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Abstract

Recent observations from LOFAR indicate that multiple, spatially distributed corona bursts can occur in lightning processes on
the order of 10 microseconds. The close proximity of the corona bursts in space and time poses a great observation challenge
for dedicated lightning radio interferometers, typically with $<$100 m baselines. This paper reports simulations to show the
interferometry results that would be obtained with a typical lightning interferometer for such a lightning process. In particular,
spatially-separated corona bursts at fixed locations may be seen as a fast ($>10"7$ m/s) propagating source for an instrument
with resolution greater than the spatial separation of the bursts. The implications and suggestions for lightning interferometry

studies are discussed in the paper.
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Key Points:

« Complications of lightning radio interferometer data interpretation due to random
nature of the emission sources are investigated

+ Multiple corona bursts observed by LOFAR in lightning may be seen as a fast (>
107 m/s) moving source by typical lightning interferometers

» The resolution of typical lightning interferometers needs to be improved to resolve
the structure in lightning processes
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Abstract

Recent observations from LOFAR indicate that multiple, spatially distributed corona
bursts can occur in lightning processes on the order of 10 microseconds. The close prox-
imity of the corona bursts in space and time poses a great observation challenge for ded-
icated lightning radio interferometers, typically with <100 m baselines. This paper re-
ports simulations to show the interferometry results that would be obtained with a typ-
ical lightning interferometer for such a lightning process. In particular, spatially-separated
corona bursts at fixed locations may be seen as a fast (> 107 m/s) propagating source
for an instrument with resolution greater than the spatial separation of the bursts. The
implications and suggestions for lightning interferometry studies are discussed in the pa-
per.

Plain Language Summary

Lightning evolution contains brief processes that are critical to its channel forma-
tion, but their physical mechanisms are poorly understood at present. Those processes
emit very high frequency radio emissions, and radio sensor arrays have been used to de-
tect those emissions to investigate their source processes. The latest observations from
the large radio telescope LOFAR show that multiple, intense bursts of radio emission at
discrete locations occur in those processes. Here we report simulations to show that such
bursts are seen as a fast propagating wave for a typical lightning radio sensor array. Our
study suggests that caution is required when interpreting the observations made with
such a radio sensor array.

1 Introduction

Lightning is a complex and multiscale electrical phenomenon that generates a broad
spectrum of electromagnetic radiation. Fast electrical discharge processes occur during
lightning development and they generate high frequency (HF, 0.3-3 MHz) and very high
frequency (VHF, 30-300 MHz) electromagnetic emissions. These radio frequency (RF)
emissions have been utilized to map and/or image lightning via some form of interfer-
ometry analysis. Important advances have recently been made based on broadband HF /VHF
interferometer observations. These include identification of fast breakdown processes ca-
pable of initiating lightning (Rison et al., 2016; Stock et al., 2017; Tilles et al., 2019; Huang
et al., 2021), measurement of perpendicular-to-channel polarization of the radiation of
dart leaders (Shao et al., 2018), discovery of needle-like structures on positive leaders (Hare
et al., 2019; Pu & Cummer, 2019), and observation of corona bursts of negative leaders
at high altitudes (Scholten et al., 2021a). Because the lightning VHF sources can have
complex temporal, spatial, and spectral properties, the radiation amplitude has a very
large dynamic range, and they occur in a generally noisy environment, lightning inter-
ferometer observation and interpretation is definitely not a trivial task.

