence is relatively less within 500 km. Therefore, the typical
electron density profile is used, and a northward propagation of the EM wave is assumed
in the following iCMC measurement.

2.3. iCMC Measurement Method

With the observed ELF waveform described in Section 2.1 and the modeled impulse
response in Section 2.2, we can measure the lightning iCMC.

Figure 7 shows the procedure of the iCMC measurement. Considering the typical
electron density profiles in the daytime, nighttime and morning/evening condition, we
can establish the modeled impulse response waveform bank using the FDTD method or
other analytical method. For a recorded ELF waveform, choose the impulse response from
the waveform bank according to the EM wave propagation distance and the local time.
By comparing the observed waveform with the modeled impulse responses, we can infer
whether the lightning discharge is an impulsive discharge. In this study, if the normalized
cross-correlation coefficient between the observed ELF waveform and the modeled impulse
response was larger than 0.97, the recorded ELF waveform was thought to be produced
by an impulsive discharge; otherwise, this recorded ELF waveform was produced by the
non-impulsive discharge. For the impulsive discharge, the observed ELF waveform and the
modeled impulse response were highly similar. Since the field waveform and the field peak
generated by an impulsive lightning discharge was determined by the charge moment,
the iCMC could be obtained directly by the waveform comparison. For the non-impulsive
discharge, the current moment waveform will be assumed to be the sum of two Heidler’s
functions, and the genetic algorithm (GA) was used to search the unknown parameters in
the function. In the following, we will focus on the non-impulsive lightning discharge and
describe the method in detail.

Figure 7. Procedure of the iCMC measurement.

For non-impulsive discharges, since the current moment waveform has a relatively
broader pulse width, the generated ELF waveform will also have a broader pulse width
compared with that produced by the impulsive discharge. In this case, the cross-correlation
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coefficient between the observed waveform and the impulse response is lower. In theory,
the lightning current moment can be obtained by the deconvolution of the ELF field and
the impulse response. However, the direct deconvolution method cannot guarantee the
non-negativity and the smoothness of the obtained current moment waveform. Cummer
and Inan [1] applied the linear regularization along with the projections onto the convex
sets method to solve the problem. This method has been successfully used to measure the
current moment waveforms, not only in the first several milliseconds but also in the long
continuing current stage [9]. In this study we were only interested in the current moment
waveforms in the first several milliseconds. The current moment waveform is assumed
to be a sum of two Heidler’s functions, and the genetic algorithm is used to search the
unknown parameters in the function.

2.3.1. Reconstructing the Current Moment Waveform Using Genetic Algorithm

The current moment (CM) waveform in the first several milliseconds is assumed to be
a sum of two Heidler’s functions along with a Gaussian function, as shown in Equation (2).

M(t) = A1
η1

(t/t1)
2

[(t/t1)2+1] e
−t/t2 + A2

η2

(t/t3)
2

[(t/t3)2+1] e
−t/t4 + A3exp

[
−
(

t−t5
t6

)2
]

η1 = exp
[
− t1

t2

(
2t2
t1

)1/2
]

, η2 = exp
[
− t3

t4

(
2t4
t3

)1/2
] (2)

where A1, A2 and A3 control the amplitudes of the Heidler’s and Gaussian functions; t1, t2,
t3, t4 and t6 control the rise times and fall times of the waveforms; t5 adjusts the position of
the Gaussian function. The Gaussian function in the right hand of the equation is just an
adjustment term used to adjust the rate of change of the current moment; it does not have
much physical meaning.

