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Abstract 
 
The lower Ionospheric region is probed through very low 
frequencies (VLF) caused by lightning strokes. The 
lightning strokes increase the extra-ionization of the D-
region, which ranges from 55 to 75 km during the day and 
75 to 95 km at night. The physical mechanism and 
scattering pattern of early VLF perturbing events have been 
debated. The purpose of this paper is to analyze the 
correlation between early/slow VLF perturbations and 
lateral distance of causative lightning. The study analyzes 
2 months of NWC transmitter, recorded at low altitude in 
Dehradun, India. The study also examines the World Wide 
Lightning Location Network (WWLLN) to detect lightning 
within +/-1000 km of the TRGCP for two months. The 
study has used the LWPC version 2.1 code to model 
variation in lower Ionospheric region parameters, reference 
height H-prime (H′) and sharpness factor beta (β) in km⁻¹. 
The LWPC code was used to estimate the change in 
amplitude of early/slow VLF events, with the mean values 
of Hp′ and βp varying between 83-85.8 km and 0.66-0.82 
km⁻¹. The study also observed the characteristics of 
early/slow VLF events, their occurrence rate, and their 
correlations with causative lightning distance from the 
TRGCP path. Results showed a negative correlation 
between early/slow VLF perturbations and the distance of 
causative lightning. 
 
 
 
1. Introduction 
 
The lower Ionospheric region is probed and investigated by 
very low frequencies (VLF, 3 to 30 kHz) signals from 
navigational transmitters. The amplitude and phase of the 
VLF signal abruptly change due to variations in the lower 
ionospheric region caused by causative lightning 
discharges. The most common perturbation of the VLF 
signals induced by lightning discharges is known as early 
events [5]. The term "early" refers to an abrupt perturbation 
that occurs right after a lightning discharge. These 
perturbations can have an onset time that ranges from < 20 
milliseconds to up to 2 seconds [5].  
Lightning stroke impact on the lower ionospheric region is 
still not completely understood by researchers.  
Early VLF events are categorized into different types based 
on their change in amplitude and recovery time. These 

types include early/fast, early/slow, rapid onset and short 
recovery time, long recovery early (LORE) events, and 
early step-like events[4][7]. The onset duration is the time 
interval between the start of the early VLF perturbation and 
the occurrence of the maximal amplitude/phase 
perturbation [8]. This duration is an important parameter in 
classifying these events. Previous research provides insight 
into this classification. The early events are further 
classified into two subcategories of early VLF 
perturbations based on their onset duration: "early/fast" and 
"early/slow" events[8].  
The purpose of this paper is to analyze the correlation 
between the short-duration VLF perturbation and the 
intensity of the lightning strokes producing these 
perturbations. The other characteristics of the VLF 
perturbations have also been studied, including the decay 
form of unusually long recovery events, scattering 
characteristics of VLF perturbations, and selected VLF 
perturbation events that have been modelled using the 
long-wavelength propagation capability (LWPC) code to 
investigate the changes in the D-region Wait parameters. 
The night-time D-region Wait parameters: reference height 
(H′) in km and sharpness factor (β) in km−1 using Long 
Wave Propagation Code V2.1 code [12]. 
 
 
 
 
 
2. Experimental data 
 
 
We have analyzed 2 months of narrowband NWC 
(19.8kHz) VLF data from March 2021 to April 2021. The 
NWC VLF transmitter is located in the North West Cape, 
Australia and is being recorded at low latitude recording 
station Dehradun. The transmitter receiver's great circle 
path (TRGCP) is shown in Figure 1. The recorded data 
NWC includes amplitude (ΔA) in db and phase (Δϕ) in 
degree. 



 

Fig 1.  Geographical location of NWC transmitter and 
receiver which shows a great circle path of VLF   
transmitter with lightning location of WWLLN            

We also examined World Wide Lightning Location 
Network (WWLLN), to detect lightning that occurred 
within 1000 km of the TRGCPs. WWLLN provides real-
time lightning discharges, with stroke locations and far-
field energy of the lightning stroke occurrence rate accurate 
within about 5 km 10 µs, respectively [1][2]. The detection 
efficiency of WWLLN for strokes above 50 kA peak 
current is now up to about 80% (Holzworth et al., 2009). 
The WWLLN data including lightning energy used in the 
study, were provided by Prof. Robert Holzworth, Director 
of WWLLN. The LWPC version 2.1 code has been 
employed to estimate the changes in VLF reference height 
(H′) in km and sharpness factor (β) in associated with VLF 
perturbation, it was developed by the Space and Naval 
Warfare Systems Centre and has been extensively 
validated[3]. 

 

3. Results 

We have examined 2 months of NWC VLF data for March 
2021 to April 2021 to observe the characteristics of 
early/slow VLF events at a low-latitude station, in 
Dehradun, India. We have analyzed the amplitude of the 
NWC transmitter signals and recorded a total of 76 VLF 
events which include 58 early/slow, 11 LOREs and 7 step-
like LOREs perturbing events that show an early VLF 
signature. The early/slow events are characterized by an 
abrupt onset duration of 0.5 to 2 s and a slower recovery 
time of 10 to 280 s.  We observed all VLF events during 
night-time and correlated them with lightning energy 
(joule) with early/slow VLF events.  Fig 2 shows an 

example of early/slow VLF events which are recorded on 
the NWC transmitter signal. 
 
