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This paper presents findings on the impact of lightning discharges on very
low frequency (VLF) signal, which falls from 30 Hz up to 50 kHz has been
used effectively for space parameter detection of the lower ionosphere signal
propagation over Malaysia. Using a VLF line receiver installed at Universiti
Kebangsaan Malaysia (Latitude 2° 55 N, Longitude 101° 46' E),
observations conducted on 22 July 2009 revealed distinct diurnal variations.
During the daytime, broadband and narrowband data were analyzed to
investigate natural radio signals from transmitters in neighboring countries
such as India, Japan, China, and Australia. The results reveal significant
perturbations in VLF signal propagation caused by lightning discharges,
leading to the detection of natural sferics, tweeks, and ionospheric
disturbances. These phenomena, originating from radiated lightning
discharge activity, were found to average 44 occurrences per hour during the

Very low frequency afternoon and evening. The study highlights how these natural
electromagnetic events contribute to amplitude and phase variations in VLF
signals, offering deeper insights into ionospheric interactions with lightning
activity. Additionally, the findings emphasize the presence of natural radio
emissions such as sferics and their components, which further illustrate the

effect of lightning discharges on the lower ionosphere above Malaysia.
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1. INTRODUCTION

This research aims to detect and investigate the phenomena, including disturbances in the D-region
(altitude 40-90 km above sea level) for one day using broadband and narrowband very low frequency (VLF)
signals through remote-sensing techniques at Universiti Kebangsaan Malaysia (Latitude 2° 55’ N and
Longitude 101° 46’ E), generally in the equatorial region. The Earth's magnetosphere sustains diverse wave
phenomena that influence ionospheric behavior and space-weather coupling. Recent studies (2020-2025)
demonstrate significant progress in equatorial VLF remote sensing, including [1]-[3]. These works highlight
how D-region electron density responds to solar flares, geomagnetic storms, and lightning-induced
perturbations. Such results emphasize that continuous VLF monitoring is essential for understanding
lower-ionospheric variability in tropical and equatorial zones where lightning activity is frequent [3]-[5]. The
ionosphere’s D-region, ranging 60—-90 km, acts as a natural reflector of VLF waves, and its response to both
natural and anthropogenic sources offer valuable insight into atmosphere—space coupling. Variations in
amplitude and phase of VLF signals indicate changes in ionospheric conductivity caused by energetic events
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such as lightning, solar flares, or cosmic-ray impacts [4]-[6]. Therefore, long-term VLF measurements can
serve as diagnostic tools to assess the effects of space-weather processes on the equatorial ionosphere [4]-[7].

In addition, several machine-learning-based approaches have emerged to enhance VLF data
interpretation [7], [8]. By integrating physics-based propagation with artificial intelligence (Al), researchers
now achieve near-real-time mapping of VLF signal perturbations linked to solar and lightning activity
[8], [9]. The D-region, acting as a natural reflector of VLF waves, responds to various natural and
anthropogenic sources, with amplitude and phase variations in VLF signals indicating changes in ionospheric
conductivity due to energetic events such as lightning, solar flares, or cosmic rays. Disturbances between
transmitter-receiver paths manifest as changes in received signals followed by characteristic recovery
times, caused by phenomena including lightning strikes, magnetospheric sferics waves, and man-made
electron precipitation.

Lightning, resulting from the discharge of electric charge between clouds or to the earth, emits
electromagnetic waves under 10 kHz, with frequencies ranging from 0 Hz to over 100 kHz. These emissions,
known as sferics, produce characteristic sharp popping sounds when received and amplified. The VLF
signals from radio transmitters can be affected by these sferic events, as shown in frequency-time
spectrograms depicting signals from north-south (N-S) and east-west (E-W) directions, where sferics consist
of a wide frequency range received simultaneously, causing interference with broadband VLF signals.
Therefore, this study complements global VVLF observations by providing valuable insights into ionospheric
disturbances and space weather effects in the equatorial D-region through long-term VLF measurements.

