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A B S T R A C T

A purely interferometric algorithm, named imaging algorithm, has been developed for mapping lightning in the
low-frequency band. The imaging algorithm locates a lightning source by computing the three-dimensional
correlation of the lightning signals arriving at a pair of lightning sensors, and then summing the correlations of
all antenna pairs. This algorithm does not locate the source by solving the non-linear time-of-arrival (TOA)
equations, instead the source is located at the global maxima of the total correlation. The lightning map pro-
duced by the imaging algorithm for one intracloud flash was compared with that of the hybrid interferometric-
TOA algorithm. The imaging algorithm can locate more sources than the hybrid algorithm and produce more
complete lightning maps. We also demonstrated that the imaging algorithm can locate multiple concurrent
lightning sources even though the recorded signals from the pulses overlap in time at some stations, which is not
possible with a traditional TOA-based technique.

1. Introduction

Lightning produces electromagnetic radiation over a wide spectral
range, extending from just a few hertz up into the x-ray band. Ground-
based systems that locate this lightning emission usually operate in the
very low frequency (VLF, 3–30 kHz), low frequency (LF, 30–300 kHz),
or very high frequency (VHF, 30–300 MHz) bands. The processes that
involve transient high current propagating along a pre-existing channel
(e.g. return strokes or K-changes) tend to produce strong emission in the
VLF/LF range while the electrical breakdown into virgin air produces
strong VHF emission (Cummins and Murphy, 2009). VLF/LF systems
are routinely used to locate lightning pulses over regional or even
global areas by networks of lightning sensors separated by baselines of
hundreds of kilometers, such as U.S. National Lightning Detection
Network (NLDN, Cummins et al., 1998) and Earth Networks Total
Lightning Network (ENTLN, Zhu et al., 2017). VHF lightning mapping
systems offer substantially higher detail over a much smaller area using
networks of sensors separated by baselines of a few tens of kilometers
(e.g., the Lightning Mapping Array (LMA), Rison et al., 1999; Thomas
et al., 2004). In addition to their more limited range, VHF mapping
systems have several other limitations. Since the VHF radiation is as-
sociated with streamer development (Shi et al., 2019; Hare et al., 2020),
VHF measurements cannot be used to determine quantities such as peak

current or charge moment for processes in a flash. VHF mapping sys-
tems also tend not to locate sources very close to the ground, and so
cannot normally be used to determine the ground strike locations of
lightning flashes (e.g., Bitzer et al., 2013; Lang et al., 2017). For these
reasons, a lightning mapping system which operates at low frequency is
desired.

A number of short-baseline, LF lightning locating networks have
been developed in the past decade to map lightning in 3D (e.g., Shao
et al., 2006; Bitzer et al., 2013; Karunarathne et al., 2013; Lyu et al.,
2014; Yoshida et al., 2014; Wang et al., 2016; Shi et al., 2017; Wu et al.,
2018). Bitzer et al. (2013) and Yoshida et al. (2014) both used a net-
work of electric field change antennas and located lightning sources
using a traditional peak-finding-time-of-arrival (TOA) technique. Three-
dimensional maps of lightning were produced, but with fewer and more
sporadic sources than the maps produced by an LMA in the VHF band.
Lyu et al. (2014) were the first to utilize a hybrid interferometric-TOA
algorithm to locate lightning. Here they applied the interferometric
cross-correlation techniques used in broadband VHF interferometry
(e.g., Sun et al., 2013; Stock et al., 2014; Wang et al., 2020) to the
signals recorded by a network of LF magnetic antennas. The maxima of
the cross-correlations were used to determine the time difference be-
tween pairs of antennas in the array, and then the source was located by
solving the non-linear time-difference-of-arrival (TDOA) equations. The
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advantage of this hybrid processing algorithm is that it can map both
discrete and continuous emissions, and thus produce a more complete
map of a lightning flash (Lyu et al., 2014). More recently, the Fast
Antenna Lightning Mapping Array (FALMA), which also uses a hybrid
location technique, has been demonstrated to locate lightning in detail
rivaling that of VHF systems including the LMA (Wu et al., 2018, 2019).

