
1. Introduction
Geomagnetic storms are a consequence of changes in the magnetospheric conditions due to solar wind and 
southward turning of interplanetary magnetic field (IMF) Bz component for a substantial length of time 
(longer than 3 h) (Gonzalez et al., 1994; Gonzalez & Tsurutani, 1987) which affect mainly the high-latitude 
ionosphere with their effects propagating toward the lower latitudes. Geomagnetic storms apart from affect-
ing the ionosphere can severely affect ground power grids, satellite-based technological and high-frequency 
communications systems. Effectively, the variations in the upper ionosphere due to geomagnetic storms 
are determined by the total electron content (Kuai et al., 2016) and by the critical frequency of the F2 layer 
which is directly related to the maximum electron density of the F2-region (S. Kumar & Kumar, 2019; V. V. 
Kumar & Parkinson, 2017).

Abstract The effects of one super and two intense storms on three European very low frequency 
(VLF) transmitter signals received at Algiers (Algeria) station, are presented. Two VLF transmitters (DHO 
and GQD) are located almost at the same mid-latitude and third transmitter (NRK) at a high latitude, 
allowing us to study the latitudinal dependence of the storm effect on the VLF propagation. Two kind 
of ionospheric disturbances were considered: Direct effect of the field aligned currents (FACs) and the 
second concerning with the lightning-induced electron precipitation (LEP) events. The FACs effect was 
clearly evident on the recorded signal amplitude during the daytime and nighttime. Our analysis of the 
short-duration VLF perturbations due to LEP events showed that the ducted and non-ducted LEPs are the 
majority of VLF perturbations and a small fraction of LEP events was associated with magnetospherically 
reflected waves on the high latitude transmitter path (NRK–Algiers). The coincident observation of LEP 
on the mid-latitude transmitters (DHO and GQD) signals implies that the disturbance was large as much 
as the distance between the two transmitters (728 km). The modeling using Long-Wave Propagation 
Capability (LWPC) code of LEP associated VLF perturbations considering Gaussian distribution of 
electron density enhancements, showed a decrease in the D-region reference height from its usual value 
87 km to 83.3 km for ducted LEP and 80.3 km for non-ducted LEP event and that the non-ducted event 
exhibited a wider disturbed region.

Plain Language Summary Geomagnetic storms are associated with space weather due to a 
strong interaction between the solar wind and the earth's magnetic field. They can cause serious damages 
to the ground and satellite-based telecommunication, the positioning by GNSS, and other ground-based 
technological systems. Several types of sounding techniques are deployed to better understand the 
response of the Earth's environment to the geomagnetic storms. Among those, the very low frequency 
(VLF) radio waves technique is the most cost effecting to study the effect of magnetic storms on the 
D-region ionosphere on the largest temporal and spatial scales. The work performed here addresses the 
spatial variation of the effect of intense geomagnetic storms on the D-region ionosphere using data from 
VLF transmitters located at mid- and high-latitude locations. In addition, the work also allows making 
the link between the magnetic storms and the precipitation of energetic electrons of the Van Allen belt to 
lower altitudes and producing short-term VLF perturbations.
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The very low frequency (VLF: 3–30  kHz) electromagnetic waves propagate within the naturally formed 
spherical waveguide between the Earth and the lower ionosphere (D region) known as Earth-ionosphere 
waveguide (EIWG). VLF propagation from navigational transmitters in the EIWG between the transmit-
ter-receiver great circle path (GCP) is very sensitive to the D-region conditions. Therefore, any variation 
in the D- region ionosphere appears as perturbation in the recorded VLF signal (amplitude and/or phase). 
Several sources of VLF signal perturbations include solar flares (A. Kumar & Kumar, 2014), solar eclipse 
(Cohen et  al.,  2018), earthquakes (Hayakawa et  al.,  2011), tsunami (Rozhnoi et  al.,  2012), sprites (e.g., 
NaitAmor et al., 2010; Salut et al., 2012, 2013).

