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Abstract

Geospace is the outer region of space surrounding the near Earth from 70 km
above the surface to approximately 10 Re (Re is the radius of the Earth). Within the
geospace, there is a special type of electromagnetic wave called a lightning whistler.
Lightning strike emits electromagnetic waves with different frequency, and some portion
of those waves leak into the magnetosphere. The study of whistlers has been enhanced
along the year and generation, with the advantage of spacecraft data and computer
modeling, it has progressed significantly. VLF (very low frequency) waves, especially
whistler waves are the main clue to study energy dynamics in geospace, because the
propagation characteristics of whistler waves help us to understand the acceleration and
loss mechanism of charged particles inside the radiation belt. It also benefits deriving the
electron density in the plasmasphere if we could identify the source location of lightning
flush using the World Wide Lightning Location Network (WWLLN) because the
propagation time of lightning whistlers can be theoretically derived as a function of
electron density along the propagation path.

The automatic detection of shape or pattern represented by signals captured from
spacecraft data is essential to reveal the interesting phenomena adhere. Signal processing
approach generally uses to proceed and extract the data to get useful information. In this
study, we proposed image analysis approached to process image dataset produced by the
PWE (Plasma Wave Experiment) on board the Arase (Exploration of Energization and
Radiation in Geospace; ERG) satellite. The Arasewas launched to elucidate the
acceleration and loss mechanisms of relativistic electrons in the inner magnetosphere
during magnetic storms and has been operated for more than one year. We developed an
automatic detection system applicable for the waveform data measured by the PWE. The
dataset consists of 31,380 PNG files generated from the dynamic power spectra of
magnetic field data gathered from 1-year observation from March 2017 — March 2018.
We implemented an automatic detection system using image analysis to classify the
various types of lightning whistlers according to the Arase Whistler Map. We successfully
detected a large number of whistler traces induced by lightning strikes and recorded their
corresponding times and frequencies. In the present study, we statistically analyzed the
lightning whistlers using the result from automatic detection referring to their
measurement positions. We examined the distribution of occurrence of the lightning
whistlers. It revealed that the lightning whistlers were mainly observed in the lower
L-shell region, which is thoroughly inside of the plasmasphere. The various shape of
lightning whistler indicates different VLF phenomena and giving a clue for an event
inside Earth’s plasmasphere.



1. Introduction

Inside the geospace environment, especially in the region surveyed by Arase, the
magnetic field is dominated by the component originating from the Earth’s interior. There
is a special type of electromagnetic wave called lightning whistler. Eckersley (1935)
noted that whistlers are observed after sferics, which are broadband electromagnetic
emissions induced by a lightning strikes. The study of whistlers has been enhanced along
the year and generation, with the advantage of spacecraft data and computer modeling, it
has progressed significantly. Study of VLF (very low frequency) waves, especially a
whistler waves are the main clue to study energy dynamics in geospace, the propagation
and characteristic of whistler waves help us to understand the acceleration energy inside
the radiation belt. It also has benefited the studies such as, deriving the plasmaspheric
electron density, ground-to-satellite communication, solar activity, lightning distribution,
and others (Helliwell, 1965).

Bayupati et al. (2012) analyzed the dispersion of lightning whistlers observed by
the AKEBONO satellite along its trajectory and discussed the relationship between
propagation times of lightning whistlers and the electron density profile along their
propagation paths. Their work shows that analyzing the dispersion trends of lightning
whistler is a powerful method to determine global electron density profile in the
plasmasphere. Oike et al. (2014) analyzed the spatial distribution and temporal variation
of occurrence frequency of lightning whistlers detected by the AKEBONO satellite
comparing with the lightning activities derived from the ground-based observation. Their
work demonstrates that the occurrence of lightning whistler strongly correlates with
lightning activity as well as electron density distribution around the Earth, especially in
the ionosphere. Helliwell (1965) examined the various type of lightning whistler spectra
observed by the ground-based observatory and classified them into 9 type. The
classification results were summarized as an “Atlas of Whistler Map.”

In this paper, we analyze the data of lightning whistlers obtained by PWE-WFC
(Kasahara, 2018) onboard the Arase satellite (Matsuda, 2018). Several examples of
principal types captured by the Arase satellite are defined in this study. The
high-resolution waveform data produced by the WFC provide a wider area coverage in
the inner magnetosphere; it gives the advantage to detect the various type of lightning
whistler occurred rather than observation by satellite like AKEBONO. Compared with
these satellites, the altitude of Arase is much higher. So we expect to analyze the spatial
distribution of higher altitude.