In this paper, a purely interferometric algorithm for lightning
mapping in the LF is presented. We will refer to this algorithm as the
imaging algorithm for simplicity thereafter in this paper since it locates
lightning by producing the image of the total correlations for each
lightning source. The imaging algorithm was briefly introduced by
Stock et al. (2016), but details on the method or performance of the
algorithm were omitted. This paper serves to present the imaging al-
gorithm in detail, and compare the lightning maps produced by it with
those produced by the hybrid interferometric-TOA technique developed
by Zhu et al., (2020). The data used for imaging in this study was ob-
tained from the Córdoba, Argentina Marx Meter Array (CAMMA)
during the Remote sensing of Electrification, Lightning, And Mesoscale/
microscale Processes with Adaptive Ground Observations (RELAMP-
AGO) field campaign in Argentina. The CAMMA consists of ten sensors
with a typical baseline of 30–60 km. Each sensor is equipped with two
(slow and fast) channels for measuring electric field changes produced
by lightning at different frequency ranges. The fast channel is much
more sensitive than the slow channel and is dedicated to lightning
mapping. The lightning maps presented in this paper were produced
using the fast channel. The bandwidth for the fast channel is 1.6 kHz to
2.5 MHz with a time decay constant of 100 μs. More detailed in-
formation about the CAMMA can be found in Zhu et al. (2020).

2. Location algorithm

The imaging algorithm locates lightning in an entirely different
manner than TOA, TDOA, or hybrid-TOA algorithms. Unlike time-of-
arrival algorithms, no feature needs to be identified in the recorded
signals to locate it. To locate a source, the signals arriving at each pair
of antennas are correlated, and then these correlations are projected
into a volume containing the source. The source is located at the point
of maximum total correlation. The algorithm is similar to the VHF in-
terferometric algorithm presented in Stock and Krehbiel (2014), except
that the correlations are projected into a 3D Cartesian volume instead of
a 2D cosine plane.

First, a normalized cross-correlation is performed between wind-
owed signals arriving at each pair of stations (i and j). The correlation is
a measure of the similarity (correlation coefficient R) between the
signals arriving at the stations as a function of lag time (Δti, j). As is
commonly done, the cross-correlation is normalized by the signal en-
ergy term. In this way, two identical signals produce a correlation value
of 1 at a lag time of 0. The normalization is not required to locate a
source but will give a measure of solution quality in a similar fashion to
reduced chi-square seen in TOA algorithms (Thomas et al., 2004). If
normalization is omitted, the image amplitude is proportional to the
power received by the array.

Next, the correlation of each antenna pair is projected into a volume
containing the source. For the windowed emissions produced by a
lightning source received by a pair of stations i and j, the correlation at
any location ⎯→⎯p in 3D space is defined as.

⎯→⎯ = ∆ ⎯→⎯p pC R t( ) ( ( ))i j i j i j, , , (1)

where Ri,j is the correlation curve (with respect to time lag) from cross-
correlation of signals from antennas i and j, and the ∆ ⎯→⎯pt ( )i,j is the
expected lag time for a source at ⎯→⎯p arriving at antennas i and j. The
form of ∆ ⎯→⎯pt ( )i,j depends on the coordinate system that the image is
being computed in, for the Cartesian case, ∆ ⎯→⎯pt ( )i,j is:

∆ ⎯→⎯

= − + − + − −

− + − + −

pt

c
p i p i p i

c
p j p j p j

( )
1 ( ) ( ) ( ) 1

( ) ( ) ( )

i j

x x y y z z

x x y y z z

,

2 2 2

2 2 2
(2)

where (ix, iy, iz) and (jx, jy, jz) are coordinates of antennas i and j, re-
spectively.

