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Abstract: Very-high-frequency (VHF) electromagnetic signals have been well used to image lightning
channels with high temporal and spatial resolution due to their capability to penetrate clouds. A
lightning broadband VHF interferometer with three VHF antennas configured in a scalene-triangle
shape has been installed in Lhasa since 2019, to detect the lightning VHF signals. Using the signals
from the VHF interferometer, a new hybrid algorithm, called the TDOA-EMTR technique, combining
the time difference of arrival (TDOA) and the electromagnetic time reversal (EMTR) technique is
introduced to image the two-dimensional lightning channels. The TDOA technique is firstly applied
to calculate the initial solutions for the whole lightning flash. According to the results by the TDOA
method, the domain used for the EMTR technique is predetermined, and then the EMTR technique
is operated to obtain the final positioning result. Unlike the original EMTR technique, the low-power
frequency points for each time window are removed based on the FFT spectrum. Metrics used
to filter noise events are adjusted. Detailed imaging results of a negative cloud-to-ground (CG)
lightning flash and an intra-cloud (IC) lightning flash by the TDOA method and the TDOA-EMTR are
presented. Compared with the original EMTR method, the positioning efficiency can be improved by
more than a factor of 3 to 4, depending on the scope of the pre-determined domain. Results show
that the new algorithm can obtain much weaker radiation sources and simultaneously occurring
sources, compared with the TDOA method.

Keywords: very-high-frequency lightning; electromagnetic time reversal technique; lightning
imaging efficiency

1. Introduction

Lightning discharge can emit wide-frequency-range electromagnetic waves [1]. Us-
ing these electromagnetic signals, which can penetrate clouds, many methods have been
developed to locate the lightning sources. For example, for very-low-frequency (VLF) or
low-frequency (LF) band signals, time of arrival (TOA) or time difference of arrival (TDOA)
method (e.g., [2-9]) or artificial intelligence technology [10] have been applied. For elec-
tromagnetic signals in a very-high-frequency (VHF) band, lightning location methods are
commonly carried out using the interferometry (INTF) or TDOA technique (e.g., [11-15]).
Recently, Mora et al. [16] and Lugrin et al. [17] introduced the electromagnetic time reversal
(EMTR) method to locate lightning strikes. Wang et al. [18] extended the application of
the EMTR method to broadband VHE signals for the whole process of the lightning flash
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using an L-shape array. Unlike the above studies in which the EMTR method was operated
in the time domain, Wang et al. [19] applied this method in the frequency domain. The
advantage of operating the EMTR method in the frequency domain is that noise bands
in the signal can be conveniently removed, and hence it can produce a more accurate
positioning result [6].

The classical TDOA method locates lightning radiation sources by estimating the
time (or phase) difference of the arrival of signals. Though the TDOA method has an
advantage in computation efficiency, it relies on the time accuracy of pulse peaks and
fails to image many weak radiation sources [20]. In contrast, the EMTR method uses
the original full signal waveform and is less sensitive to the accuracy of estimated time
difference [21]. Further, after the signal is time-reversed and back-propagated, the phase
can be automatically added up in the direction of the radiation source. Thus, the EMTR
method is expected to locate more weak sources and it can produce a more accurate location
result by suppressing the noise [21]. Although the EMTR method operated in the frequency
domain can image more radiation sources, it is computationally expensive for two reasons.
Firstly, when the frequency range of the radiation signal is broadband, the EMTR method
has to deal with multiple frequency points. In the study of Wang et al. [19], the frequency
points used for the EMTR method were set to be in a fixed frequency range (25~90 MHz and
110~150 MHz). Using a fixed frequency range might include some low-power frequency
points into the calculation, which have few contributions to the power spectrum but
cause spending more computation time. Secondly, the procedure must traverse the full
azimuth-elevation space in each positioning window. According to Mora et al. [16] and
Rubinstein et al. [22], the calculation efficiency of the EMTR method can be improved by
using other methods (e.g., TDOA method) to pre-determine the initial domain. Therefore,
combining the TDOA and the EMTR method to produce a new algorithm that can image
weak radiation sources with less computation time is necessary.

