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1. Introduction
Lightning is a complex and multiscale electrical phenomenon that generates a broad spectrum of electromag-
netic radiation. Fast electrical discharge processes occur during lightning development and they generate high 
frequency (HF, 3–30 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 interferometry 
analysis. Important advances have recently been made based on broadband HF/VHF interferometer observa-
tions. These include identification of fast breakdown processes capable of initiating lightning (Huang et al., 2021; 
Rison et al., 2016; Stock et al., 2017; Tilles et al., 2019), 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 
interferometer 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 & Dwyer, 2020; Liu et al., 2019, 2020). For many lightning processes, such as a leader step 
or lightning initiating fast breakdown, a large number (10 5–10 8) of streamers are believed to be involved (Liu 
& Dwyer, 2020; Liu et al., 2019, 2020). Those processes have a typical timescale of at least 1 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 difference in those scales implies that there is inherent random nature in both spatial and 
temporal distributions of streamer occurrences in a lightning process.

In this study, we attempt to demonstrate how the random nature of streamer occurrences in a lightning process 
can complicate the analysis of lightning interferometer observations. Our study focuses on the initiation stage of 

Abstract Recent observations from LOFAR indicate that multiple, spatially distributed corona bursts 
can occur in lightning processes with a timescale of 10 microseconds. The close proximity of the corona 
bursts in space and time poses a great observation challenge for short-baseline (typically ≤100 m) radio 
interferometers. This paper reports simulations to show the interferometry results that would be obtained with 
such an interferometer. In particular, spatially-separated corona bursts at fixed locations may be seen as a fast 
(>10 7 m/s) propagating source with large power variation if the resolution of the instrument is greater than 
the spatial separation of the bursts. The implications and suggestions for lightning interferometry studies are 
discussed in the paper.

Plain Language Summary Lightning evolution contains brief processes that are critical to its 
channel formation, 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 detect 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 short-baseline lightning radio sensor array. Our 
study suggests that caution is required when interpreting the observations made with such a radio sensor array.
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lightning, which typically contains only few channel branches, making the analysis of the interferometer obser-
vation easier. One common feature in the RF observation of lightning initiation is that a train of strong bipo-
lar pulses occurs in the first few milliseconds (e.g., Belz et al., 2020; Marshall et al., 2014; Nag et al., 2009; 
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 μs, with a mean 
of ∼60 μs. There are usually narrow subpulses superimposed on the initial half cycle of the waveform (e.g., Belz 
et al., 2020; Nag et al., 2009; Tilles, 2020).

Broadband, short-baseline (≤100 m) VHF interferometers for lightning observation typically consist of three 
radio sensors (Belz et al., 2020; Lyu et al., 2019; Rison et al., 2016; Shao et al., 2018; Stock et al., 2014, 2017; Sun 
et al., 2013; Tilles et al., 2019, 2020). The passband of the sensor spans from the upper HF band to the lower VHF 
band, for example, 10–90 MHz for the interferometer developed by the New Mexico Tech (Rison et al., 2016; 
Stock et al., 2014). The nominal angular resolution limit (i.e., the minimum angular separation of sources that can 
be resolved) for non super-resolution analysis is λ/b ≃ 0.06 radians, where λ is the wavelength and b is the baseline 
length, corresponding to 600 m at a distance of 10 km. The observations 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 10 7 m/s (Belz et al., 2020; Krehbiel et al., 2021; Tilles, 2020). It has been 
proposed that IBPs are generated by fast breakdown, the same as narrow bipolar events (NBEs) (Belz et al., 2020; 
Krehbiel et al., 2021; Rison et al., 2016). These studies also found that gamma-ray production by lightning is 
directly connected to strong IBPs (Belz et al., 2020; Krehbiel et al., 2021). These authors have suggested that the 
narrow subpulses of IBPs are caused by spark-like transient conducting events (TCEs) embedded in fast break-
down, which likely occur in the leading edge of the developing streamer system (Attanasio et al., 2021; Krehbiel 
et al., 2021), and that TCEs trigger relativistic runaway electron avalanches to generate the gamma ray bursts.

High resolution observations of lightning have been obtained using the radio telescope LOFAR (Hare 
et al., 2019, 2020; Scholten et al., 2021a, 2021b). A recently-developed interferometry imaging code called inter-
ferometric 3-Dimensional (TRI-D) imager allows for determination of the emission source with meter scale accu-
racy at a time 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). Detailed analysis of two IBP pulses 
observed by LOFAR using the TRI-D imager indicates that during an IBP multiple corona bursts occur at discrete 
locations within a volume of approximately 100 3 m 3 and there is no indication of a continuously propagating 
wave of intense electrical breakdown (Liu et al., 2022).