Eq. (1) remains valid in all coordinates systems so long as a unique
∆ ⎯→⎯pt ( )i,j can be found for each point ⎯→⎯p in the volume. The normalized
total correlation for the volume, and image of the source, can then be
found by summing across the correlations of all antenna pairs.
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in which ⎯→⎯pC( ) is the normalized total correlation at the location ⎯→⎯p , N
is the number of stations, M = N(N-1)/2 is the number of station pairs,
and ∆ ⎯→⎯pR ( t ( ))i,j i,j taken from eq. (1) is the correlation of one pair of
signals at the location ⎯→⎯p . The

M
1 on the right side of the equation is for

normalizing the total correlation by the number of station pairs. In the
case where there is a single radiating source, the location of the source
is where the maximum total correlation is found. Because each Ri, j is
normalized, the

M
1 term makes the total correlation C also bounded

between +/− 1. In TOA-based algorithms, the location is found by
minimizing the residuals of the TOA or TDOA equations; in the imaging
algorithm, the location is found by maximizing the total correlation
between station pairs.

Fig. 1 shows the results of imaging the signals arriving at six
CAMMA stations in a 750-μs window. The imaging was done using a
200-m grid in all x, y, and z directions over a 30 km by 30 km by 9 km
volume following the procedure outlined above. In total, the image was
computed for 1,012,500 voxels. Fig. 1a shows a plan view slice of the
volume image, with the slice going through the z-level containing the
brightest voxel, indicated with a black dashed line in Fig. 1b. The
lightning source is located in the center of the slice at the center of the
bright red portion of the image, whose coordinate is [−22 km,
−4.6 km, 5.2 km]. The origin of the coordinates used in this paper is
CAMMA station 11, which is about the center of the array. Surrounding
the central maxima are numerous light blue regions, these are the
sidelobes of the interferometric image. In far-field broadband inter-
ferometry, the side-lobes show up as lines emanating from the bright
source (Stock and Krehbiel, 2014). Here, the source is close enough to
the array to be in the near-field (usually a few wavelengths away), and
so the side lobes show up as curved lines emanating from the bright
source. As the signal-to-noise ratio of the signals recorded at the sensors
gets worse, the amplitude of the side-lobes usually gets larger in com-
parison to the maximum amplitude of the image, resulting in a less well
defined central maximum and worse location accuracy.

Fig. 1b shows a vertical slice through the volume image, with the
slice indicated by the dashed black line in Fig. 1a. The high-intensity
area of the volume image is much more dispersed in the vertical than it
is in the horizontal. This happens because the CAMMA is deployed in an
approximately planar array with relatively small variations in the al-
titude of the sensors. The effect on the final location of the source is
higher location uncertainty in the vertical than in the horizontal, and is
a fundamental feature of all planar lightning locating systems (Thomas
et al., 2004).

Fig. 1c shows the signals recorded from each sensor for the imaged
750-μs window. The waveforms from each sensor have been aligned by
subtracting off the time-delay from the sensor location to the location of
the brightest voxel in Figs. 1a and 1b. Because of the long duration of
the window, multiple pulses can be seen in the signals from each sensor.
The largest of these pulses happens about 550 μs in the window.

In order to locate each of the pulses, the aligned 750-μs windows
were partitioned into 25 30-μs sub-windows. The sub-window numbers
are labeled at the top of Fig. 1c. Similar to what has been done for the
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750-μs big window, the cross-correlation is performed again for each
30-μs sub-window and the total correlations were computed within a
smaller computation volume, which is a cube centered at the source
location determined from the 750-μs window with a side length of 6 km
(±3 km of the 750-μs-window source location). A smaller grid size of
50 m is used in the small computation volume to boost location accu-
racy. We used a smaller volume to image the source because the wa-
veform was roughly aligned through the cross-correlations of the 750-μs

windows and only small further alignment is needed through the cross-
correlation of the sub-windows. Fig. 2 shows the top views of the
normalized total correlations of the 25 30-μs windows in Fig. 1c with
each panel corresponding to a sub-window. The brightest pixel in each
panel is marked by a cross. The maximum normalized total correlation
value of each panel is given at the lower-left corner. To distinguish
between images produced by noise and images of a lightning source, we
apply a simple threshold on the maximum total correlation value. This