In previous studies using the classical TDOA method or EMTR method, VHF antennas
were configured as two orthogonal baselines [23-26]. The EMTR method is theoretically
applicable to arbitrary-shape antennas, which is more convenient to place antennas in a
field experiment. However, to the best of our knowledge, no previous studies have used
arbitrary-shape VHF antennas to image a lightning flash with the EMTR method.

Considering the above problems in the positioning methods and configuration of
antennas, the ability of using arbitrary-shape antennas to image lightning flashes with
a new method is examined in this study. Three VHF antennas configured as a scalene-
triangle array are adopted. The TDOA technique and EMTR technique are combined to
produce a new algorithm called the TDOA-EMTR method. This study shows that the
TDOA-EMTR method is less computationally expensive and can yield a fine positioning
result, while demonstrating that using a flexible configuration of VHF antennas to locate
lightning radiation sources is feasible.

2. Data and Methods
2.1. Instruments and Data

Since 2019, field experiments of natural lightning flashes have been conducted in
Lhasa (91.04°E, 29.64°N, 3640 meters above sea level) on the Tibetan Plateau, China.
Instruments including a VHF interferometer, fast and slow antennas and a high-speed-
video camera were installed. The prototype of lightning broadband VHF interferometer
used in the observation was introduced in previous studies [13,27-29]. However, in the
Lhasa experiment, three VHF cone antennas were configured in a scalene-triangle shape in
the horizontal plane. The VHF interferometer was tuned to a frequency range of 28-70 MHz
using a band-pass filter.

The three VHF antennas connected to a mass-memory waveform digitizer and the
VHF data was acquired at a sampling rate of 500 MHz with 14-bit vertical resolution in
a continuous mode. VHF signal acquisition was externally triggered when the electric
field change signal from fast or slow antenna crossed a preset threshold, with a pre-trigger
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time of 200 ms and a sampling duration of 1 s. These VHF data were used to locate
the two-dimensional location (azimuth and elevation) of lightning radiation sources. A
high-speed video camera with a spatial resolution of 3200 x 800 pixels and a sampling
rate of 3200 frames/second was also deployed to obtain the optical image of the lightning
flash. Signals recorded by different instruments were synchronized with a GPS receiver.
The calculations in this study were performed on a Dell PC with an Intel (R) Core (TM)
i9-9820X 3.30GHz CPU and 128GB RAM. Two lightning flashes, including a negative
cloud-to-ground (CG) lightning flash and an intra-cloud (IC) lightning flash were used to
compare the new proposed TDOA-EMTR algorithm with the TDOA technique and the
EMTR technique in this study.

2.2. Procedure of TDOA-EMTR Method

In this section, the basic procedure of EMTR technique operated in the frequency
domain is described first. Then, the combination of the TDOA method and the EMTR
method is introduced, focusing on how to use the TDOA result to predetermine the initial
domain used for the EMTR method. Finally, we show how to remove the low-power
frequency points in the EMTR technique.

The basic idea of the EMTR technique is to reverse the signal and virtually retransmit
it back into the space of sky. Then the time-reversed signal can automatically focus on the
direction of the signal source (Figure 1). The basic procedure of the EMTR method used in
this study is similar to that in Wang et al. [19], and a simple description is given as follows:

(1) For one positioning window, select the VHF electromagnetic signals in the time
domain (denoted by ET) and perform a fast Fourier transform (FFT) on them. The
obtained signals in the frequency domain are denoted by EF. In this study, the length
of one positioning window is set to be 512 sample points (1024 ns) and the sliding
step for neighboring windows is 128 sample points (256 ns).

(2) Conjugate EF (equal to reversing ET in the time domain) and obtain the reversed
signal (EF_TR).