First, we will give an explanation on the rationality of adopting the Heidler’s functions.
In previous studies on the propagation of ELF electromagnetic pulses, which are also called
the “slow tail” atmospherics, the lightning source is usually represented by the sum of
exponential functions. Jones [31] summarized the lightning current parameters in previous
literatures and derived a current moment formular used for the ELF propagation study,
in which the leading current, the return stroke current and the continuing current are all
expressed as exponential terms. In addition, according to the extracted current moment
waveforms shown in Li [32], we can also see that the exponential function or the Heidler’s
function is the proper choice to represent the lightning current moment waveforms in the
first several milliseconds. Most importantly, since the upper frequency limit is 1 kHz in
this study, the extracted current moment waveform can be regarded as a filtered result
of the original real current moment. The extracted current moment will be one of the
possible current moments, ignoring the fine structures in higher frequency. Since the sum
of simple exponential functions cannot guarantee the current equals zero in the initial
time, the Heidler’s function is adopted in the study. Therefore, Equation (2) is a reasonable
representation to the lightning current moment waveform.

In Equation (2), there are nine unknown parameters (A1-A3, t1-t6). The current mo-
ment measurement problem is converted to finding suitable values for these unknown
parameters to make the calculated ELF waveform fit the measured waveform. A fit pa-
rameter evaluating the error between the calculated ELF waveform (Ec) and the measured
waveform (Em) is defined as

ρ =
1
L

L

∑
n=1

√
[Em(tn)− Ec(tn)]

2 (3)

where tn is the time and L is the number of samples in the waveforms. The calculated ELF
waveform (Ec) is the convolution of the current moment (CM) and the impulse response.
For different combinations of the parameter (A1-A3, t1-t6) values, we can get different CMs
using Equation (2). By convoluting the CMs and the known impulse response, different
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simulated ELF waveforms can be obtained. Then, the parameter value set which minimizes
the ρ in Equation (3) will be used to calculate the final current moment waveform.

In this study, the genetic algorithm [33] was used to determine the parameter values in
the current moment waveform to give the best fit to the measured ELF waveform. The GA
is a general optimization algorithm based on a random search technique, and the parameter
search process mimics biological evolution. In previous studies, the genetic algorithm
has been used to estimate the parameters in the lightning current functions (e.g., [34–36]).
More introductions of GA can be found in these literatures. Table 1 gives the allowed
maximum and minimum values in GA for each parameter used in our measurement. The
first Heidler’s function is designed to have a relatively narrow pulse width compared to
the second one. The Gaussian function is set to have less amplitude than the Heidler’s
function. These strategies contribute to the fast convergence of GA. The initial population
is chosen to be 200, and the max generation (or iteration number) is set to 15.

Table 1. The lower limits and the upper limits of the parameters in Equation (2) used in this study.

Parameters A1
(kA· km)

t1
(ms)

t2
(ms)

A2
(kA· km)

t3
(ms)

t4
(ms)

A3
(kA· km)

t5
(ms)

t6
(ms)

Lower limit 0 0.2 0 0 0.2 0 0 0 0.2

Upper limit 500 0.5 1 500 3 3 100 5 5

2.3.2. Method Validation

In this section, we test the proposed technique in order to check whether it can extract
a reasonable current moment waveform and get the iCMC within 2 ms.

Figure 8a shows an assumed current moment waveform. This current moment wave-
form is adapted from [32]. It is composed of a long impulse current (0–2 ms) and a continu-
ing current. Figure 8b shows the modeled vertical electric field waveform radiated by this
current at distance of 400 km with ionospheric parameters h′ = 85 km and β = 0.5 km−1.
The frequency response of our fast antenna was considered. The modeled waveform is then
used to extract the current moment waveform adopting the genetic algorithm. Figure 8c
compares the extracted current moment waveform and charge moment waveform with
the assumed ones. It can be seen that the extracted current moment waveform is almost
the same with the assumed in the impulse current part. The extracted impulse charge
moment within 2 ms is 392 C·km, and the assumed one is 394 C·km. This result validates
that the proposed method using genetic algorithm is effective in the reconstruction of the
current moment waveform, and it can really ensure the smoothness and non-negativity of
the measured current moment waveform. In addition, it validates that the measured iCMC
within 2 ms has a relatively high accuracy after considering the frequency response of the
antenna, even the antenna gain falls with decreasing frequency.
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Figure 8. (a) Assumed current moment waveform. (b) Calculated ELF field below 1 kHz at distance
of 400 km considering our fast antenna. This field waveform is in turn used to calculate the current
moment waveform. (c) Comparison of the assumed current waveform and the calculated waveform
using GA.