Fig. 1. (a) and (b) The sliced views of the normalized total correlations of 750-μs electric field waveforms from 6 stations. The slices were taken at the source location
(brightest voxel), which are indicated by the black dashed lines. (c) The aligned 750-μs waveforms after 100–500 kHz band-pass filtering.
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correlation threshold works in a similar way to the chi-square threshold
used in the TOA-based algorithm. Using a threshold of 0.45, a total of
four lightning sources marked by white crosses in Fig. 2 were identified
out of the 25 sub-windows. Explanations of the selection of 0.45 can be
found in Section 3.1. Three bright sources can be seen for windows 6,
18 and 19 and one faint source can be seen in window 5, which have
amplitudes exceeding this threshold. The imaging process was repeated
for each of the 750-μs windows and sources with maximum total cor-
relation above the threshold were added to form a lightning map.

In the imaging algorithm, a 3D imaging volume (domain) that
contains lightning sources has to be specified to apply the steps stated
above. The area covered by the CAMMA is about 150 km by 150 km.
For flashes further away from the area, high-quality maps usually
cannot be produced. Without knowing where a flash is, imaging the
entire 150*150 km domain with 200 m resolution (for big window) is
computationally expensive and unnecessary. Instead, we can image the

entire domain (150 km by 150 km by 20 km) with 1-km resolution (or
larger with the inclusion of lower-frequency components) with wave-
forms from each big-window (750-μs) only to find out roughly where
the flash is. With rough flash locations, we can determine the volume
for further imaging with better resolution.

The frequency content of the waveform affects the image and lo-
cation of the lightning source. To illustrate this, digital band-pass filters
were applied to waveforms with passbands of 100–500 kHz (also used
for Figs. 1 and 2), 50–150 kHz, and 300–500 kHz. The images using 30-
μs electric field waveforms of different frequency content are shown in
Fig. 3. Although the images of different frequency vary, the source lo-
cations (marked by the white crosses) are within 100 m of each other in
X and Y, and within 400 m in height. In general, as the center frequency
of the band goes higher, the size of the global maxima of the image gets
smaller, and as the fractional bandwidth goes lower, the amplitude of
the side lobes of the image becomes larger in comparison to the global

Fig. 2. The top view of the normalized total correlations of the 25 30-μs windows in Fig. 1c. The window number is given at the upper right corner of each panel. The
brightest pixels are marked with crosses (white ones for lightning sources and black ones for noises) and its corresponding maximum total correlation value is given
at the lower-left corner of each panel. Windows 5, 6, 18, and 19 contain lightning sources with a threshold of 0.45 on the maximum total correlation.
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Fig. 3. The correlation image produced by 30-μs electric field waveforms (corresponding to sub-window 18 in Fig. 1) of different frequency contents. The source
locations are marked by white crosses and the coordinates are given at the left side of this figure.
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maxima.

3. Results

3.1. An inverted intracloud flash mapped by imaging algorithm

An inverted intracloud flash mapped by the imaging algorithm is
shown in Fig. 4b. This flash initiated at a height of 4.8 km (the flash
origin is marked in Fig. 4b) and propagated bi-directionally, although
the inferred positive leader that moved towards the northeast appears
to be not very active. In contrast, the negative leader was moving
continuously at a lower altitude towards the southeast. Near the end of
the flash, a faster recoil negative leader initiated at the tip of the
remnants of the positive leader and traversed the channel. The recoil
leader passed through the flash origin and continued propagating along
three-quarters of the main negative leader channel. More information
on this flash can be found in Zhu et al. (2020).