(3) Grid the two-dimensional space domain (azimuth and elevation) and calculate the
delay vector (A).

(4) Multiply EF_TR by A (EF_TRx A) and obtain the refocused signal (Y) on each grid
point in the space.

(5) Calculate the signal power (P) on each grid point using Y. Then the location of the
radiation source is determined by searching the grid point with a maximum power P.
For a given positioning window, if the location result can pass the thresholds of some
filtering metrics, this location result is deemed to be a radiation source on a lightning
channel.

In the positioning procedures of the TDOA-EMTR method, two steps including the
TDOA and EMTR method are carried out. In the first step, the TDOA method [15] is used
to obtain the initial location result for the whole lightning flash (as shown in Figure 2a
for a negative CG). In the second step, the EMTR method is applied with an initial space
domain (azimuth and elevation) determined according to the location results of TDOA
method. Specifically, for one given positioning window (denoted by ith window) in the
EMTR method, the initial space domain is determined according to the spatial range of the
positioning result by the TDOA method from the i — 1th to i + 1th window. One window
before and after the given positioning window is selected due to the length of sliding step
(128 sample points) being one fourth of the positioning window (512 sample points), and
thus a given event should be detected in at least three consecutive positioning windows.
Two cases might occur when determining the initial spatial domain of the EMTR method
according to the location result of the TDOA method. For one case, the positioning result
by the TDOA method from the i — 1th to i + 1th window does not exist, and these windows
may correspond to noise events, or may correspond to weak lightning radiation signals
that are not solved by the TDOA method. In this case, the initial space domain is set to be
a spatial range containing the whole lightning flash imaged by the TDOA method. For
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example, the spatial range of azimuth and elevation angles for the negative CG in Figure 2a
fell in the range of 0°~100°, and 0°-60°, respectively (Figure 2a). Then the initial space
domain is predetermined as such a range in Figure 2c. For another case, if the TDOA
method can solve at least one source from the i — 1th to i + 1th windows, the domain is
determined as a range that centers on the TDOA result for the i — 1th to i + 1th windows
and extends outward by a certain degree. Through manually checking the angle difference
between the imaging results by the TDOA and TDOA-EMTR methods, an angle of 3°
is selected in this study. For example, as shown in Figure 2b, for one given positioning
window (ith) and its two neighboring windows (i — 1th and i + 1th), the TDOA method
can locate three sources as shown in the inset. The azimuth and elevation angles of these
three sources fell in the range of 38° to 39°, and 25° to 26°, respectively. Then the domain
used for the EMTR method for the ith window is selected to be 35° to 42°, and 22° to 29°
for azimuth and elevation, respectively (Figure 2d).
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Figure 1. Schematic diagram of the VHF interferometer configuration and the EMTR method.
(a) The three VHF interferometer antennas during the field experiment for this study were configured
as a scalene-triangle shape in a horizontal plane, and their locations in Cartesian coordinates are
shown in the bracket. A schematic of the received signal waveforms emitted by radiation sources
are shown as blue wavy lines on the left side of the antennas. (b) By using the EMTR technique, the
signal is reversed and then back-propagated in the space. The reversed signal would focus on the
location of the radiation source.

For each positioning window, after the spatial domain is predetermined, the new
domain is gridded with a resolution of 1° and then the EMTR method is applied to obtain
the rough estimation of the source location. To obtain a finer location result, the EMTR
method is applied again with a new domain surrounding the range given by the rough
estimation result and using a resolution of 0.01°.