Modeling and theoretical work has shown that filamentary streamer discharges can
radiate strongly in the HF and VHF bands (Shi et al., 2016, 2019), and they are believed
to be the main source of the HF and VHF radiation from lightning (Liu et al., 2019, 2020;
Liu & Dwyer, 2020). For many lightning processes, such as a leader step or lightning ini-
tiating fast breakdown, a large number (10°-10%) of streamers are believed to be involved
(Liu et al., 2019, 2020; Liu & Dwyer, 2020). Those processes have a typical timescale
of at least one microsecond and a spatial scale of at least a few meters, in contrast to
the nanosecond timescale and centimeter spatial scale of a streamer. The large differ-
ence in those scales implies that there is inherent random nature in both spatial and tem-
poral distributions of streamer occurrences in a lightning process.
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In this study, we attempt to demonstrate how the random nature of streamer oc-
currences in a lightning process can complicate the analysis of lightning interferometer
observations. Our study focuses on the initiation stage of lightning, which typically con-
tains only few channel branches, making the analysis of the interferometer observation
easier. One common feature in the RF observation of lightning initiation is that a train
of strong bipolar pulses occurs in the first few milliseconds (e.g., Nag et al., 2009; Mar-
shall et al., 2014; Belz et al., 2020; Tilles, 2020). They are called initial breakdown pulses
(IBPs), which are best observed by a RF sensor sensitive to lower RF frequency bands
(e.g., 1 kHz-1 MHz). The duration of an IBP varies from 20 to 100 us, with a mean of
~60 ps. There are usually narrow subpulses superimposed on the initial half cycle of the
waveform (e.g., Nag et al., 2009; Belz et al., 2020; Tilles, 2020).

A typical broadband VHF interferometer for lightning observation consists of three
radio sensors with a baseline shorter than 100 m (Sun et al., 2013; Stock et al., 2014; Ri-
son et al., 2016; Stock et al., 2017; Shao et al., 2018; Lyu et al., 2019; Tilles et al., 2019,
2020; Belz et al., 2020). The passband of the sensor spans from the upper HF band to
the lower VHF band, e.g., 10-90 MHz for the interferometer developed by the New Mex-
ico Tech (Stock et al., 2014; Rison et al., 2016). The resulting angular resolution limit
for non super-resolution analysis is A\/b = 0.06 radians, where X is the wavelength and
b is the baseline length, corresponding to 600 m at a distance of 10 km. The observa-
tions obtained with such an interferometer indicate that IBPs are coincident with strong
VHF bursts and the VHF source activity shows greatly accelerated vertical motion over
a distance of 100 m or so, typically during the initial half cycle of the IBP. The speed
of the accelerated vertical motion exceeds 107 m/s (Belz et al., 2020; Tilles, 2020). It has
been proposed that IBPs are generated by fast breakdown, the same as narrow bipolar
events (NBEs) (Belz et al., 2020). Belz et al. (2020) also found that gamma-ray produc-
tion by lightning is directly connected to strong IBPs.

Better resolution can be achieved with a large radio telescope like LOFAR, (Hare
et al., 2019, 2020; Scholten et al., 2021a, 2021b). A recently-developed interferometry
imaging code called interferometric 3-Dimensional (TRI-D) imager allows for meter scale
accuracy in the LOFAR emission sources at a temporal resolution of 100 ns, which is able
to show the structures within a lightning leader step (Scholten et al., 2021b) (see (Hare
et al., 2020) as well for the leader step structure). The results reported by Scholten et
al. (2021) indicate that during an IBP multiple corona bursts occur at discrete locations
within a volume of approximately 100 x 100 x 100 m? and there is no indication of a
continuously propagating wave of intense electrical breakdown.

In this paper, we present simulations to show the results a typical lightning inter-
ferometer with a small number of elements would obtain for IBPs consisting of multi-
ple corona bursts and to give some ideas on the requirements for an interferometer to
resolve those corona bursts.

2 Simulation Model

The main goal of simulation is to reproduce the interferometer images of synthetic
VHF sources with specified spatial and temporal properties to understand the interfer-
ometer observations. The simulation consists of two main stages. The first stage sim-
ulates the VHF radiation from sources and the signals recorded by the sensors. At the
second stage, the signals are processed and then used to obtain the image of the source
with interferometry analysis.