There is a tradeoff between the sensitivity (the capability to detect
more lightning sources) and the reliability of the source location in
choosing the threshold. A higher correlation threshold produces a map
with more reliable source locations, but with less sensitivity and a
smaller number of sources. Conversely, a lower threshold locates more
sources but causes more noise solutions to be present in the map. There
is a similar effect in the TOA-based algorithms with chi-squared value;
accepting higher chi-squared gives more sources, but with worse ac-
curacy. For this flash, a threshold of 0.45 is chosen for the purpose of
removing most of the apparent noises and keeping the details of
lightning channel structures at the same time. Maps of the same flash

using different thresholds ranging from 0.3 to 0.75 can be found in
Fig. 5. With the threshold of maximum correlation being set to 0.3 in
Fig. 5a, a considerable number of noise sources are added to the map of
the lightning flash. Most of the apparent noises are removed after the
threshold increased to 0.45 in Fig. 5b. The number of sources in the
map continues to decrease if we further increase the threshold, as
shown in Fig. 5c and d. In Fig. 5d, the trunk of lightning channels is
kept, but some portions of the map are now missing. For example, the
fast recoil leader appears to be intermittent in Fig. 5d but we can tell
from Fig. 5b that it propagated continuously. Also, the branching
structure of the positive leaders in the northern end of the flash is al-
most indiscernible in Fig. 5d. The use of maximum total correlation is a
simple way to discriminate between lightning source and noise but it
has room to improve. A better lightning source/noise discrimination
method that utilizes more parameters other than just the maximum
total correlation is desired in the future.

Fig. 4a shows the lightning map produced by the hybrid interfero-
metric-TOA algorithm used in Zhu et al. (2020) in comparison to that
produced by the imaging algorithm in Fig. 4b. As expected, the overall
flash structures produced by the two algorithms look very similar. The
imaging algorithm located approximately 50% more sources than that
of the hybrid algorithm, and the imaging algorithm produced a finer
branched structure of the positive leaders. Note that the window sizes
(for both big and sub-windows) used in the two algorithms are the
same. Also, the imaging algorithm depicted continuous propagation in
the first several milliseconds of the recoil leader (dark red sources in
Fig. 4), which was not completely mapped by the hybrid algorithm.
However, the heights of lightning sources obtained from the imaging

Fig. 4. The comparison of the lightning maps produced by the hybrid interferometric-TOA algorithm (left) and the imaging algorithm (right) with the threshold for
maximum correlation being set as 0.45 for the imaging algorithm.
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algorithm are more dispersive, suggesting a larger location error in
height. Additional maps of lightning flashes comparing the results of
the two algorithms can be found in Figs. S1 and S2 in the supplemen-
tary material.

Overall, the sensitivity of the imaging algorithm is higher than that
of the hybrid-TOA algorithm. One reason for this is that the imaging
algorithm uses correlations between all pairs of antennas (N(N-1)/2
correlations), while the hybrid-TOA algorithm correlates all antennas to
a single “master” antenna (N -1 correlations). Another reason is that in
the hybrid algorithm, a single correlation peak is chosen for the time
difference, and if the wrong correlation peak is chosen then the time
difference will be in error and the chi-squared of the solution will

increase greatly; in contrast, the imaging algorithm automatically
considers all peaks of the correlation while computing the image. This
strength becomes more noticeable as the number of stations increases.
With enough antennas, sources can be located even when many of the
antenna pairs have poor correlations. This strength also enables the
imaging algorithm to locate multiple simultaneously radiating sources.

The current form of imaging algorithm is more computationally
expensive than the hybrid algorithm, and it becomes even more com-
putationally expensive with increasing number of stations, larger ima-
ging volume, and finer resolution. The portion of the imaging algorithm
that requires intensive computation has already been put into GPU
arrays to boost the computation speed. With a decent desktop equipped

Fig. 5. Maps of the intracloud lightning flash produced by the imaging location algorithm, using different thresholds on the maximum correlation to filter out noise.
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with the intel i7-9700k processor and NVIDIA GeForce RTX 2070 gra-
phics card (for GPU computing), it took the imaging algorithm 10 min
to map the entire flash presented in Fig. 4 vs. 2 min or so for the hybrid
algorithm. If we increase the voxel size by a factor of 2, the computation
time will decrease by a factor of 8. In the future, we plan to further
optimize the imaging algorithm to make it run faster.