During the EMTR procedure, a variable frequency range is applied. By checking the
FFT result, the signals in the frequency domain concentrate in the range of 28-70 MHz.
Therefore, the signals outside this frequency range consisted of noise events. In practice,
the signal spectrums in the 20-28 MHz and 70-80 MHz ranges are selected to represent the
spectrum of noise events and are called NoiseSpectrum. A metric called FFTbase is calculated
as the summation of the median of NoiseSpectrum and 1.5 times of the standard deviation
of NoiseSpectrum, namely:

FFTbase = median (NoiseSpectrum) + 1.5std (NoiseSpectrum) 1

For frequency points in the frequency range of 28-70 MHz, those frequency points
with a power less than the FFTbase will not be included in the calculation of the source
location.
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Figure 2. An example showing how the domain of the EMTR method for each positioning window
can be determined by the result of the TDOA method. (a) The mapping result for the whole negative
CG flash provided by the TDOA method. (b) Imaging result of three radiation sources from three
consecutive positioning windows. The inset shows the expanded view. Gray dots depict previous
lightning radiation sources. (c) For a positioning window that the TDOA method cannot locate any
radiation sources, the domain used for the TDOA-EMTR method is determined according to the
mapping result of the whole lightning flash by the TDOA method, and is marked by a gray rectangle
(0°-100° for azimuth and 0°-60° for elevation). (d) For a positioning window where the TDOA
method can locate at least one source, the domain used for the EMTR method is determined as a
spatial range that centers on the TDOA result and extends outward 3°. The initial domain in (c) and
(d) ranges from 0°-360° for azimuth and 0°-90° for elevation, respectively.

Figure 3 shows an example of removing the low-power frequency points and its
effect on the imaging result. A segment of VHF signals lasting for 1024 nanoseconds
(512 sample points) is presented in Figure 3a. The corresponding signals in the frequency
domain are shown in Figure 3b. The spectrums of FFT points in the frequency range of
28-70 MHz are drawn as red, green and blue solid lines with circular markers, while other
frequency points out of the range are drawn as solid black circles. It can be seen that the
power of some frequency points in the range of 28-70 MHz are lower than the FFTbase
(marked by a black rectangle). Using all of the frequency signals in the range of 28-70 MHz
(including those frequency points whose spectrum amplitudes are lower than FFTbase),
the corresponding power in the space domain is calculated and shown in Figure 3c. The
azimuth and elevation of the solution are 71.96° and 26.82°, respectively. For comparison,
the frequency points whose spectrum amplitudes are lower than the FFTbase (marked by
a black rectangle in Figure 3b) are omitted and used to calculate the power distribution
(shown in Figure 3d). It can be seen that the two power spectrums in Figure 3c,d show
a similar pattern. The azimuth and elevation results in Figure 3d are 71.97° and 26.82°,
respectively. It shows that the azimuth and elevation angles derived from the frequency
signals including or excluding the low-power frequency points are nearly the same. It is
hard to determine which result is more accurate. By checking other positioning windows
for the whole lightning flash, the overall differences between the results calculated from
the FFT signals including and excluding the low-spectrum frequency points are smaller
than 0.05° (figures not shown).
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Figure 3. An example showing the removing of low-power frequency points and its effect on the
EMTR imaging result. (a) One segment of recorded VHF signals lasting for 1024 nanoseconds (512
sampling points). (b) The FFT result of the VHF signals. (c) The power P calculated using all of the
FFT signals ranging from 28-70 MHz. (d) Same with (c) but the FFT signals ranging from 28-70 MHz
with power lower than FFTbase are not included in the calculation. In (b), the frequency points from
20-28 MHz and 70-80 MHz (NoiseSpectrumy) are marked by solid black circles and the FFTbase is
shown by a dashed gray line. Frequency points with a power smaller than the FFThase are marked by
a black rectangle.