1.1 The WFC
The WFC (Plasma Wave Experiment - Waveform Capture) is one of the

sub-systems of the PWE (Plasma Wave Experiment) on board the Arase (ERG) satellite.



It measures waveforms below 20 kHz for the 2 electric field components and the 3
magnetic field components. The WFC is designed to measure chorus, hiss, and lightning
whistlers. Two kinds of operation modes, which are called chorus mode, and EMIC mode,
are implemented. The chorus mode and EMIC mode are mainly operated around the
apogee and perigee, respectively. The WFC data are stored as CDF files for easier data
analysis.

e Chorus burst mode measures electric and magnetic field waveform at a high sampling
rate (65.536 samples/s). Each sample consists of 2 bytes (131,072 bytes/s) with
intermittently measured (8s/shot). This mode is designed for the wide-frequency
range measurement of whistler-mode chorus emission, plasmaspheric hiss, and
electron cyclotron waves.

e EMIC burst mode measures electric and magnetic field waveform at a low sampling
rate (1024 sample/s). Each sample consists of 2 bytes (2,048 bytes/s) with
intermittently measured (3min/shot). This mode is designed for the measurement of

low-frequency phenomena such as EMIC waves and magnetosonic waves.

2. Lightning Whistler

Whistler is prominent in bursts of Very-Low-Frequency (VLF) electromagnetic
energy produced by frequent lightning discharges. It propagates along the geomagnetic
field lines from southern to northern hemisphere, and vice versa. Dispersion of whistler
indicates a gap of propagation delay in the frequency domain. Their spectral properties
mainly depend on the plasma environments (electron density and ambient magnetic field)
along their propagation paths, and it can propagate thousands of kilometers from the
source of the lightning strike in the Earth’s plasmasphere. These data are relevant to the
estimation of the electron density profile.

2.1 Atlas Whistler Map

In 1965, Helliwell developed an Atlas of Whistler Spectra in order to describe
whistler quantitatively. It includes the principal type of whistler, the range of variation
within the type, intensity, fading, dispersion, cutoff frequencies, and diffuseness.

3. Lightning Whistler Detection Application

In this paper, we analyze the magnetic field data observed by the WFC in the
chorus mode. We investigated lightning whistlers measured by WFC using the datasets of
the magnetic field component. To generate a plot showing the variation of the frequency
with time, we calculated the absolute value using the three components of the magnetic



field waveforms.

|B| = V(Ba? + BB* + By?)

Where By is a spin axis component of a magnetic field vector and, Ba and Bf are
spin-plane components. To generate dynamic power spectra of the observed waveforms,
we performed short-time Fourier transform (STFT) analysis with a 62.5-ms Hann window
that included 4096 samples with a 94% overlap (shifting the window by 256 samples).
The unit of a contour is an arbitrary unit/Hz (dB). The result of the dynamic power
spectra then stores into an image file (PNG Format) which fits to our monitor size
resolution 1920 pixel x 1017 pixel.

Table 1 : Atlas Whistler Map: Type & Principal Definition of Lightning Whistler

Single Trace

1 Nose

2 Short Whistler

3 Middle Whistler

4 Long Whistler
Multi Trace

5 Multiple-Traces

6 Multiple-Combinations

A whistler whose frequency-time curve exhibits both rising and falling
branches. The delay is at a minimum at the nose frequency.

A whistler that has a duration of less than 1 s.

A whistler that has a duration between 1 s and 2 s.

A whistler that has a duration of more than 2 s.

A multiple whistlers consisting of multiple basic middle whistlers with
the same length of duration.

A multiple whistlers consisting of multiple basic middle whistlers with
the different length of durations.
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Figure 1: The overall flow chart of the whistler detection system. The process from left to right,

segmentation, extract candidate area, classification rule, and detection result.