The effects of geomagnetic storms on the amplitude and phase of VLF signals and the estimation of D-re-
gion disturbance have also been studied by some researchers (Choudhury et al., 2015; S. Kumar et al., 2015; 
Maurya et al., 2018; Nawanko et al., 2016). The most important signature of geomagnetic storm on the 
high and mid latitude ionosphere is the precipitation of energetic electrons (Clilverd et al., 2008). In this 
study, we present the effect of three major geomagnetic storms of solar cycle 24 on the VLF propagation 
from three European navigational transmitter signals (NRK, GQD, and DHO) to Algiers receiver (Algeria) 
that includes the direct effect of the FACs and lightning-induced electron precipitation (LEP) events and 
connect them with the geomagnetic storm intensity and season. In Section 2, we describe the data and 
methodology of our analysis. The Section 3 gives the results separated in five subsections according to the 
event date of which the last part presents the results of electron precipitation analysis by modeling of VLF 
perturbations using Long Wave Propagation Capability (LWPC) code. Finally, we summarize and conclude 
our results.

2. Data and Methodology
The locations of three European VLF transmitters with their call signs NRK (63.85°N, 22.46°W, 37.5 kHz), 
GQD (52.91°N, 3.28°W, 19.6 kHz) and DHO (53.07°N, 7.61°E, 23 kHz) and along with Algiers VLF receiver 
are shown in the top panel of Figure 1. More information about the receiver can be found in a paper by 
Cohen et al. (2010). Here we used high resolution (50 Hz) data to show the effect of the FAC disturbances 
and LEP events. The z-component of the interplanetary magnetic field IMF Bz, the Dst index and Aurora 
electrojet (AE) index values for each storm were obtained from Coordinated Data Analysis Web (https://
cdaweb.sci.gsfc.nasa.gov/cgi–bin/eval2.cgi). First, we identified the starting day of each geomagnetic storm 
and then selected the undisturbed day (or quiet day) before the storm when the Dst index was at low level 
(i.e., Dst ≥ −5 nT and AE ≤ 300 nT). Second, we have removed the signal data for the duration of solar flare 
associated perturbations, lightning sferics, early VLF events and duration when any transmitter was off the 
air. We have then determined the mean signal amplitude referred as Anormal and the standard deviation σ 
at each sampling. We define a signal perturbation when the perturbed signal amplitude exceeds 3  from 
the mean signal level as described by (S. Kumar et al., 2017). Since the energetic particles population of 
the magnetosphere is higher during the geomagnetic storms, the LEP study allows us to identify each kind 
of LEP events associated geomagnetic storm, their spatial extent since two transmitters are located at the 
same latitude with a separating distance of 728 km. First, we found out the time delay between the lightning 
sferic and the onset time of the signal perturbations (known as onset delay) then we determined the time 
in which the perturbation reached it's maximum (known as onset duration) to determine the L-shell origin 
of each LEP event. Based on these two observations, three kinds of LEP events were identified which are: 
ducted, non-ducted, and magnetospheric reflected (MR). In further work and by the use of the LWPC code, 
we simulated the perturbed VLF signal amplitude and phase to determine the modifications in the D-region 
electron density due to LEP events.

3. Results and Discussion
We present results of three signals (DHO, GQD, and NRK) amplitude perturbations due to three major geo-
magnetic storms observed in the year 2015 with Dst ≤ −150 nT. These include the St. Patrick’s day storm of 
March 17–18, June 23–24 storm, and the December 21–23 storm.
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3.1. St Patrick’s Day Super Storm: March 17–18, 2015

On March 15, 2015, a sunspot number 2297, which was a source of many moderate M-class and one X-class 
flares produced a long duration C9 solar flare class with maximum intensity at 01:48 Universal Time (UT). 
This flare was followed by a halo coronal mass ejection (CME) as reported in SOHO-LASCO catalog (https://
cdaw.gsfc.nasa.gov/CMElist//). Several researchers have studied the interplanetary parameters associated 
with this storm (Alberti et al., 2017; Verkhoglyadova et al., 2016). This storm was associated with the strong 
southward turning of the IMF Bz with intensity of −24 nT recorded on March 17 at 14:30 UT. These condi-
tions produced this super storm with a minimum Dst index of −222 nT at 23 UT on March 17 and AE index 
of 2000 nT at 02 UT, which was the largest storm of solar cycle 24.