The positioning efficiency of the EMTR method can be improved by predefining the
spatial domain and by removing low-power frequency points. Compared with using the
whole initial domain (0°-360° for azimuth and 0°-90° for elevation), it yields a speedup by
a factor of 2.5 in terms of GPU time by predefining the spatial domain using the TDOA
method (i.e., 0.3 s for the whole initial domain, and 0.12 s for a determined domain in
Figure 2c) or by a factor of 3.75 (i.e., 0.3 s for the whole initial domain, and 0.08 s for a
determined domain like that in Figure 2d). By removing the low-power frequency points,
the overall computation time for the positioning window shown in Figure 3a reduces by
a factor of 1.33 (i.e., about 0.12 s for the FFT signals including the low-power frequency
points, and about 0.09 s for the FFT signals excluding the low-power frequency points with
the computation time of removing low-power frequency points considered). For other
positioning windows that are significantly contributed by noise events, more frequency
points in the range of 28-70 MHz would be removed as compared with that in Figure
3d, and hence the speedup should be larger. In summary, the computation time can be
reduced by a factor of at least 3 to 4 by predetermining the spatial domain and removing
the low-power frequency points.
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2.3. Filtering Noise Events

After the positioning results for the whole lightning flash are obtained, two metrics,
called coherent ratio (CR) and energy ratio (ER) defined by Wang et al. [19], and another
metric called signal-to-noise ratio (SNR) are used to filter noise events. CR for the solution
at the ith window is calculated as:

CR — Number of wwith D < AQ o)

Q

where Q represents the number of windows centered on the ith window, D represents a
sphere distance between the wth (w=i+1,2,3, ..., Q/2) window and the ith window,
and A represents a distance threshold that can be subjectively determined by evaluating
the imaging result of the whole lightning flash. CR can reflect the concentration degree of
the solutions within Q adjacent solutions. Filtering those solutions with CR values smaller
than 3/Q will remove all the solutions contributed by two or fewer adjacent windows. ER
is defined as a logarithmic ratio of the maximum and the mean value of the power P on
each grid point. Solutions with ER values lower than 0.85 are removed. The SNR is defined
as 20log19(Vs/ Vn), where Vs and Vn represent the mean magnitude of signals and mean
magnitude of noise, respectively. It is calculated using data signals and noise signals which
are selected as a combination of some segments (5000 sample points in this study) of signal
before the onset of the lightning flash and after the termination of the lightning flash. Those
solutions with SNR lower than 0 dB are filtered. After filtering, those solutions which drift
over a small region in a short time duration and have high concentration of power as well
as high SNR are retained and called “radiation sources” occurring from various types of
lightning breakdown processes.

As the initial spatial domain of the EMTR technique is predetermined according to the
solution of the TDOA method, this hybrid technique is called the TDOA-EMTR method
hereafter in this study. In summary, a block diagram of the TDOA-EMTR method is given
in Figure 4.

| Array signal, ET |

| FFT [ TDOA method

| Signal FFT,EF ]/ Initial domain(AZ, EL)
Filter Grid the sEacc
Conjugate | Delay vector 4

Reversed S;gnal. EF TR

EF TR xA
Y for each grid f’

I¥|?

Power distribution, P/

__— CR=3/QER 2085
T SNR>0dB?
Yes ’ No

Direction of the lightning radiation source Noise event

Figure 4. Block diagram of the TDOA-EMTR method.
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3. Imaging Capacity and Improvement of TDOA and TDOA-EMTR Method

In this section, in order to demonstrate the imaging capacity of the TDOA-EMTR
method, the imaging results for the whole processes of a negative CG and an IC lightning
flash mapped by the TDOA method and the TDOA-EMTR method, respectively, are shown
and compared. Following Wang et al. [16], the imaging results from the TDOA-EMTR
method are firstly filtered using CR with the number of windows Q set to be 10 and then
filtered using ER. Then a comparison of the filtered results with the TDOA method is
performed. Further, the filtering effectiveness using CR with different values of Q and
another metric SNR are examined.