3. Results

In the following section, we will present several examples to show how to get the
iCMC for the impulsive discharge and the non-impulsive discharge, respectively.

3.1. iCMC Measurement for the Impulsive Discharge

Figure 9a shows the vertical electric field recorded by the NUIST station at 09:43:12.877840
UT on 19 September 2021. It was produced by a negative flash with peak current of −76.2 kA
at distance of 323 km, according to the ADTD-2 lightning locating data. The black line is
the raw data and the red line is the ELF waveform after the noise cancelation. It was found
that the cross-correlation coefficient between the observed waveform and the modeled
impulse response at the distance of 323 km with h’ = 70 km and β = 0.4 km−1 is 0.998. We
can infer that this ELF waveform is produced by an impulsive discharge whose duration is
less than 0.25 ms.

As shown in Figure 9c, after enlarging the simulated impulse response by 11.2 times,
the simulated waveform is approximately identical to the observed one. Therefore, the
charge moment of this negative lightning discharge is about −11.2 C·km. More calculation
results show that the iCMC ranges from −11.2 to −12.9 C·km when h’ ranges from 70 to
74 km and β ranges from 0.3 to 0.4 km−1.

Figure 10 shows another example similar to Figure 9 but under a nighttime condition.
The return stroke peak current is −89.9 kA, and the distance is 213 km away from the
NUIST station. The measured ELF waveform (red line in Figure 10c) and the modeled
impulse response with −24.8 C·km (black dash line in Figure 10c) have an excellent
agreement, indicating the charge moment of this lightning discharge is about −24.8 C·km.
The measured iCMC ranges from −23.2 to −24.9 C·km when h’ ranges from 82 to 87 km
and β ranges from 0.5 to 0.7 km−1. The maximum value of the relative error is about 6.6%
when ignoring the influence of the electron density profile. This indicates that our method
is not sensitive to the ionospheric parameters.
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Figure 9. Demonstration of a charge moment measurement from ELF vertical electric field for an
impulsive CG lightning discharge with peak current of −76.2 kA at distance of 323 km in daytime.
The event time in the title is the return stroke time. (a) The raw data (black line) and the ELF waveform
after the noise cancelation (red line). (b) Modeled impulse response with h’ = 70 km and β = 0.4 km−1

at distance of 323 km. (c) Comparison of the measured ELF waveform (red line) and the modeled
impulse response (black dash line) with −11.2 C·km.

Figure 10. Similar to Figure 9, but for an impulsive CG lightning discharge at a distance of 213 km in
nighttime. The measured ELF waveform (red line in Figure 10c) and the modeled impulse response
with −24.8 C·km (black dash line in Figure 10c) have an excellent agreement, indicating the iCMC is
about −24.8 C·km.
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3.2. iCMC Measurement for the Non-Impulsive Discharge

Figure 11 shows an example of iCMC measurement for a non-impulsive CG lightning
discharge in the nighttime. It was produced by a positive flash with peak current of 153.5 kA
at distance of 250 km. The raw data (black line) and the ELF waveform after the noise
cancelation (red line) are shown in Figure 11a. The cross-correlation coefficients between the
observed ELF waveform and the modeled impulse response at distance of 250 km are lower
than the threshold, indicating the field is radiated by a non-impulsive discharge. Figure 11b
shows the comparison of the measured ELF waveform and the modeled impulse response
with 50.6 C·km. Although their field peak is the same, the measured waveform has a larger
width and zero-crossing time, implying the charge moment is larger than 50.6 C·km. Then,
its current moment waveform is assumed to be a sum of two Heidler’s functions, and
the genetic algorithm is used to search the unknown parameters. Figure 11c shows the
extracted current moment waveform using GA and the charge moment waveform. The
duration of the reconstructed current moment is ~1.5 ms, which is larger than the duration
of the impulsive discharge (being ~0.25 ms in this study). The measured iCMC within
2 ms is 100.7 C·km. Figure 11d compared the measured ELF waveform with the waveform
obtained by the convolution of the impulse response and the extracted current moment
waveform. The good agreement implies that the extracted current moment waveform
is reasonable.