3.2. Multiple concurrent sources imaging

One potential strength of the imaging algorithm is that it can locate
multiple concurrent lightning sources, something that is very difficult
to do with a TOA-based algorithm. A simulation has been developed to
showcase this capability and illustrate its limitations. For this simula-
tion, we chose three different lightning pulses from CAMMA records
and used them as the emitted electric field for three concurrent light-
ning point sources. The three lightning sources were all placed at the

Fig. 6. (a) Simulated 750-μs electric field waveforms emitted by three lightning sources (at the same altitude) at six CAMMA stations. (b) The top view of the total
correlations using the waveforms in Fig. 6a. Three sources are marked by red arrows.
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same height and all emitted at the same time, but were separated in the
north-south direction by 15 km. The electric field was then propagated
to six CAMMA stations (same as the CAMMA configuration in Argentina
when the flash presented in Fig. 4 was recorded). Finally, the simulated
electric field waveforms at all stations were superimposed with white
noise. The simulated electric field waveforms were then passed through
the imaging algorithm as normal, utilizing a 100–500 kHz band-pass
filter. The filtered 750-μs electric field waveforms are shown in Fig. 6a.
It can be seen that the individual pulses are well separated by tens of
microseconds from each other in sub-panels 1,2,6, but are very close or
even superimposed in sub-panels 3,4,5. Also, the three pulses appear in
different orders for some stations (e.g. stations 1 and 6). This would
make it very difficult for a traditional TOA-based algorithm to identify
matched peaks for locating, especially when the separation between
pulses is smaller than the length of the pulse-searching window used in
the TOA algorithm. The resulting image of the simulated waveforms is
shown in Fig. 6b, with all three sources clearly seen. The image is not
without limitations though, the background noise in Fig. 6b is sub-
stantially higher than that seen in Fig. 1a. As additional sources are
added, the background noise will continue to increase until the point
sources cannot be distinguished. Conversely, using more antennas will
reduce the background noise and allow more concurrent point sources
to be located. Also, the image is limited by the resolution of the array. If
the sources are too close together, they will merge into a single source
in the image.

4. Summary

The imaging algorithm, a purely interferometric lightning location
algorithm that can be used in low-frequency lightning mapping, was
presented in this paper. Unlike traditional TOA-based location algo-
rithms that send the arrival times or arrival time differences into a non-
linear minimizer to determine the location of the source, the imaging
algorithm determines the location of a lightning source by computing
the three-dimensional total correlation of lightning signals at different
stations and finding the location where the total correlation is largest.
As an example, the map for an intracloud flash with a long recoil leader
was produced by the imaging algorithm and the map was compared
with that of the hybrid interferometric-TOA algorithm. It was found
that the imaging algorithm was able to locate about 50% more sources
than the hybrid algorithm. We also simulated a scenario in which three
lightning sources separated by 15 km emitted electric field at the same
time. The three concurrent lightning sources can be located by imaging
the simulated lightning signals at six stations. This simulation demon-
strated that the imaging algorithm is potentially capable of locating
multiple concurrent lightning sources even when some pulses are
merged, which is very difficult for the traditional TOA-based technique.

There is still plenty of room for improvement in the imaging algo-
rithm which we expect will make it even better in the future. It is
possible in Fig. 2 that the current source/signal discrimination tech-
nique is omitting some real sources. In the future, we hope that a multi-
parameter discrimination technique could increase the number of
sources located while still rejecting noise-contaminated solutions. Ad-
ditionally, the current imaging algorithm is more computationally ex-
pensive than TOA-based algorithms. More optimization is desired to
make the imaging algorithm to run faster in the future. It may also be
possible to combine the strengths of the imaging algorithm with other
location techniques to, for example, improve source height accuracy.
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