Figure 5 shows the imaging result of a negative CG by the TDOA method and the
TDOA-EMTR method. Also shown is the composite high-speed video image of the flash.
In Figure 5c, the EMTR location result is filtered using only CR with a window number
Q =10, and a CR threshold of 0.3. In Figure 5d, the EMTR result is further filtered using
the metric ER with a threshold of 0.85. From the high-speed video image, only lightning
channels that were outside of the cloud can be seen (Figure 5a). The location results of these
channels are consistent with those imaged by the TDOA and the TDOA-EMTR methods
(Figure 5b,d). Overall, the TDOA method gives 110,698 solutions (Figure 5b), while the
TDOA-EMTR method can give 474,633 solutions (Figure 5d). It shows that more than about
three times the number of solutions can be obtained by the TDOA-EMTR method than by
the TDOA method. However, it can be seen that some scattered noise events across the sky
are still retained in the result by the TDOA-EMTR method (Figure 5d), and there are more
noise events in Figure 5d than in Figure 5b. It shows that the filtering metrics should be
further developed.

.Time (ms)

o . . y ) 100
e % i
(c)EMTR CR % 0.3 708543 (d) EMTR 'CR = 0.3, ER >0.85| 474633
0 H A . 0 . n r
0 20 40 60 80 100 0 20 40 60 80 100 0
AZ (°) AZ (°)

Figure 5. Composite high-speed video image (a), imaging result of a negative CG by the TDOA
method (b) and the EMTR method with CR and ER as filtering metrics (c,d), where Q is selected to
be 10. The numbers of solutions are labeled at the bottom-right corner in panels (b—d).

Figure 6 shows the imaging result of an IC lightning flash by the TDOA method and
the TDOA-EMTR method. The location result is firstly filtered using CR with Q set to
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10 and a CR threshold of 0.3 (refer to Figure 6b). Then the remaining noisy events are
removed using ER with a threshold of 0.85. The TDOA-EMTR method obtained more than
eight times the number of solutions than the TDOA method (221,677 versus 27,044). It can
be clearly seen that the channels are more continuous for the TDOA-EMTR method than
the TDOA method (as shown by the green dots marked by a black rectangle in Figure
6a,c). These green dots depict the radiation sources occurring simultaneously on the tip of
negative leader branches. Similar to the result for the negative CG, some scattered noise
events, which should be further filtered, still remained in the result by the TDOA-EMTR
method (refer to Figure 6¢).

70 T - v +—rime (ms)
(a) TDOA : » (b) EMTR L (c) EMTR
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Figure 6. Same as Figure 5b-d, but for the IC lightning flash without the composite high-speed video image. The black

rectangle in the left-bottom corner in (a,c) marks the region of the negative leader branches.

The above results in Figures 5 and 6 show that using a threshold of 0.3 for CR (Q = 10)
and a threshold of 0.85 for ER is not enough to filter the noise events. In order to further
reduce the false solutions, the filtering metrics are adjusted to some extent. Firstly, the
window number Q is modified. Secondly, the SNR is introduced into the filtering procedure.
The effect of these two metrics on the final imaging result is examined. Figure 7 shows
the imaging results which are filtered with different thresholds for CR without using SNR
(Figure 7a—c) and using SNR (Figure 7d-f). With the decrease of window number Q, more
solutions are filtered, but the ratio of retained solutions are close to 1 (474633:463135:422856).
Comparing the lower panels with their corresponding upper panels, the scattered events
across the sky are well removed after filtering with SNR.

4 . )
' CRZ0.3(Q-10)

f [ 414633 f [4saias |

0 20 40 60 80 100 0 20 40 60 80 100 o 20 40 60 80 100 °

60 60 60
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50 e Y & 50
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30 4
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© CR>0.75Q=4)
SNR >0

\
10 + CR = 0.3(Q=10) 10
'i SNR =0

460317

Figure 7. Imaging results by the TDOA-EMTR method, which are filtered with different thresholds
of CR (a—c), and further filtered with SNR (d—f). Note that the imaging result in (a) is the same as
that in Figure 5d. The window number Q for CR is 10, 6, and 4 for the left panel, middle panel and
right panel, respectively. In all panels, ER is larger than 0.85.
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The adjustment of the window number Q and adding SNR to the filtering procedure
are also applied to the IC lightning flash (refer to Figure 8). It shows that noise events can be
further removed by using a small Q and adding SNR as a filtering metric. Compared with
the TDOA result in Figure 6a, the TDOA-EMTR result which is filtered by the combination
of CR, ER and SNR obtains more solutions and the negative-leader channels are still more
continuous.
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Figure 8. Same as Figure 7, but for the IC lightning flash.