Figure 11. ICMC measurement for a non-impulsive CG lightning discharge at 14:10:04.474118 UT on
19 September 2021. (a) The raw data (black line) and the ELF waveform after the noise cancelation
(red line). (b) Modeled impulse response with h’ = 85 km and β = 0.5 km−1 at distance (d) of 250 km.
The difference in waveforms indicates the field is radiated by a non-impulsive discharge. (c) The
extracted current moment waveform and charge moment waveform using the proposed method.
(d) Comparison of the measured ELF waveform (red line) and the modeled waveform (black dash
line). The measured and the modeled field waveforms are nearly identical.
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Table 2 summarizes the calculated iCMC and the relative errors under different iono-
spheric parameters. The result considering the real EM wave propagation direction and
the average geomagnetic field parameters between the lightning strike point and the obser-
vation station is also presented and was set as reference. I is the geomagnetic inclination.
D is the geomagnetic declination, and a negative value means the geomagnetic field is
rotated west from true north. It can be seen that the maximum value of the relative error is
about 16% when β increases from 0.5 km−1 to 0.7 km−1. Compared with the result only
considering the EM wave propagation direction, the calculated iCMC increased by only
5%. These results are consistent with the analysis presented in Appendix B, implying that
the influence of the wave propagation on the iCMC measurement within several hundred
kilometers can be approximately ignored.

Table 2. Measured iCMC and relative errors considering different ionospheric parameters and
geomagnetic field parameters for the example shown in Figure 11.

No. Ionospheric Parameters Geomagnetic Field
Parameters *

EM Wave
Propagation

Direction
iCMC (C·km) Relative

Errors Remark

1 h’ = 82 km, β = 0.5 km−1 I = 45◦ 0◦ 97.9 2.2%
2 h’ = 85 km, β = 0.5 km−1 I = 45◦ 0◦ 100.6 5.0% shown in Figure 11
3 h’ = 87 km, β = 0.5 km−1 I = 45◦ 0◦ 105.9 10.5%
4 h’ = 82 km, β = 0.7 km−1 I = 45◦ 0◦ 102.5 7.0%
5 h’ = 85 km, β = 0.7 km−1 I = 45◦ 0◦ 105.3 9.9%
6 h’ = 87 km, β = 0.7 km−1 I = 45◦ 0◦ 111.1 16.0%
7 h’ = 85 km, β = 0.5 km−1 I = 50◦, D = −6◦ 150◦ 95.8 — set as reference

* I is the geomagnetic inclination, D is the geomagnetic declination.

Figure 12 shows another example of iCMC measurement for a non-impulsive CG
lightning discharge in the daytime. It was produced by a positive flash with peak current
of 89.6 kA at a distance of 353 km. The difference between the measured ELF waveform
and the modeled impulse response shown in Figure 12b indicates this is a non-impulsive
lightning discharge. The duration of the extracted current moment (see Figure 12c) using
GA is ~2.5 ms, which is much larger than 0.25 ms. The measured iCMC is 68.9 C·km. The
measured ELF waveform and the waveform calculated by the convolution of the impulse
response and the extracted current moment waveform have a good agreement.

Table 3 further shows the error analysis considering different ionospheric parameters
and geomagnetic field parameters. The maximum relative error is −11.4%, and the error
without considering the real geomagnetic field parameters and the EM wave propagation
direction is only −0.1%, implying our method is robust.