Sferic events can cause sound and damage the broadband VLF signal because the VLF signal from
the radio transmitter emitted by various VLF radio transmitters is mixed with the sferic signal coming from
the lightning, as seen in Figure 1. Figure 1(a) shows a frequency-time spectrogram of several sferics for the
VLF signals received from the N-S direction, while Figure 1(b) depicts the signals received from the E-W
direction. The vertical lines in the spectrogram illustrate that a sferic consists of a wide range of frequencies
received simultaneously, resulting in the dry popping sound referred to as static.
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Figure 1. Sample of broadband data monitored and investigated through the received signal that propagates
from transmitters located surrounding Malaysia after 14:00 UT, for (a) N-S antenna direction and
(b) E-W antenna direction
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2. THEORETICAL BACKGROUND

Electromagnetic phenomena such as Schumann resonances, sferics, tweeks, and whistlers form the
foundation of extremely low frequency (ELF)-VLF atmospheric radio science. The Schumann resonance,
with fundamental frequencies near 7.8, 14, and 20 Hz, arises due to global lightning discharges within the
Earth—ionosphere cavity [10]-[12]. Sferics are impulsive broadband emissions (0.1-100 kHz) from lightning,
propagating efficiently through the Earth—ionosphere waveguide. Tweeks are dispersed versions of sferics,
usually recorded at night when D-region electron density decreases [7], [8]. Recent global studies [9], [11], [12]
demonstrate that ELF/VLF resonance patterns are modulated by solar and geomagnetic activity, confirming
that lightning-generated electromagnetic energy couples dynamically with the magnetosphere. At equatorial
latitudes, the ionospheric response exhibits enhanced variability due to high lightning occurrence and strong
electric fields [13], [14].

These characteristics make equatorial VLF studies important for understanding regional ionospheric
structure, which can be incorporated into global propagation and prediction models [7], [8], [15]. However,
most previous studies focus on mid- to high-latitude regions, leaving limited investigation of VLF signal
perturbations in equatorial environments where lightning activity is significantly higher. Furthermore,
existing machine-learning approaches have not been fully optimized for short-term, high-resolution VLF
disturbances, particularly those induced by transient lightning events in the D-region. Therefore, there
remains a need for an integrated approach that combines VLF observations and advanced neural network
models to improve the detection and prediction accuracy of ionospheric disturbances in equatorial regions.
Furthermore, transfer-matrix analyses and simulation frameworks [15] show that lower-ionospheric
anisotropy significantly alters VLF wave dispersion under 50 kHz, explaining diurnal variations observed in
tropical regions. This theoretical insight provides the foundation for the experimental configuration adopted
in this study.

3. EXPERIMENTAL SETUP

The experimental setup utilizes the atmospheric weather electromagnetic system for observation,
modeling, and education (AWESOME) receiver installed at Universiti Kebangsaan Malaysia in
cooperation with scientists from Stanford University. It includes two orthogonal air-core magnetic-loop
antennas (N-S and E-W directions), a pre-amplifier, a global positioning system (GPS) receiver, and a
data-acquisition system. The system records broadband data at a 100 kHz sampling rate and narrowband
transmitter signals between 17-22 kHz. The receiver sensitivity is 6 mV/m in the 0.1-50 kHz range with a
dynamic range of approximately 100 dB. Environmental parameters such as temperature, humidity, and
local lightning activity were continuously logged to evaluate external influences on signal quality [4]. Site
measurements show that convective activity near the equatorial belt often modulates local noise floors,
requiring adaptive filtering strategies [15].

Signal classification was carried out based on waveform characteristics: i) impulsive broadband
sferics, ii) tweeks with descending frequency tones, iii) continuous narrowband transmitter signals, and
iv) natural background radio noise. The identification was supported by matrix laboratory (MATLAB)-based
spectral analysis and automated feature extraction. The system was calibrated to ensure phase stability and
accurate amplitude referencing.