Statistics of the received signal amplitude solved by the TDOA method and the
TDOA-EMTR method for the negative CG and IC lightning flash are shown in Figure 9a,b,
respectively. The TDOA-EMTR method can image more low-amplitude signals than the
TDOA method for both of the lightning flashes. From Figure 9a, it can be seen that the ratio
of solutions obtained by the TDOA-EMTR method to that by the TDOA method ranges
from about 1 (for large-amplitude signals) to 9 (for small-amplitude signals). For solutions
in the negative CG with a signal amplitude lower than 4 mV, the TDOA method can only
give 12,387 solutions, while the TDOA-EMTR method can give 104,659 solutions (Figure
9a). Meanwhile, for the case of IC, the ratio of solutions obtained by the TDOA-EMTR
method to that by the TDOA method ranges from about 1 (for large-amplitude signals) to
7 (for small-amplitude signals). The number of solutions with a signal amplitude lower
than 4 mV solved by the TDOA method and the TDOA-EMTR method is 17,067 and 69,099
(Figure 9b), respectively.
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Figure 9. Statistical result of the received signal amplitude by the TDOA method and the TDOA-
EMTR method (with Q =4 and CR > 0.75) for the negative CG (a) and the IC lightning flash (b). In
the left y axis, counts of solutions for each signal amplitude are shown; in the right y axis, the ratio of
the counts of solutions by the TDOA-EMTR method to that by the TDOA method is shown.
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4. Detailed Imaging Result of the Natural CG Lightning Flash

The lightning channels shown in Section 3 are for the whole lightning flash, and the
overall channel structures from the TDOA technique and the TDOA-EMTR technique
seems to be generally the same. In this section, detailed results of three leader processes,
including a positive leader, a negative leader and a K leader, during the negative CG
mapped by the TDOA-EMTR and the TDOA method are further compared to show the
superior capacity of the TDOA-EMTR method.

Figure 10 shows the mapping result of breakdown processes on the tip of a negative
leader. It can be seen that the TDOA method solved 138 points of radiation sources. In
comparison, the TDOA-EMTR method for Q =10, 6, and 4, solved 619, 610 and 545 points,
respectively. Since the radiation sources concentrated on the tip of the negative leader,
both the TDOA method and the TDOA-EMTR method could well depict the geometry of
the negative leader. Other breakdown processes on the tip of a negative leader also show
similar geometry between the TDOA and the TDOA-EMTR method. Although the sources
imaged by the TDOA method are more convergent, the TDOA method might miss some
minor branches of the leader. It was found that there are streamers and space leaders ahead
of a negative leader tip [30]. The TDOA method might only image the strong radiation
sources on the trunk channel, while it is hard to capture the weak radiation sources like
the streamer and space leaders. In contrast, the more abundant imaged sources from
the TDOA-EMTR method results might correspond to the process of streamer and space
leaders.
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Figure 10. The VHF signal and the imaging result by the TDOA method (a-b) and by the EMTR
method with different window number Q (c-h) for a breakdown process on the tip of a negative
leader. The VHF signal and the variation of elevation with time are shown in the left panel. The
azimuth-elevation of the process is shown in the right panel, with the number of radiation sources
shown in the upper-right corner. The gray dots depict the sources occurring before this time. Black
arrows show the direction of the negative leader.