 

 
Fig 2. Examples of early/slow events that have 37 s, 25 s, 
39 s and 167 s recovery times were recorded on 30 April 
2021 
 
We used WWLLN data to analyze the relationship between 
the lateral distance of causative lightning distance and 
early/slow VLF events. VLF events associated with 
lightning discharges 50–100km off the TRGCP have been 
attributed to narrow-angle scattering [6]. On the other 
hand, events found approximately 100-500 km off the 
TRGCP have been associated with wide-angle scattering 
[2][6]. From the above criteria, most events are related to 
wide-angle scattering with a correlation coefficient of -
0.72.  
 

Fig 3. The histogram shows how lateral distance is 
associated with early/slow VLF events 
 
 
 
4. LWPC modeling  
The perturbing events modelled in our study observed on 
the NWC signal using the LWPC version 2.1 code to 
estimate changes in the lower Ionospheric (D-region) 
parameters, specifically the reference height H-prime (H′) 
in kilometres and the exponential sharpness beta (β) in 
km⁻¹. First, we run the LWPC code on the day and times of 
the early VLF event to get the LWPC amplitude. Second, 
we find the change in amplitude (ΔA) from the Minimum 
shift key (MSK) data for the early/slow VLF events to 
prevent levels. These values were then added to the LWPC 
amplitude to get the observed amplitude (A′ = A + ΔA) and 
of early/slow VLF events. The combination of H′ and β, 
which gave the best matching between the LWPC 



amplitude outputs with their observed values, were 
considered as the perturbed H′ and β (called Hp′ and βp). 
The mean values of Hp′ and βp obtained from the LWPC 
modelling of 5 lightning night-time events are Hp′ = 84.14 
km, βp = 0.76 km⁻¹. The perturbed Hp′ and βp values varied 
between 83–85.8 km and 0.66–0.82 km⁻¹, respectively. The 
unperturbed night-time values of H′ and β obtained from 
LWPC modelling are H′ = 87 km and β = 0.4 km⁻¹. Table 
1 shows the perturbed Hp′ and βp estimated from LWPC 
modelling for five lightning events. 
Table 1. D-Region parameters obtained from LWPC 
Modeling of five night-times Lightning-associated 
early/slow 

Even
ts  

Dat
e  

Time(UT
C) 

ΔA(d
B) 

H′ β Hp′ βp 

1 14-
03-
202
1 

18:22:45 +0.53 8
7 

0.
4 

85.
3 

0.7
8 

2 15-
03-
202
1 

21:29:22 -1.09 8
7 

0.
4 

82.
8 

0.7
9 

3 14-
04-
202
1 

20:35:27 -1.57 8
7 

0.
4 

83 0.7
8 

4 28-
04-
202
1 

18:02:53 -0.6 8
7 

0.
4 

85.
8 

0.7
9 

5 30-
04-
202
1 

21:34:36 +1.84 8
7 

0.
4 

83.
8 

0.6
6 

                                                                            
 
5. Discussion 
This paper aims to understand the characteristics of 
early/slow VLF events, which have been observed during 
night-time. Researchers observed that Early/slow VLF 
events usually occurred at the time of the  TRGCPs[4][10] 
while some of them reported early/slow VLF events 
occurred at day- time along with the TRGCPs [9][10].  We 
have also analyzed WWLLN lightning data for early/slow 
VLF events to detect the nature of associated scattering, 
and their trigger point for locations within 100 km of the 
TRGCPs. Earlier studies reported that most early events are 
correlated with narrow-angle scattering, however, our 
study showed most of the early/slow events correlate with 
wide-angle scattering which is similar to the results of 
NaitAmorte. [9][5][11] 
 
 
7. Conclusion  
The lower ionospheric VLF perturbations referred to as 
early VLF events recorded during a total of two months 
March and April 2021 have been analyzed on the NWC-
Suva VLF propagation path. We have studied the 

characteristics, scattering pattern and occurrence rate of the 
early/slow VLF events associated with the causative 
lightning discharges along the TRGCP. Results showed an 
anti-correlation (-0.72) between the level of VLF 
perturbations and the lateral distance of causative lightning 
from TRGCP. About 6 out of 44 early/slow VLF events 
were associated with narrow-angle scattering (~13.6%) due 
to lightning that occurred within 100 km of the TRGCP and 
about 38 out of 44 VLF events were associated with wide-
angle scattering (86%) due to lightning that occurred more 
than 100 km off the TRGCP. 
The D-region variability associated with early/slow VLF 
events has been modelled using the LWPC version 2.1 
code. The quit nighttime reference height (h’) and 
sharpness factor (β) were found to be 87 km and 0.4 
respectively. The perturbed values of the reference height 
and sharpness factor corresponding to the events are shown 
in Table 1. The ambient electron density during the event 
days was 65.1 el/cc. During the event period electron 
density increased for all the events. The electron density 
increased from its ambient value to 766.5 el/cc, 5789 el/cc, 
4609 el/cc, 541 el/cc, and 1735 el/cc on 14, 15 March and 
14, 28, 30 April 2021 respectively at an altitude of 90 km. 
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