In this paper, we present simulations to show the results that short-baseline VHF interferometers with a small 
number of elements would obtain for IBPs consisting of multiple corona bursts and to give some ideas on the 
requirements 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 interferometer observations. The simulation consists of two 
main stages. The first stage simulates 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. In this study, we explore how the results from interferometry analysis depend on the values of the several 
key parameters of the instrument for separating sources that occur in close space and time, including bandwidth, 
baseline, and integration time window.

Figure  1a shows a plan view of the observation geometry considered in our simulation. 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 x axis. The VHF emission sources 
are at x = y = 0, and the plan distance from the center of the sensor triangle to the source is 8 km, that is, 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 lightning analyzed in (Tilles, 2020).
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In the simulation, the right most sensor is set as the reference sensor or viewing point, for which the interferomet-
ric images are constructed. Its location varies as the baseline changes, as 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 reference 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 the Introduction, the LOFAR data indicate that an IBP contains multiple corona bursts at different locations. In 
our simulation, we simply assume there are two corona bursts at two different altitudes: 6.1 and 6.0 km, that is, 
a 100 m height difference. We further assume that each burst contains 10 4 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 μs rise time and 1 μs 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 separated by 
10 μs 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 & Dwyer,  2020; Liu 
et al., 2019). The streamer current pulse and spectrum of the radiated field are shown in Figure S1 of Supporting 
Information S1.

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 between signals from pairs of sensors are calculated 
and used to assign intensities to image pixels. In addition, a beamforming technique is implemented in our simu-
lation in order to improve the temporal resolution and accuracy. If we know where the source region 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 of imaging (as all interferometric imaging requires 
integration over time). This idea has been explored by a recent study of Shao et al. (2020) and has been used in 
the LOFAR cross-correlation based impulsive imager (e.g., Scholten et al., 2021).

The above description can be represented mathematically as follows. Suppose the time series recorded by each 
sensor is denoted by Ei(t) and the time-shifted signal by 𝐴𝐴 𝐴𝐴

o
𝑖𝑖
(𝑡𝑡) , we have

𝐸𝐸
o
𝑖𝑖
(𝑡𝑡) = 𝐸𝐸𝑖𝑖 (𝑡𝑡 + 𝜏𝜏𝑖𝑖) , (1)

Figure 1. (a) Observation geometry in the simulation. (b) Histogram of the streamer onset.
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where τi 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 image in the simulation. Let 𝐴𝐴 𝐴𝐴

o
𝑖𝑖
 represent the distance between 

that point and the ith sensor, then 𝐴𝐴 𝐴𝐴𝑖𝑖 = 𝑑𝑑
o
𝑖𝑖
∕𝑐𝑐 .

To obtain the beamformed image frame corresponding to a time interval [tn, 
tn + T], where T is the time integration window size or exposure time of the 
image, the cross correlation between every pair of antennas i and j, 𝐴𝐴 𝐴𝐴

o
𝑖𝑖𝑖𝑖
 , is 

calculated:

𝑅𝑅
o
𝑖𝑖𝑖𝑖
(𝑡𝑡𝑛𝑛, 𝜏𝜏𝑖𝑖𝑖𝑖) = ∫

𝑡𝑡𝑛𝑛+𝑇𝑇

𝑡𝑡𝑛𝑛

𝐸𝐸
o
𝑖𝑖
(𝑡𝑡 + 𝜏𝜏𝑖𝑖𝑖𝑖)𝐸𝐸

o
𝑖𝑖
(𝑡𝑡)𝑑𝑑𝑡𝑡, (2)

where τij is the time delay between the time-shifted series. Substituting Equa-
tion 1 into Equation 2 and changing the integration variable to (t + τi),

𝑅𝑅
o
𝑖𝑖𝑖𝑖
(𝑡𝑡𝑛𝑛, 𝜏𝜏𝑖𝑖𝑖𝑖) = ∫

𝑡𝑡𝑛𝑛+𝜏𝜏𝑖𝑖+𝑇𝑇

𝑡𝑡𝑛𝑛+𝜏𝜏𝑖𝑖

𝐸𝐸𝑖𝑖 (𝑡𝑡 + 𝜏𝜏𝑖𝑖𝑖𝑖 + 𝜏𝜏𝑖𝑖 − 𝜏𝜏𝑖𝑖)𝐸𝐸𝑖𝑖(𝑡𝑡)𝑑𝑑𝑡𝑡 = 𝑅𝑅𝑖𝑖𝑖𝑖 (𝑡𝑡𝑛𝑛 + 𝜏𝜏𝑖𝑖, 𝜏𝜏𝑖𝑖𝑖𝑖 + 𝜏𝜏𝑖𝑖 − 𝜏𝜏𝑖𝑖) . (3)