Figure 1a shows a plan view of the observation geometry considered in our simu-
lation. For simplicity, we consider an interferometer of three elements only. The sensors
form an equilateral triangle as shown by the three closely-packed triangles in the figure,
with one of the baselines parallel to the = axis. The VHF emission sources are at x =
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Figure 1. (a) Observation geometry in the simulation. (b) Histogram of the streamer onset.

y = 0, and the plan distance from the center of the sensor triangle to the source is 8
km, i.e., the center of the sensor triangle is at (8 km, -135°) in polar coordinates. The
sources are at approximately 6 km altitude, and the distance from a sensor to the source
is then about 10 km. This geometry closely represents the IBPs in cloud-to-ground light-
ning analyzed in (Tilles, 2020).

In the simulation, the right most sensor is set as the reference sensor or viewing
point, for which the interferometric images are constructed. Its location varies as the base-
line changes, because the location of the sensor triangle center is fixed. The images are
made for a small area of 1.6° azimuth and 2° elevation centered around the centroid of
the sources. In this setting, the location of the center of the image relative to the ref-
erence antenna varies when the baseline length changes, and its azimuth is about 45°,
but not exactly.

2.1 Simple Model for VHF Radiating Corona Bursts in IBPs

The VHF radiation source model used in our study is formulated based on LOFAR
observations. As mentioned in Introduction, the LOFAR data indicate that an IBP con-
tains multiple corona bursts at different locations. In our simulation, we simply assume
there are two corona bursts at two different altitudes: 6.1 km and 6.0 km, i.e., a 100 m
height difference. We further assume that each burst contains 10* streamers, with the
burst at the higher altitude occurring a few microseconds earlier. The onset times of the
streamers within a burst are randomly drawn from an asymmetric Laplace distribution,
with a 0.4 ps rise time and 1 ps fall time. Figure 1b shows the histogram of the streamer
onset for a simulation case reported below, where the peaks of the two bursts are sep-
arated by 10 us in time.

The streamers are assumed to be identical, and each generates a brief current pulse,
which is assumed to be a double exponential function with a rise time of 1 ns and a fall
time of 250 ns (Liu et al., 2019; Liu & Dwyer, 2020). The streamer current pulse and
spectrum of the radiated field are shown by Figure S1 in Supplementary information.

2.2 Cross-correlation Based Imaging Technique

To construct the image using the recorded signals, we adopt the same cross-correlation
based imaging technique as Stock (2014) and Tilles et al. (2019). Cross-correlations be-
tween signals from pairs of sensors are calculated and used to assign intensities to im-



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

age pixels. In addition, a beamforming technique is implemented in our simulation in

order to improve the temporal resolution and accuracy. If we know where the source re-

gion is, we can use the center of the source region to estimate the respective time delays
from the source to the sensors and then use the estimated delays to preliminarily align

the signals. In this way, a smaller time window can be used to calculate the cross-correlation,
which improves the temporal resolution.

The above description can be represented mathematically as follows. Suppose the
time series recorded by each sensor is denoted by F;(t) and the time-shifted signal by
E¢(t), we have

EP(t) = Ei(t + 7)), (1)

where 7; is the light travel time from the center of the source region to the ith sensor.
The center of the source region is also set as the center (denoted by point o) of the im-
age in the simulation. Let df represent the distance between point o and the ¢th sensor,
then 7, = d9/c.

To obtain the beamformed image frame corresponding to a time interval [t,, t,+
T], where T is the time integration window size or exposure time of the image, the cross

correlation between every pair of antennas ¢ and j, Ry}, is calculated:

tn+T
R?j (tn7 Tij) = / E;»)(t + Tij)Ef(t)dt, (2)
t

n

where 7;; is the time delay between the time-shifted series. Substituting equation (1) into
(2) and changing the integration variable to (¢t + 7;),

tn+1i+T
R?j(tnaTij) :/ Ej(t+Tij+Tj—Ti)Ei(t)dt:Rij(tn—FTi,Tij—‘rTj—Ti). (3)
tn+T5

Note R;;(t, +7;,7;j+7; —7;) is the cross correlation between the non-shifted time se-
ries. From the observation geometry, we have (d;; cos v;)/c = 7,5 + 7; — 7;, where d;;
is the baseline and oy is the directional angle. So

dyCOSOé"
J 1 . .
Jij—f_U"';z- (4)

Equation (4) relates the directional angle to the delay between the shifted time series
of the two sensors.