Table 3. Measured iCMC and relative errors considering different ionospheric parameters and
geomagnetic field parameters for the example shown in Figure 12.

No. Ionospheric Parameters Geomagnetic Field
Parameters *

EM Wave
Propagation

Direction
iCMC (C·km) Relative

Errors Remark

1 h’ = 70 km, β = 0.3 km−1 I = 45◦ 0◦ 61.1 −11.4%
2 h’ = 74 km, β = 0.3 km−1 I = 45◦ 0◦ 69.7 1.0%
3 h’ = 70 km, β = 0.4 km−1 I = 45◦ 0◦ 68.9 −0.1% shown in Figure 12
4 h’ = 74 km, β = 0.4 km−1 I = 45◦ 0◦ 73.5 6.5%
5 h’ = 70 km, β = 0.4 km−1 I = 51◦, D = −6◦ 165◦ 69.0 — set as reference

* I is the geomagnetic inclination, D is the geomagnetic declination.
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Figure 12. Similar to Figure 11. ICMC measurement for a non-impulsive CG lightning discharge at
07:20:36.058741 UT on 19 September 2021. This is an example in daytime. The calculated iCMC is
68.9 C·km.

4. Discussion

In Section 3, the influence of the anisotropic ionosphere on the iCMC measurement
was analyzed in detail. Results show that this influence can be approximately ignored
within ~500 km. In practical terms, the electron density profile in D region in real time
can be obtained by the methods developed in the VLF/LF band (e.g., [21,28,29,37]). The
measured electron density profile parameters can be used to calculate the impulse response
and then used for a more accurate iCMC measurement.

It is worth noting that the extracted current moment waveform is a low-pass filtered
version of the original real current moment since the upper frequency limit is 1 kHz in
our method. However, this does not limit the measurability of the charge moment change
which is the time integral of the current moment, because the time integrals of a function
f (t) and a low-pass filtered function f filt(t) are the same [2].

Single-station data were used in this study. The method can be easily extended to the
multi-station measurement by revising the fit parameter in Equation (3), as in the work
by Karunarathne et al. [38], in which 10 electric field sensors were used to measure the
currents of initial breakdown pulses. For the multi-station measurement, we can define the
normalized fit parameter as

ρ =
1
N

N

∑
i=1

Li

∑
n=1

√√√√ 1
Ln

[
Emi(tn)− Eci(tn)

∆Emi,pp

]2

(4)
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where N is the station number, Li is the number of samples in the waveform of the ith
sensor. Eci is the calculated ELF waveform at ith station, Emi is the measured waveform at
ith station. ∆Emi,pp is the measured peak to peak electric field of ith sensor.

The frequency bandwidth of our fast antenna is mainly in LF/VLF band. The reason
why we can measure the current moment and iCMC in the ELF band is that the frequency
response of the antenna is compensated for in the modeled impulse response. However,
the frequency response dramatically falls with decreasing frequency. The gain in the
lower frequency is too small to distinguish the corresponding waveform component in the
complete waveform. Therefore, compared with the previous studies conducted using the
ELF magnetic antenna, the method presented in this paper cannot be used to extract the
current moment in the continuing current. However, considering the wide use and the
relatively easy development of the fast antenna, this technique can be easily extended and
used for the continuous monitoring of the lightning iCMC in a given time and space.