The response of the VLF signal amplitudes to this ionospheric storm is plotted in the Figure 2. During quiet 
day (here March 13), the only important signatures are those due to sunrise (SR), sunset (SS) transitions 
and period when the transmitter was off the air. Under disturbed conditions, due to FACs the VLF signals 
amplitude starts to show anomalies during daytime and nighttime. For example, on March 19 the signal 
amplitude showed anomalies above 3  both during daytime and nighttime. Indeed, in the case of NRK 
signal in addition to the periods when the anomalies exceeded 3 , the transmitter went low to a level of 
almost off the air several times. Another interesting observation is the shape of the signal amplitude during 
the sunset transition between March 19 and 20 for the three transmitters. Effectively, in the case of DHO 
signal amplitude at the SS time it was increased by 2.5 dB compared to the ambient SS transition. Addi-
tionally, a sharp increase of the signal amplitude by 1.5 dB was observed at 19:34 UT even if it was inside ± 
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Figure 1. Top panel: Map showing the geographic locations of the transmitters (NRK, GQD, and DHO), Algiers 
receiver and transmitter-receiver Great Circle Paths (GCP) used for the data analysis. Bottom panel: Method of LEP 
kind identification, this case concerns ducted LEP event. GCP, Great Circle Paths; LEP, lightning-induced electron 
precipitation.
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3σ followed by a decrease at the end of the day. In the case of GQD and NRK pattern of signal amplitudes 
variation during SS transition between March 19 and 20 got distorted and that the signal amplitude was 
below −3σ in the case of GQD transmitter and above 3σ in the case of NRK transmitter. During March 20, 
only nighttime anomalies were observed in the case of DHO and GQD transmitters but for the NRK trans-
mitter the anomalies were observed in the daytime and that the signal variation was more apparent at the 
nighttime. This is a direct effect of the geomagnetic storm on the ionosphere since it appeared during the 
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Figure 2. Daily variation of the signal amplitude of all transmitters (DHO, GQD, and NRK) during the March 2015 storm. Black double arrows show the 
periods when the anomalies were recorded, blue arrows show the periods when the transmitters were off.
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storm maximum. We also observed that the daytime signal amplitude between March 24 and 30 decreased 
compared to the ambient day even if the Dst index was above −40 nT. Indeed, in Figure 3 we present the 
signal amplitude of all transmitters between March 24 to April 01 at 00:00:00 UT against the ambient day. 
From the plot the daytime signal amplitude level decreased remarkably by March 26 and then recovered to 
normal level at the end of the month. This is due to the persistence of the disturbance which continued to 
buffer the ionosphere by energetic particles and as a consequence the D-region attenuation remained at its 
high level. Such storm after-effects have been attributed to enhanced production of nitric oxide (NO) caused 
by particle precipitation followed by downward transport (e.g., Dickinson et al., 1978) and spread to lower 
latitudes (Torkar et al., 1980). This scenario was recently confirmed by satellite-borne NO data Kirkwood 
et al. (2015).
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Figure 3. Daily variation of the signal amplitude of all transmitters (DHO, GQD, and NRK) during the end of March 2015. Black lines show the periods when 
the transmitters were off.
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3.2. Intense Storm of June 22–24, 2015

This storm was second largest geomagnetic storm of the solar cycle 24 after the March 17–18 storm in 2015. 
It was associated with two CMEs that hit the Earth environment on June 22 (S. Kumar & Kumar, 2019). 
The IMF Bz sharply varied between positive (northward) and negative (southward) values. The first CME 
encounter produced a minor geomagnetic storm with Dst index of −50 nT. At the arrival of the second 
CME, the IMF Bz component oscillated strongly between positive (northward) and negative (southward) 
values and produced this intense geomagnetic storm with minimum Dst value of −195 nT and AE index of 
2250 nT at 06 UT on June 23.