Note Rij(tn + τi, τij + τj − τi) is the cross correlation between the non-shifted time series. From the observation 
geometry, we have (dij cos αij)/c = τij + τj − τi, where dij is the baseline and αij is the directional angle. So

��� =
���cos ���

�
− �� + ��. (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 
τij between the two shifted time series is found by using Equation 4. The intensity of the pixel is then given 
by 𝐴𝐴 𝐴𝐴

o
𝑖𝑖𝑖𝑖
(𝑡𝑡𝑛𝑛, 𝜏𝜏𝑖𝑖𝑖𝑖) . For the last step, interpolation is necessary as 𝐴𝐴 𝐴𝐴

o
𝑖𝑖𝑖𝑖
(𝑡𝑡𝑛𝑛, 𝜏𝜏𝑖𝑖𝑖𝑖) is found at discrete times only or only 

the cross correlations at discrete angels αij 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 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 (𝑛𝑛𝑛 𝑛𝑛𝑖𝑖𝑖𝑖) = 𝑅𝑅

o
𝑖𝑖𝑖𝑖
(𝑡𝑡𝑛𝑛𝑛 𝜏𝜏𝑖𝑖𝑖𝑖) , we have

𝐼𝐼
(

𝑛𝑛𝑛 𝑛𝑛𝑛
)

=

𝑀𝑀
∑

𝑖𝑖

𝑀𝑀
∑

𝑗𝑗=𝑖𝑖+1

𝐼𝐼𝑖𝑖𝑗𝑗 (𝑛𝑛𝑛 𝑛𝑛𝑖𝑖𝑗𝑗) 𝑛 (5)

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 + τi).

Finally, as demonstrated by Liu et  al.  (2021), this beamforming imaging method based on cross-correlation 
generates similar images as the interferometric technique based on delay and sum, which is implemented in the 
TRI-D imager of Scholten et al. (2021b).

3. Results
Results from four simulation cases are presented below, and Table 1 gives the parameters of each simulation case. 
We consider two values for the time separation between the two bursts: 5 and 10 μs. Given the duration of IBPs, 
10 μs represents a moderate value of the time separation between the bursts, and 5 μs for relatively narrow IBP 
pulses. In calculating the radiated electric field, a time step of 1 nanosecond (i.e., 1 GHz sampling frequency) is 
used. For each case, a bandpass filter is applied to the recorded signals to obtain the specified bandwidth. Frame 
time shift is the time between two consecutive images, and there is no sample overlap between the images except 
for Case A, where the time shift is one quarter of the time integration window. Case A represents the typical 

Case

Burst time 
separation 

(μs)
Passband 
(MHz)

Baseline 
(m)

Integration time 
window (μs)

Frame 
time 

shift (μs)

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

Table 1 
Parameters of the Four Simulation Cases
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configuration that was used in (Tilles, 2020; Tilles et al., 2019, 2020). As a large time integration window is used 
for this case, it is unnecessary to apply the beamforming technique. Except for the baseline and the number of 
antennas, Cases B and C represent the configuration of the latest LOFAR studies (Scholten et al., 2021b, 2022). 
The last case represents a moderate increase in the baseline of the interferometer used by Pu and Cummer (2019).

Figure 2 presents the simulation results from Case A. The three images correspond to three different time inter-
vals, with their respective center times given in the figure. The bandwidth limited signal in Figure 2b shows 
although the two bursts are nominally separated by 10 μs, streamer activity is nearly continuous between them. 
The circles in Figure 2c give the heights (relative to 6 km) of the maximum intensity pixel of the images, while 
Figure 2d shows the temporal variation of the intensity of the same pixel. Each image in Figure 2a corresponds 
to either a peak or trough in Figure 2d. The large size of the main lobe in each image even under a narrow display 
intensity range is consistent with the nominal angular resolution of this case: λ/b ≃ 0.06 radians or 3.4°. Before 
44 μs or slightly after 46 μs, the maximum intensity pixel overlaps with the location of the active streamer burst. 
The smooth transition in height from approximately 80–20 m, starting slightly after 44 μs and ending slightly after 
46 μs, makes it appear that the source moves with a speed of ≃3 × 10 7 m/s. The image at 45.753 μs shows that the 
maximum intensity pixel of that image is approximately at the mid point between the two bursts. Figure 2d shows 
that the intensity reaches the maximal value at the peaks of the bursts and is relatively small between the two 
bursts. The difference between the maximal and minimal values is, however, less than three orders of magnitude 
(note that the maximal intensity shown in the image at 45.753 μs is less than three orders of magnitude than the 
other two images), which is well within the dynamic range of a RF sensor of at least 12 bits. The image is made 
for a constant radial distance from the reference center, equal to the distance from the reference sensor to the 
center of the image at the mid point between the two bursts, that is, (0, 0, 6,050 m). This causes the heights of the 
two bursts are not exactly at 0 and 100 m (i.e., 6 and 6.1 km relative to ground), respectively.