4. OBSERVATIONS AND DISCUSSIONS

Observations conducted on 22 July 2009 revealed distinct diurnal variations. During daytime,
strong attenuation occurred due to enhanced D-region ionization, while nighttime data exhibited pronounced
tweeks and sferics propagation, consistent with reduced electron density [5]-[18]. Quantitative analysis
showed that the average signal-to-noise ratio (SNR) during night hours exceeded daytime values by
12-15 dB, confirming improved propagation efficiency under low-ionization conditions [3]. The mean
amplitude-perturbation rate correlated positively with local lightning occurrence (r ~0.78), indicating strong
atmospheric-ionospheric coupling. Figure 2 presents two aspects of VLF signal analysis, where Figure 2(a)
illustrates comparative amplitude spectra of VLF signals during day and night, and Figure 2(b) depicts the
impact of solar flares on amplitude [5]-[7].

These analyses confirm that solar radiation and lightning jointly modulate the equatorial ionosphere.
Environmental observations revealed that humidity >80% and thick convective clouds preceded most strong
VLF disturbances [19]. Such meteorological conditions enhanced lightning frequency and raised the
broadband noise floor. The results align with previous equatorial VLF studies [2]-[4], [6]-[19] and
contribute to refining atmospheric—ionospheric coupling models.
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Figure 2. Amplitude spectra of VLF signals during day and night and the impact of M- and class-solar flares
on phase delay and amplitude: (a) daytime and nighttime amplitude spectra; and (b) the impact of solar flares
on amplitude.

4.1. Very low frequency signal data processing

Data processing involved filtering, spectral decomposition, and correlation analysis. Broadband data
were analyzed using the fast Fourier transform (FFT) to extract dominant frequency components between
0.1-50 kHz. A rake filter and a high-pass filter (>2 kHz) were applied to suppress 60 Hz power-line
harmonics and low-frequency noise [20], [21]. This method is more practical for limited datasets and can
operate in real time with faster response compared to Al-based methods, which require large amounts of data
and substantial training time [22], [23]. Therefore, it is more suitable for systems that do not demand
real-time learning or adaptive modeling.

Spectrograms were generated with 10 ms time resolution for feature extraction and classification.
Natural-sound signals such as sferics and tweeks were identified by their spectral patterns: short impulsive
bursts for sferics and descending frequency tones for tweeks. Detection using an FFT-based event detector
program and statistical analysis showed an average of 44 balls or tweeks per hour, with nighttime
occurrences approximately twice as frequent as daytime occurrences. Signal-power density varied between
107 and 10* VZ#m?Hz, depending on lightning proximity, comparable to modeled propagation levels
reported by [15]. Recent advances also apply hybrid Al models, such as multi-adaptive linear element
(MADALINE), modified neural network (MNN), and particle swarm optimization (PSO), to refine the
detection of non-linear VLF perturbations [7], [8]. These frameworks could be incorporated into future
analyses for improved real-time classification and forecasting of equatorial ionospheric variability. The
spectrogram for several frequencies from the VLF transmitter is shown in Figure 3.
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Figure 3. Fluctuations in amplitude narrowband data from North West Cape (NWC), VTX, JJI, and 3SB
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It is evident that weaker signals are detected from transmitters such as JJI at 22.2 kHz [24], which
originates from Ebino, Japan, and VTX at 17.0 kHz, which comes from India [25]. Additionally, NWC at
19.8 kHz, originating from Australia [2], [26], is strongly received by the receiver in Malaysia. These
transmitters have high power outputs: 1,000 kW for VTX, 424 kW for 3SB, and 1,000 kW for NWC.
The strong reception is also attributed to the proximity of NWC to the receiver in Malaysia. In contrast, JJI at
22.2 kHz has a lower power output of 200 kW compared to 3SB at 20.6 kHz, which comes from China. The
proximity of the receiver to the transmitter also affects signal strength.