The signal amplitude variation of the three VLF signals is presented in Figure 4 starting on June 19 at 
00:00:00 UT to June 25 at 00:00:00 UT with a break between June 20 at 00:00:00 UT to June 23 at 00:00:00 
UT. The daily variations of the normalized amplitude of three VLF signals were within 3σ till the nighttime 
of June 22. During the second step decrease in Dst index to a minimum value of −195 nT and maximum 
AE index of 2250 nT, the strong signals anomalies occurred during June 23–25 mainly on GQD and NRK 
signals. The anomalies were more frequent during nighttime on GQD transmitter signal. On NRK signal, 
similar to the March storm, the anomalies were also observed during the daytime. This difference may be 
due to the geographic location of the transmitters. As stated before, NRK is a high latitude transmitter so the 
segment of the GCP near to the transmitter is highly affected by particles from space unlike the mid-latitude 
DHO and GQD transmitters where only intense geomagnetic storm can affect the propagation path. In ad-
dition to the overall behavior of the signal amplitude at nighttime and daytime, the NRK signal amplitude 
showed considerable perturbations recorded on June 24 at 17:02:40 and 17:43:50 of 3.5 and 2.3 dB, respec-
tively, see the zoomed region in Figure 4. The same events were also recorded on GQD and DHO signals 
but the corresponding amplitudes are less than the perturbation amplitude consideration limit (i.e., 0.2 dB).

3.3. Intense Storm of December 20–21, 2015

The storm of December 20–21, 2015 with a minimum Dst index of −150 nT and maximum AE index of 
2250 nT occurred due to the passage of a coronal mass ejection on December 20 and was associated with 
a long period of southward IMF Bz. The quiet day reference of this storm is the December 4 where the Dst 
index ranged between −4 and 4 nT. In the plots of Figure 5 we show the daily variation of the signal ampli-
tudes from December 4 to December 22 with a break between December 5 at 00:00:00 UT and December 
20 at 00:00:00 UT.

From the plots, the first observation concerns the daytime signal amplitude where the amplitude level de-
creased during the storm development on December 20 at around 06:00:00 UT and continued till the recov-
ery phase of the storm even if the amplitude was within ±3σ. During nighttime, the effect of this intense 
storm was clearly evident where a sharp decrease in the DHO signal amplitude of −12 dB was recorded 
during the storm main phase. For the other transmitters (GQD and NRK), the signal anomalies were also 
recorded at the same time as for DHO transmitter but with weaker intensity.

To summarize the direct effect of the geomagnetic storm on the D-region of the ionosphere under the FACs 
particle precipitations, our results revealed that the anomalies are recorded both daytime and nighttime and 
that the high latitude transmitter signal amplitude (NRK) is highly affected as compared to mid latitude 
transmitter signals. We also observed that the FACs effect is more important during nighttime than daytime 
due to the sunlight ionization and heating efficiencies which can overcome the ionization by FACs particles 
collisions with neutrals at low altitudes. This can be seen by comparing the perturbation of the signal ampli-
tudes due to December storm with the June storm recorded on the NRK signal. Effectively, even if the June 
storm was stronger than the December storm, the FACs effect was more important during the December 
storm which is due to the seasonal effect on the ionospheric properties characterized by the ionization and 
heating mechanisms.