Generally, radiation signals emitted by positive lightning breakdown processes are
weak and positive lightning channels are hard to be imaged. Figure 11 shows the mapping
result of some positive scattered discharges in a duration of about 0.2 ms on a positive
leader channel. For signals whose amplitudes are lower than 4 mV, the TDOA method
cannot produce a radiation source while the TDOA-EMTR method can well image the
process (as marked by a red rectangle in Figure 11, left panel). Overall, the TDOA method
can solve only 11 points of sources while the TDOA-EMTR method can produce more than
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28 points (Figure 11, right panel). Correspondingly, the lightning channel by the TDOA
method for this positive leader is interrupted (Figure 9b). However, this positive leader
channel is more continuous for the TDOA-EMTR method. Combining the gray dots which
depict the scattered positive breakdown processes occurring before this time window, the
overall structures are more detailed for the TDOA-EMTR method than that for the TDOA
method. This result is consistent with the statistics result of received signal amplitude in
Figure 9 that more weak sources can be imaged by the TDOA-EMTR method than by the
TDOA method.
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Figure 11. Same as Figure 10, but for scattered discharges on a positive leader channel. In the left
panel, the red rectangle marks the weak positive discharge processes imaged by different methods.
The gray dots depict the scattered sources from positive discharge processes occurring before this
time.

In Figure 12, a leader process and a K leader process occurring on a previous positive
leader is shown. At first, a leader (labeled as A) propagated towards the lower-right.
During the development of leader A, the K leader initiated and propagated towards the
lower-left. At about 331.68 ms, a branch (labeled as B1) initiated on the K leader and
propagated towards the upper-right continuously. About 0.05 ms later (at 331.73 ms),
another branch (labeled as B2) initiated and propagated towards the upper-right. At
the same time, the leader continued to propagate downward (denoted as branch B3).
Then the three branches developed simultaneously. The above development processes
of leader A and three branches B1, B2 and B3 can be clearly reflected in Figure 12c-h
by the TDOA-EMTR method. However, in Figure 12a,b by the TDOA method, the tail
end of leader A cannot be imaged. In addition, branches B1 and B3 are less continuous
and the two branches seem to be disconnected from the main leader in Figure 12a,b. The
reason might be that when two or more radiation sources arrive at the VHF antenna system
simultaneously, the TDOA method cannot distinguish the multiple sources [31].

Combining the statistics result of the received signal amplitude and the detailed
mapping result of the lightning leaders in Figures 9-12, it can be seen that the TDOA-
EMTR method can solve more faint radiations sources as well as simultaneously-occurring
sources than the TDOA method. It suggests that the TDOA-EMTR method might be more
applicable for the investigation of the development and characteristics of positive leaders,
since positive leaders are usually weaker than negative leaders [32] and might be masked
by negative leaders.
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Figure 12. Same as Figure 10 but for a leader process (labeled as A) and a K leader on a previous
positive leader channel. The three branches of the K leader which occurred simultaneously are
labeled as B1, B2 and B3, respectively.

5. Summary

In this study, a hybrid method called the TDOA-EMTR method, which combines the
time difference of arrival (TDOA) technique and the electromagnetic time reversal (EMTR)
technique, is developed and used for the 2D lightning VHF location mapping, based on a
scalene-triangle configuration of three VHF antennas. The spatial domain for the EMTR
method is predetermined according to the location results by the TDOA method. The
signal in the frequency domain with low power is removed. The positioning efficiency of
the TDOA-EMTR method is substantially improved compared with the EMTR method.

In addition, by adjusting a filtering metric called coherent ratio and adding another fil-
tering metric called signal-to-noise ratio, the noise events are further removed. Comparison
of the imaging results by the TDOA method and the TDOA-EMTR method for a natural
negative CG lightning flash and an IC lightning flash is performed. The capacity of the
TDOA-EMTR method to solve weak sources as well as simultaneously occurring sources is
better than the TDOA method. It should be noted that the capacity of the low-frequency
(LF) location system (e.g., [33,34]) to show detailed structures of various lightning discharge
processes was substantially improved. However, LF system around the observation site
is not available in this study. In the future, the LF system will be installed and used to
compare with the VHF interferometer in the aspect of performances in imaging detailed
lightning structures.
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