5. Conclusions

In this paper, we developed a new method to measure the lightning iCMC within 2 ms
at distances of several hundreds of kilometers. The method is based on the vertical electric
field measured by the widely used fast antenna with LF/VLF band. The impulse response
of EIWG is modeled using a FDTD method. By comparing the observed waveform with
the simulated impulse response, the lightning discharge is classified into the impulsive
discharge and the non-impulsive discharge. For the impulsive discharge, its iCMC is
obtained directly by comparing the measured ELF waveform to the modeled impulse
response. For the non-impulsive discharge, its current moment waveform is assumed to be
a sum of two Heidler’s functions, and the genetic algorithm is used to search the unknown
parameters in the function. The good agreement between the measured ELF waveform
and the simulated waveform implies that the extracted current moment is consistent with
the data.
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Appendix A

In order to validate our FDTD codes in the ELF band, we compared our simulated
results with the measured waveforms published by Lu et al. [11].
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The black solid line in Figure A1 is the magnetic field waveform recorded at 04:43:35
UT on 6 November 2013 by the Duke ULF magnetic antenna with a band of <500 Hz.
It was produced by a negative return stroke with impulse charge moment of −418 C·km
at a distance of 1580 km from the observation station. The red dash line is the simulated
impulse response with charge moment change of −418 C·km adopting our FDTD code,
and the waveform is filtered with a 6th-order Butterworth filter with a cutoff frequency of
500 Hz. It can be seen that the simulated waveform is almost the same with the observed
one, especially in the initial part, including the field peak, half-peak width and the ratio
of the negative peak to positive peak. This comparison shows that our FDTD codes are
correct and can be used to simulate the field in the ELF band.

In our simulation, the FDTD grid is set to 1 km. Here we will present a brief accuracy
convergence analysis for this FDTD model in the time domain. Figure A2 shows the
simulated impulse responses within 1 kHz under typical daytime and nighttime conditions
at the distance of 500 km, with FDTD grid sizes of 2 km, 1 km and 0.5 km. It can be seen
that there is a small oscillation on the waveform after 3 ms when the FDTD cell size is
2 km under the daytime condition. However, the waveforms are almost the same when the
cell size is set to 1 km and 0.5 km, thus indicating the cell size of 1 km is fine enough for
our simulation.

Figure A1. Comparison of our simulated horizontal magnetic field waveform and that recorded by
Lu et al. [11], for a negative return stroke with charge moment of−418 C·km. The source of the FDTD
is a Gaussian-shaped impulsive current moment with charge moment change of −418 C·km.

Figure A2. Modeled impulse response for 1 C·km at 500 km under the typical (a) daytime and
(b) nighttime conditions with FDTD cell sizes of 2 km, 1 km and 0.5 km.
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Appendix B

Figure A3 shows the impulse response waveforms under different electron density
profiles in the D region at distances of 200 and 500 km. It can be seen that, with the increase
in the distance, the peak of the vertical electric field decreases and the half-peak width of
the waveform increases. It can be seen from Figure A3b,d that the field peak is increased by
about 10% when the electron density profile sharpness (β) increases from 0.3 to 0.4 km−1 or
from 0.5 to 0.7 km−1. This implies that the smaller of β, the larger of the field attenuation.
The peak difference under different ionospheric conditions is less than 15% within 500 km.
Although there are some differences in the waveform negative overshoot and the oscillation
under different ionosphere conditions, overall, the influence of the electron density profile
on the impulse response within 500 km is relatively less.

The lower ionosphere is an anisotropic medium due to the presence of the geomagnetic
field. Figure A4 shows the impulse response waveforms when LEMP propagates in
different directions. The angles between the horizontal component of the geomagnetic
field and the wave propagation direction are 0◦, 90◦, 180◦ and 270◦ for the northward
propagation, eastward propagation, southward propagation and westward propagation,
respectively. The field peak difference when LEMP propagates in different propagation
directions is less than ~5% within 500 km. The difference in the oscillation patterns is
less, especially in the daytime. Therefore, the influence of propagation direction can be
approximately ignored.

Figure A3. Influence of the electron density profile in the D region on the modeled impulse response
in (a,b) daytime and (c,d) nighttime at distances of 200 and 500 km.
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Figure A4. Influence of the wave propagation directions on the modeled impulse response in (a,b)
daytime and (c,d) nighttime at distances of 200 and 500 km.
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