3.4. LEP Events

The goal of this part of the analysis is to characterize the second kind of particle precipitations to the 
ionosphere associated with the geomagnetic storms. Indeed, the Van Allen belts get populated by charged 
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particles during geomagnetic storms depending on the storm intensity. Since electron precipitation is highly 
dependent on the processes of wave-particle interaction and particle energies, identifying the kind of LEP 
events allows us to understand the coupling between the whistler waves and trapped electrons. The physical 
mechanism of the energetic electrons from the Van Allen belts to precipitate down to the atmosphere is de-
scribed by Inan et al. (2010). Several works have been carried out to characterize the precipitating electron 
energies, the type of whistler mode (ducted, non-ducted or magneto-spherically reflected (MR)) and their 
relation with lighting peak current (Clilverd et al., 2004; Inan et al., 2010; Salut et al., 2013 and references 
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Figure 4. Daily variation of the signal amplitude of all transmitters (DHO, GQD, and NRK) during the June 2015 storm. Black double arrows show the periods 
when the anomalies were recorded, blue arrows show the periods when the transmitters were off. The zoomed region shows the signal perturbations dues to 
FAC between 17:00:00 UT and 18:00:00 UT. FAC, field aligned current.
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therein). Since we used data of two VLF transmitters located almost at the same mid-latitude and one trans-
mitter located at a high latitude, we separate the LEP events according to their type as their occurrence is 
latitude dependent. The time scales of each type of events are given in the Table 1 (Johnson et al., 1999). An 
illustration of the determination of each time in the case of ducted LEP is given in Figure 1. The Δt refers 
to the time between the causative lightning sferic (the large peak in Figure 1) and the beginning of the LEP 
associated VLF amplitude perturbations. This time corresponds to the propagation time of the whistler 
electromagnetic wave from thunderstorm region to the Van Allen belt and wave-electron interaction. The 
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Figure 5. Daily variation of the signal amplitude of all transmitters (DHO, GQD, and NRK) during the December 2015 storm. Black double arrows show the 
periods when the anomalies were recorded, blue arrows show the periods when the transmitters were off.
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second time, td, is the time that the signal perturbation takes to reach its 
maximum (or minimum) level which corresponds to the time that ener-
getic electrons take to precipitate down to the atmosphere and produce 
secondary electrons (Inan et al., 2010). From the plots, a clear delay time 
of about 700 ms between lightning sferic and the beginning of the signal 
perturbation was simultaneously observed on both transmitter GCPs and 
that the perturbation took about 500 ms to reach its maximum level.

Our analysis revealed that a total of 13 LEP events occurred on each VLF 
GCPs during March storm and 7 LEP events during the June storm. A 
total of 124 LEP events were observed on the NRK path associated with 
the December storm with no events on other two paths. The rate of occur-

rence of each type of LEP events is given in Table 2. From the Table 2, we observe that the rates of ducted 
and non-ducted LEP events are the same on GQD and DHO paths. Also, these rates are nearly the same 
during the St Patrick’s super storm but during the June storm the LEP events were ducted in majority. For 
the December geomagnetic storm, no LEP events were observed. In the case of NRK signal in addition to 
the ducted and non-ducted events, a fraction of MR events were also observed in association with the three 
storms which are important during St Patrick’s super storm. The simultaneous observations of LEP events 
on GQD and DHO signals amplitude implies that the event size was very large since the separating distance 
between both transmitters is 728 km which is in agreement with Cliverd et al. (2002). We also observed that 
for all three storms, the LEP events occurred after the maximum strength of the geomagnetic disturbance 
day (strong minimum Dst) which for the March storm was one week, June storm four days and the Decem-
ber storm only one day and that the LEP events occurred only for 3 days. The possible explanation about 
delay is related to the lightning activity near the transmitter-receiver GCP or at conjugate points and also 
to the complex modal interference at the receiver between direct signal from the transmitter and scattered 
signal from the LEP associated ionization enhancement. Also the observation of LEP events in the NRK-Al-
giers path only during the December storm can be explained by the fact that lightning activity happened at 
conjugate point of NRK location.