For each pixel, its directional angle with respect to a baseline is calculated first and
the corresponding delay 7;; between the two shifted time series is found by using equa-
tion (4). The intensity of the pixel is then given by Ry;(t,,7;;). For the last step, inter-
polation is necessary as Rf;(t,,7i;) is found at discrete times or only the cross correla-
tions at discrete angels «;; are known. Test runs indicate a higher order interpolation
scheme is necessary to obtain accurate results, and cubic spline interpolation with the
not-a-knot end condition is used in our study. Furthermore, the same interpolation scheme
is also used to preliminarily align the signals at the beamforming step.

Intensities from all baselines are then added together to obtain the total intensity
of that pixel. Denote the intensity of the nth frame from a baseline as I;;(n, a;;) = RY;(tn, 7ij),
we have

M M
I(n,7) = Z Z Iij(n, oij), (5)
i =i+l
where M is the total number of sensors.

If the ith antenna is the reference antenna, the time of the nth image frame is set
to (tn +T/2+ 7).



Table 1. Parameters of the Four Simulation Cases

Burst Time  Passband Baseline Integration Time Frame Time

Case Separation (us) (MHz) (m) Window (us) Shift (us)

A 10 10-90 100 1.4 0.35

B 10 30-80 100 0.1 0.1

C 5 30-80 800 0.1 0.1

D 10 100-200 200 0.02 0.02
189 3 Results
190 Results from four simulation cases are presented below, and Table 1 gives the pa-
191 rameters of each simulation case. We consider two values for the time separation between
102 the two bursts: 5 and 10 ps. Given the duration of IBPs, 10 us represents a moderate
103 value of the time separation between the bursts, and 5 us for relatively narrow IBP pulses.
104 In calculating the radiated electric field, a time step of 1 nanosecond (i.e., 1 GHz sam-
195 pling frequency) is used. For each case, a bandpass filter is applied to the recored sig-
196 nals to obtain the specified bandwidth. Frame time shift is the time between two con-
107 secutive images, and there is no sample overlap between the images except for Case A,
108 where the time shift is one quarter of the time integration window. Case A represents
109 the typical configuration that was used in (Tilles et al., 2019, 2020; Tilles, 2020). As a
200 large time integration window is used for this case, it is unnecessary to apply the beam-
201 forming technique. Except the baseline and the number of antennas, Cases B and C rep-
202 resent the configuration of the latest LOFAR studies (Scholten et al., 2021b, 2021). The
203 last case is a system that represents a moderate increase in both the passband frequency
204 and baseline of a typical radio interferometer dedicated to lightning research.
205 Figure 2 presents the simulation results from Case A. The three images correspond
206 to three different time intervals, with their respective center times given in the figure.
207 The bandwidth limited signal in Figure 2b shows although the two bursts are nominally
208 separated by 10 us, streamer activity is nearly continuous between them. The circles in
209 Figure 2c give the heights (relative to 6 km) of the maximum intensity pixel of the im-
210 ages, while Figure 2d shows the temporal variation of the intensity of the same pixel. Each
o1 image in Figure 2a corresponds to either a peak or trough in Figure 2d. The large size
212 of the main lobe in each image even under a narrow display intensity range is consistent
213 with the nominal angular resolution of this case: A\/b ~ 0.06 radians or 3.4 degrees. Be-
214 fore 44 us or slightly after 46 ps, the maximum intensity pixel overlaps with the loca-
215 tion of the active streamer burst. The smooth transition in height from approximately
216 80 m to 20 m, starting slightly after 44 us and ending slightly after 46 us, makes it ap-
217 pear that the source moves with a speed of ~3x10” m/s. The image at 45.753 us shows
218 that the maximum intensity pixel of that image is approximately at the mid point be-
219 tween the two bursts. Figure 2d shows that the intensity reaches the maximal value at
220 the peaks of the bursts and is relatively small between the two bursts. The difference
21 between the maximal and minimal values is, however, less than three orders of magni-
22 tude (note that the maximal intensity shown in the image at 45.753 us is less than three
23 orders of magnitude than the other two images), which is well within the dynamic range
224 of a RF sensor of at least 12 bits. The image is made for a constant radial distance from
25 the reference center, equal to the distance from the reference sensor to the center of the
226 image at the mid point between the two bursts, i.e., (0 m, 0 m, 6050 m). This causes the