Figure 2. Case A simulation results. (a) Images at three different times. In each image, black ‘+’ represents the center of the 
image, the blue and red circles denote the locations of the upper and lower streamer bursts, respectively, and the solid yellow 
circle shows the location of the maximum intensity pixel. The solid yellow circle masks an open circle when their locations 
are the same. (b) The bandwidth 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.
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Figure 3 shows the simulation results from Case B. As the baseline is the 
same between this case and Case A and the frequency passband is approxi-
mately 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 μs, with a similar change in the height and 
thus a similar speed. Because the time integration window is more than a 
factor of 10 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 
increased to 800 m while the bandwidth is kept the same as Case B, result-
ing in a much better angular resolution. The main lobe in Figure 4a is much 
smaller in size, comparing to those in Figure 2a. Figure 4b shows that the 
streamer activity continuously occurs 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 gradual descending 
trajectory. Due to the random nature of the streamer onset in each burst, the 
location of the maximum intensity pixel during the time between the peaks 
of the two bursts may change suddenly, although bounded by 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 separation of 5 μs.

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, 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 investigates the artifacts in interferometer observations resulting from the complex properties 
of the lightning VHF emission source. 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 specifications and imaging parameters. It 
should be pointed out that in our simulation the bursts are at fixed locations and noise (e.g., RF emissions from 
other parts of lightning) is not included for convenience, which will make resolving the realistic corona bursts 
more challenging. A relevant question is if fast negative breakdown (FNB) in narrow bipolar events is caused by 
the apparent effect investigated here. Because FNB is the first initiating breakdown event and the recorded power 
does not show significant variation during its fast propagation stage, it is likely FNB is indeed a streamer-based 
ionization wave that propagates in the opposite direction of electric field.

To resolve the corona bursts that occur in close space and time, the spatial resolution 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 maximal intensity can appear at a location between them at the moment when the two 
bursts have comparable intensities. To improve the angular resolution λ/b, either the baseline, frequency, or both 
can be increased (assuming the uncertainties from the wave propagation are insignificant), as demonstrated by 

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.
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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 individual streamers (Liu 
et al., 2019, 2020; Liu & Dwyer, 2020). Although the streamer spectrum considered here quickly rolls off above 
a few tens of MHz (see Figure S1 in Supporting Information S1), recent studies indicate the streamer spectrum 
in lightning processes can extend to higher frequency range (Pu et al., 2021, 2022). 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 temporal resolution of the imaging, such 
as the beamforming technique. Increasing the temporal 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 studies should explore imaging 

Figure 4. Results from simulation cases C and D. (a and e) The image with the highest intensity during the entire simulation. In the image, black “+” represents the 
center of the image, the two circles give the locations of the two streamer bursts, and “∗” shows the location of the maximum intensity pixel. (b and f) The bandwidth 
limited signal from the reference sensor. (c and g) The height of the maximum intensity pixel relative to 6 km altitude. (d and h) The value of the maximum intensity 
pixel.
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techniques beyond time difference of arrival based approaches. Imaging algorithms utilizing larger numbers 
of baselines in Fourier based approaches combined with deconvolution such as CLEAN (Clark, 1980) are one 
direction similar to astronomical 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 enable estimation of multiple sources, and ultimately 
helping to resolve corona bursts. Additionally, these approaches are more suitable for the formal incorporation of 
array calibration to remove the effects of the interferometer element and array responses.

Finally, simulation can provide a good understanding of the dependence of the obtained source dynamics on the 
burst parameters to aid the analysis of the interferometer data. For instance, the apparent fast downward motion 
in Case A is inferred during the fall of the first burst and the rise of the second. The apparent speed then contains 
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 deter-
mined (interferometry is generally robust in the case of signal saturation) and can still give information about 
the spatiotemporal 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 propagate 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., 2022).

Data Availability Statement
The MATLAB scripts and functions used to obtain the results reported in the paper are available here: https://doi.
org/10.5281/zenodo.5761824.
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