3.5. D-region Changes due to LEP Associated VLF Perturbations

The determination of the precipitating electron density in the D-region 
of the ionosphere constitutes a big challenge. Indeed, estimation of the 
ionization rates at low altitudes dues to each kind of LEP events can help 
to understand the coupling between the magnetosphere and the iono-
sphere. The only way to get the increases in the electron density at the 
D-region of the ionosphere is by means of VLF signal perturbations and 
the LWPC code. In the past works of LWPC simulation of LEP events, 
the shape and size of the ionospheric disturbance associated to LEP were 
not clearly explained. In our case, the shape and size of the ionospheric 
disturbance is considered based on the simultaneous observation of LEP 
events on the GQD and DHO paths to Algiers since they are at the same 
latitudes. The simulation of the VLF signal amplitude and phase using 
LWPC code (Ferguson, 1992; Ferguson & Snyder, 1989) during ambient 
and disturbed ionospheric conditions allows us to obtain the modified 
electron density. The code uses the classical Wait and Spies (1964) alti-
tude profile of the D-region electron density (Ne(z), in cm−3) valid up to 
about 100 km, given by: Ne = 1.43 × 107 × e−0.15 × z × eβ × (z−h′) (Equation 
1). In this model, the electron density varies exponentially with height 
and depends on the Wait’s parameters (h′ and β) known as the reference 
height (h′ in km) and the sharpness factor (β in km−1), respectively (Wait 
& Spies, 1964).

In our case, we selected two important LEP events (one ducted and one 
non-ducted) and using LWPC code we simulated the perturbed signal 
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Onset delay (sec) Onset duration (sec)
Recovery 
time (sec)

Ducted 0.6 1.7 10–100

Non-ducted 0.7–1.3 2 10–100

MR 4 2 30–45

Abbreviation: LEP, lightning-induced electron precipitation.

Table 1 
Characteristic Times of LEP events

Date
Ducted  

%
Non-ducted 

%
Magnetospheric 
reflexion (MR)%

NRK

24-03-2015 0 100 0

27-06-2015 42.85 57.15 0

22-12-2015 0.81 6.45 0.81

23-12-2015 3.22 35.48 2.42

24-12-2015 No event 43.55 7.26

Total December 2015 4.03 85.48 10.49

DHO

24-03-2015 46.15 53.85 0

27-06-2015 85.71 14.29 0

December 2015 No event No event No event

GQD

24-03-2015 46.15 53.85 0

27-06-2015 85.71 14.29 0

December 2015 No event No event No event

Abbreviation: LEP, lightning-induced electron precipitation.

Table 2 
Occurrence Rates of Different Types of LEP Events on NRK, DHO, and 
GQD Transmitters for Three Geomagnetic Storm: March, June, and 
December 2015
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amplitude and phase. To do that, we assumed a Gaussian profile of the disturbance centered at the trans-
mitter location and decreasing exponentially to background level from transmitter location in the direction 
of the GCP to the receiver same as in NaitAmor et al. (2016). The measured and simulated perturbations 
in the signal amplitude and phase for the two events during the St Patrick’s storm (March 24) are given in 
Table 3. In the top panels of Figure 6, we present the simulation results using LWPC code for the ducted and 
non-ducted LEP events. From the plots and above the transmitter location, the reference height h′ at the 
top of the transmitter location decreased from its normal value (87 km) to 80.3 km in the case of non-ducted 
event and 83.3 km in the case of ducted event. Similar to h′, the sharpness factor β decreased from its normal 
value 0.42 km−1 to 0.307 km−1 for non-ducted event and 0.346 km−1 for ducted event. In the middle panels 
of Figure 6, we present the electron density modification due to the simulated events at 84 km (left) and 
86 km (right) as function of the distance away from DHO transmitter along TRGCP. The electron density 
values calculated using Equation 1 are found to vary from the ambient values to 151.9 cm−3 for non-ducted 
event and 60.7 cm−3 ducted one at 84 km of altitude. It is clearly seen that the electron density below 87 km 
increases much more than the ambient level and exceeds the critical value leading to reflection of the VLF 
signal from the lower altitude. After that, the electron density gradually recovers to the ambient condition. 
We should mention that these results correspond to the time when the signal perturbation reached its max-
imum value. Additionally, the non-ducted case exhibits a wider disturbance zone than for the ducted event. 
In the bottom panels, we present the LWPC simulation of the signal amplitude and phase (ambient and 
disturbed) as a function of the distance between the transmitter and the receiver (marked Rx). We see from 
the plots that the perturbed signal is sometimes above the ambient level and sometimes below it depend-
ing on the distance away from the transmitter. Also, the fading position (marked F), that characterizes the 
maximum of modal interference, moved toward the transmitter location and that the fading displacement 
distance increases when the electron density increases. This behavior leads to the observation of positive 
signal perturbations at some locations and negative perturbations at others. The most probable reason of 
positive and negative signal perturbation is the complex modal interference between normal signal and 
scattered (disturbed) one as described by NaitAmor et al. (2016).