227 heights of the two bursts are not exactly at 0 and 100 m (i.e., 6 and 6.1 km relative to
228 ground), respectively.
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Figure 2. Case A simulation results. (a) Images at three different times. In each image, black

‘4’ represents the center of the image, the two circles give the locations of the two streamer
bursts, and the solid circle shows the location of the maximum intensity pixel. (b) The band-
width limited signal from the reference sensor. (c) The height of the maximum intensity pixel

relative to 6 km altitude. (d) The value of the maximum intensity pixel.

Figure 3 shows the simulation results from Case B. As the baseline is the same be-
tween this case and Case A and the frequency passband is approximately the same, the
images of Case B are similar to those shown in Figure 2, which are omitted here. The
apparent fast descending motion of the source can also be seen around 44-46 pus, with
a similar change in the height and thus a similar speed. Because the time integration win-
dow is more than a factor of ten smaller than Case A, the fluctuations in the height and
intensity of the maximum intensity pixel are much larger. The smaller time integration
window also results in smaller intensity values.

Figure 4 presents the results from cases C and D. For Case C, the baseline is in-
creased to 800 m while the bandwidth is kept the same as Case B, resulting in a much
better angular resolution. The main lobe in Figure 4a is much smaller in size, compar-
ing to those in Figure 2a. Figure 4b shows that the streamer activity continuously oc-
curs from the beginning of the first burst through the end of the second burst. It is clear,
however, from Figure 4c that the sources have discrete locations instead of forming a grad-
ual descending trajectory. Due to the random nature of the streamer onset in each burst,
the locations of the maximum intensity pixel between the two bursts can jump between
the two true source locations. Finally, because of the smaller time separation between
the bursts, the minimum intensity is less than two orders of magnitude smaller than the
maximum intensity, as shown by Figure 4d. Overall, the increased baseline or improved
angular resolution allows for resolving the two bursts even with a smaller time separa-
tion of 5 us.

For Case D, both the passband frequency and baseline are moderately increased
from Case A, so the angular resolution is better than Case A. The size of the main lobe
shown in Figure 4e is smaller than that of Case A, but not as small as that of Case C.
The time integration window 20 ns of this case is twice the reciprocal of the bandwidth,
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Figure 3. Case B simulation results. (a) The bandwidth limited signal from the reference
sensor. (b) The height of the maximum intensity pixel relative to 6 km altitude. (c) The value of

the maximum intensity pixel.

and beamforming is definitely required in order to use such a small time window. For
this configuration, simply tracking the location of the maximum intensity pixel can tell
that the radiation is not produced by a single moving source but by sources at discrete
locations. Abrupt changes in the source height do occur in the time interval between the
two bursts. The source height there is determined by which burst happens to generate
stronger radiation in the corresponding 20 ns time window. Consistently, sudden changes
occur in the intensity of the image.

4 Discussion

The present study demonstrates that careful interpretation of lightning VHF in-
terferometer observations is required because the emission sources may have complex spa-
tial and temporal properties while the resolution of a typical lightning interferometer is
limited. Even for a simple case of two corona bursts with reasonable separation in space
and time considered here, the simulation results show that entirely different views of the
spatiotemporal evolution of the source can be obtained with different interferometer spec-
ifications and imaging parameters. On the positive side, this also means that great op-
portunities for advancing lightning physics await for lightning interferometry studies with
improved resolution. It should be pointed out that in our simulation the bursts are at
fixed locations and noise is not included for convenience, which will also make resolv-
ing the realistic corona bursts more challenging.