Figure 1 shows the overall flow chart of our whistler detection method proposed



in this paper. The quality of the input image of the candidate area directly affects the
accuracy of target detection task. We have two different spectra (original and
pre-processed). The segmentation result of the image grid of target area was produced
using the OpenCV function and the neighboring pixel relation (N8). Groups of pixels of
the binary image with similar features (color) are obtained, in which the whistler region is
1 (non-white), and the non-whistler region is 0 (white). Subsequently, we used
Bresenham’s line algorithm for every step after segmentation, from line grouping, line
detector, and line counter. Bresenham’s algorithm is a widely used high-speed algorithm
which rasterizes straight lines/circles/ellipses using only addition and subtraction
operations of pure integers. Description and the concept of this algorithm is available in
(Bresenham, 1977). The duration of the lightning whistler plays a key-role to decide and
classify the type of whistler. We make a classification rule and principle; in our
classification principle, nose whistler is a first checking point before we start to detect
others. If it failed to detect nose shape, then we will check the number of lines detected in
the line-group process, we categorized it as single or multi-trace, and then start to check
the duration of each line detected. The system then will group and classified based on the
rule that can be summarized as shown in Figure 2 :
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Figure 2: Decision Tree for All-Whistler Classifier
3.1 Experimental Result and Analysis



To evaluate the performance of the proposed method, we tested a set of real
images of dynamic spectra produce by the WFC. The entire experiment was performed on
a Core-i7-4810 MQ 2.8 GHz (8CPU), with 16GB of RAM. Before processing the entire
dataset, we tested the detection algorithm for each type of lightning whistler as can be
seen in Figure 3 and Figure 4. The detected whistler is trailed by the box, the result of
each detection is stored in the text file with each characteristics such as type, start time,
end time, start frequency, end frequency, and time consumed for each detection process.
Some whistlers are not detected due to the density between pixels. We rely on the concept
of the neighboring pixel, so if the filtering in the pre-processing results in a weakly
connected or un-connected line, this will affect our detection system. The event will not
be detected as a line because it is not a single connected line.
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Figure 3: The detected whistler type of nose, short, middle, and long whistler.
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Figure 4: The detected whistler type multiple-traces, and multiple-combinations.

4. Statistical Analysis Result



The satellite footprints cover L-shell region from 1 to 10 during the observation
period, from March 2017 to July 2017. When the satellite was located in the
higher-latitude region (from 3<L<6), in August 2017 to December 2017, we intensively
operated the WFC in the lower L-shell region between 1<L<3. During this period, we
observed a higher occurrence rate of lightning whistler. With the highest number of
occurrence was in October 2017 as 519 times of whistler were detected during this period.
In January — March 2018, the WFC was mainly operated in the L shell region of L > 4,

and no whistler was detected during this period.

4.1 Diurnal Variation

Diurnal of whistler occurrence compared to the observation periods within each
hour in MLT. Hence the lightning whistler was mainly observed in the nightside, with the
highest as 49.8 % whistler observed from 0 to 6 in MLT, as shown in Figure 5.
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Figure 5: Percentage of distribution of lightning whistler by MLT
4.2 Altitude and MLT Dependence

Figure 6 show the distribution of lightning whistler in the altitude-MLT
dependence. It was found that even though the Arase surveyed region up to L-value = 10,
most of the whistlers were observed in L-shell region from 1 to 5.5. We analyzed the
distribution of each whistler type as a function of L value. It is demonstrated that lightning

whistler was mainly observed inside of the plasmasphere (region L<3).
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Figure 6: Distribution of Detected Whistler (Altitude and MLT Dependence)

5. Conclusion

In the present paper, we presented the detection methodology for various types of
lightning whistlers observed by the WFC on board the Arase satellite. We analyzed the
waveform data in magnetic field component captured by the WFC during 1-year
observation period from March 2017-March, 2018. We first converted the magnetic field
waveform data into the dynamic spectra and stored them as image files with PNG format.
Next, we developed a detection system of lightning whistler from these image files. Using
image processing and image analysis approaches, we developed a methodology and
classification system to detect lightning whistler automatically, with a robust, fast, and
informative methodology. The result of detection was accurate enough to classify six types
of lightning whistler successfully. The various types of lightning whistler detected by the
WFC on board the Arase will correspond to propagation characteristics of the signal of
whistler waves depending on the region. The region surveyed by Arase has a wider

coverage in the inner magnetosphere region, and it brings the opportunity to detect the



various types of lightning whistlers. Development of a detection system using image
analysis approached brings a higher chance to detect the various and complex shapes of
spectra. On the other hand, it is noted that we couldn’t detect any long whistlers when we
apply the optimized parameter in the current study. In fact, we can detect a long whistler
if we optimize the parameter only for the specific event, but it causes an increase of false
detection rate for the other events due to contaminated noise. Finally, we examined
statistical characteristics of lightning whistlers detected from the Arase/WFC dataset. We
found that most of the lightning whistler was observed inside the plasmasphere
(especially L-Value <3). Most of the lightning whistler was detected during July to
November 2017, and during nightside rather than dayside.
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