4. Summary and Conclusion
The results presented here give clear evidence about the geomagnetic storm effect on the D region of the 
ionosphere. The FACs effect appears as a decrease or increase in the daytime signal amplitude level. This 
effect is more apparent during the nighttime propagation conditions. Additionally, during the March super 
storm, the effect was more important during the SS transition on March 24 where in the case of NRK signal 
it disappeared. Another interesting observation of the FACs effect is that a pulse shape signal perturbations 
were recorded and were more clear on the NRK signal during the June storm. Furthermore, after March 26 
the signal amplitude of all transmitters showed abnormal behavior where clear attenuation in the signal 
was observed during daytime. This is due to the fact that the March storm was the strongest (super) among 
all the considered storms and affected the global ionosphere severely and for longer duration (S. Kumar & 
Kumar, 2019). For the other two intense storms, the signal anomalies were observed during the period of 
strong negative Dst index in the case of DHO and GQD transmitters. For the high latitude path (NRK), the 
effect of the geomagnetic storm was also observed when Dst was above −50 nT and that during daytime the 
transmitter was forced to a very low level. The LEP associated VLF perturbations occurred couple of days 
after than the maximum of storm. This indicates that LEP events either didn’t occur along the TRGCP or 
occurred such that complex modal interference of direct and scattered modes did not produce observable 
VLF perturbations. The LEP occurrence also depends upon the lightning occurrence in the conjugate area. 
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Events ΔAmeas(dB) ΔAsimu(dB) ΔPmeas(˚) ΔPsimu(˚) Time (UT)

Ducted event 2.01 1.66 3.63 3.15 2:36:56.14

Non-Ducted event 1.21 1.74 2.3 2,9 2:45:25.27

Abbreviation: LEP, lightning-induced electron precipitation.

Table 3 
The Measured and Simulated DHO Signal Amplitude and Phase of the March 24. 2015 LEP Events
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From LEP events analysis, our results show that for the mid-latitudes transmitters (DHO and GQD) the 
LEP events are of ducted and non-ducted types only and for the high latitude transmitter (NRK) a fraction 
of magneto-spherically reflected (MR) events were also observed during all storms. The simultaneous ob-
servations of LEP events on GQD and DHO signals (amplitudes) implies that the events size was very large 
since distance between both transmitters is 728 km. We also observed that for the mid-latitude transmitters, 
the rate of occurrence of LEP events is different from storm to storm. Effectively, during the March super 
storm the occurrence rates of ducted and non-ducted events were nearly the same. But during the June 
storm most LEP events were ducted. During the December storm, no LEP events were recorded on both 
transmitter signals. This is possibly due to seasonal dependence of LEP events occurrence which requires a 
separate study for large number of storms to get more statistical data and conclude the seasonal occurrence 
of LEP events. The LWPC simulation of both the kinds (non-ducted and ducted) of LEP events showed that 
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Figure 6. The top panels: Changes in the Wait parameters β (left) and h′ (right). Middle panels: Variation in the electron density at 84 km (left) and 86 km 
(right). Bottom panels: The simulated VLF signal amplitude (left) and phase (right). The x axis shows the distance away from the transmitter. Here, Rx and F 
refer to receiver location and the fading position, respectively. VLF, very low frequency.
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at the transmitter location the Wait parameters h′ and β decreased due to ionization enhancement at lower 
altitude produced by energetic electrons collision with neutral atmosphere leading to an increase in the 
electron density. The simulation also revealed that the disturbed region is wider for non-ducted event than 
for the ducted event.

Data Availability Statement
The authors acknowledge J. H. King, N. Papitashvilli at ADNET, NASA GSFC, and CDAWEB for keeping 
available online the data of the storms. The VLF data used for this study are available at: http://dx.doi.
org/10.17632/82bmr5shtv.1.
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