Figure 4 shows the sferics amplitude after 14:00 UT(10:00 PM Malaysia time), with Figure 4(a)
showing the N-S antenna direction, and Figure 4(b) showing the E-W antenna direction where distinct
lightning-induced features are visible [27]. Finally, several oscillations can be seen for the rest of the record,
though they are more visible on the E-W channel at this. These trailing oscillations form the tweeks. Figure 5
details the occurrence of sferics events. Figure 5(a) displays the event after 3.59 s, including specific sferics
at 3.6 s to identify the sferics event and natural sounds, whereas Figure 5(b) represents the event occurrence
from the E-W antenna direction.

Malaysla : N-3
—— (i fer
21 |

104 Malaycla : EW

e
L "\-.\____

P ‘rf‘

-
.
=

k1

(]

Amplilde qih
(=}
L=

k1

Sumpltoce ')

(¥]

S

20 40 80 ] 20 40 &0
Time (seconds) Tim= (seconds)

(@) (b)

Figure 4. The amplitude of the sferics spectrum monitored and investigated through the received signal that
propagates from transmitters located surrounding Malaysia: (a) N-S antenna direction and
(b) E-W antenna direction
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Figure 5. Sample of amplitude sferics waveform and ELF slow-tail after 14:00 UT on 22 July 2009, for N-S
and E-W directions: (a) N-S antenna direction and (b) E-W antenna direction

Figure 6 illustrates sferics characteristics on 22 July 2009 after 14:00:00 UT. Figure 6(a) shows a
sample amplitude sferics waveform, and ELF slow-tail from the N- S antenna direction, and Figure 6(b)
depicts the same parameter for the E-W antenna configuration, along with the frequency domain magnitude
(0-50 kHz) showing a disturbance event. The highlighted segment between 3.56 s and 3.59 s indicates the
onset of a sferics-related perturbation.

The cutoff frequency is approximately 1.25 kHz under this cutoff frequency. The quasi-transient
electromagnetic (QTEM) component (from the slow tail) is clearly visible, though it is significantly stronger
on the N-S channel and thus causes more interference with the first mode on that channel. In both channels,
the spectrum oscillates more rapidly around ~2 kHz [25]. The impulsive component at the beginning is much
larger on the N-S channel, indicating that the lightning strike originated N-S of this receiver. The strong
impulsive signals radiated by lightning discharges are termed “atmospherics”, or simply “sferic, tweek”, and
natural sound [2], [7], [8], [15], [16], [18]-[27].
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Figure 6. Sample of frequency sferics spectrum, 0 kHz-50 kHz for (a) N-S antenna direction and
(b) E-W antenna direction

4.2. Natural sound data processing

Acoustic reconstruction of electromagnetic events was performed using normalized amplitude
waveforms converted to audio frequency bands. Figures 7 to 10 present the processed sound spectrograms
showing clear differences between unfiltered, Rake-filtered, and high-pass-filtered data. These results reveal
that noise suppression enhances clarity in identifying natural radio emissions. Spectral-energy mapping
demonstrated the temporal evolution of tweeks following major lightning discharges. Cross-spectral analysis
between N-S and E-W channels indicated coherence above 0.8 for frequencies between 2—10 kHz, implying
common source regions for observed sferics [3]. This supports the interpretation that most broadband events
originate from regional lightning channels within 500—1,000 km of the receiver site.
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5. CONCLUSION

Detection and investigation of phenomena, including disturbances in the ionospheric D-region,
using broadband and narrowband VLF remote sensing techniques at Universiti Kebangsaan Malaysia, have
been successfully carried out. Numerous sferics, tweeks, and natural noises originating from lightning
discharge activity were found, averaging 44 sferics or tweeks per hour during the afternoon and evening.
These sferics, tweeks, and natural noises can change amplitude and phase. A sferic feature, ELF ‘slow-tail’,
the sferic component of QTEM in the lower ionosphere over Malaysia, was also identified. Moreover, the
amplitude changes always occur during the afternoon and evening. This research makes a significant
contribution to the field of signal processing, particularly in the context of mitigating signal disturbances.
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