To resolve the corona bursts that occur in close space and time, the spatial reso-
lution of the instrument is the key. When the main lobe of the instrument is too large,
extending over an area larger than the spatial separation between the bursts, the max-
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intensity pixel. (b, f) The bandwidth limited signal from the reference sensor. (c, g) The height
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imal intensity can appear at a location between them at the moment when the two bursts
have comparable intensities. To improve the angular resolution /b, either the baseline,
frequency, or both can be increased, as demonstrated by the simulation cases C and D.
One factor that should also be taken into account is the source spectrum. The HF and
VHF frequency spectrum of a corona burst is determined by the spectrum of individ-

ual streamers (Liu et al., 2019, 2020; Liu & Dwyer, 2020). Although the streamer spec-
trum considered here quickly rolls off above a few tens of MHz (see Figure S1), the re-
cent study by Pu et al. (2021) indicates the streamer spectrum in lightning processes can
extend to higher frequency range. Therefore, increasing the frequency of the sensor should
be effective in improving the resolution for at least some lightning processes.

It is also worth implementing algorithms or methods that can improve the tem-
poral resolution of the imaging, such as the beamforming technique. Increasing the tem-
poral resolution helps through reducing the chance of streamers from any two bursts to
occur within the time window of an image. Its effectiveness depends on the number of
streamers in a corona burst and separation between the bursts. In addition, future stud-
ies should explore imaging techniques beyond time difference of arrival based approaches.
Imaging algorithms utilizing larger numbers of baselines in Fourier based approaches com-
bined with deconvolution such as CLEAN (Clark, 1980) are one direction similar to as-
tronomical imaging. Multiple source direction of arrival algorithms based on covariance
estimations such as MUSIC (Schmidt, 1986) are another direction. These algorithms have
significant advantages for resolving ambiguities, using array degrees of freedom to en-
able estimation of multiple sources, and ultimately helping to resolve corona bursts. Ad-
ditionally, these approaches are more suitable for the formal incorporation of array cal-
ibration to remove the effects of the interferometer element and array responses.

Finally, simulation can provide a good understanding of the dependence of the ob-
tained source dynamics on the burst parameters to aid the analysis of the interferom-
eter data. For instance, the apparent fast downward motion in Case A is inferred dur-
ing the fall of the first burst and the rise of the second. The apparent speed then con-
tains information about those times. In the case when radio sensors may be saturated
during the corona bursts, and the interferometer does not have the resolution to resolve
individual bursts, the apparent speed can still be determined (interferometry is gener-
ally robust in the case of signal saturation) and can still give information about the spa-
tiotemporal evolution of the individual corona bursts. Another example is to understand
and constrain the bidirectional development of fast breakdown reported by Huang et al.
(2021). The bidirectional fast breakdown likely contains separate VHF sources that prop-
agate either upward or downward. Simulations can provide the constraints on the source
parameters in order for the sources to be resolved by a particular instrument. In fact,
work is currently underway to simulate LOFAR observations to investigate accuracy and
imaging artifacts of the LOFAR interferometry analysis (Scholten et al., 2021).

Open Research

The MATLAB scripts and functions used to obtain the results reported in the pa-
per are available here: https://doi.org/10.5281/zenodo.5761824.
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Figure S1.  (a) The current moment pulse of a streamer. (b) The time derivative of the

streamer current moment. (c) The frequency spectrum of the streamer current moment time
derivative. The streamer current moment pulse is a double exponential function with a rise time
of 1 ns, a fall time of 250 ns, and a peak of ~1 A-m. As the radiated field is proportional to the
dM/dt, each streamer produces a narrow field pulse of ~4 ns followed by a weak and relatively
long tail. The frequency spectrum of dM/dt shows the radiation is peaked in the HF and VHF

bands.
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