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Abstract Propagation of very low frequency (VLF) radio signal through the Earth-ionosphere waveguide
depends strongly on the plasma properties of the ionospheric D layer. Solar extreme ultraviolet radiation
plays the central role in controlling physical and chemical properties of the lower ionospheric layers and
hence determining the propagation characteristics of a VLF signal. The nature of interference among
different propagating modes varies widely with the length of the propagation path. For a very long path,
exposure of solar radiation and thus the degree of ionization vary by a large amount along the path. This
influences the VLF signal profile by modulating the sky wave propagation. To understand the propagation
characteristics over such a long path, we need a thorough investigation of the chemical reactions of the
lower ionosphere which is lacking in the literature. Study of radio signal characteristics in the Antarctic
region during summer period in the Southern Hemisphere gives us a unique opportunity to explore such
a possibility. In addition, there is an extra feature in this path—the presence of solar radiation and hence
the D region for the whole day during summer in at least some sections of the path. In this paper, we
present long-distance propagation characteristics of VLF signals transmitted from VTX (18.2 kHz) and
NWC (19.8 kHz) transmitters recorded at the Indian permanent station Maitri (latitude 70∘45′S, longitude
114∘40′E) in 2007–2008. A very stable diurnal variation of the signal has been obtained with no signature of
nighttime fluctuation due the presence of 24 h of sunlight. Using ion production and recombination profiles
by solar irradiance and incorporating D region ion chemistry processes, we calculate the electron density
profile at different heights. Using this profile in the Long Wavelength Propagation Capability code, we are
able to reproduce the amplitude of VLF signal.

1. Introduction

Solar EUV radiation and galactic cosmic rays are responsible for the ionization in the Earth’s lower ionosphere
[Rees, 1989; Velinov, 1968]. In the lowest part of the ionosphere, namely, the D region, the ionization is due
primarily to the photoionization of nitric oxide (NO) by hydrogen Lyman series-alpha radiation (wavelength
121.5 nm) during daytime [Nicolet and Aikin, 1960; Lean and Skumanich, 1983]. At lower altitudes, free electron
density becomes very low due to very high electron attachment rate and absorption of most of the solar UV
spectrum (except solar Lyman alpha which is dominantly responsible for ionization in the lower ionospheric
heights) at higher altitudes. In contrast to the other ionospheric layers (e.g., E and F), the D layer exists only
during daytime and largely vanishes after the sunset [Mitra, 1951].

The lower D region (∼50–70 km) and the surface of the Earth constitute boundaries of the Earth-ionosphere
waveguide. Very low frequency (3–30 kHz) radio waves propagate over the surface of the Earth in this
Earth-ionosphere waveguide. During daytime when X-ray and UV become stronger, the attenuating behav-
ior of the D layer is similar to the reflecting characteristic of the E layer. Therefore, VLF sky waves coming from
long distances after sunrise are damped and ground wave propagation dominates. As the free electrons in the
D layer vibrate due to the interaction of these radio waves, the electrons collide with molecules, and at each
collision there is a small loss of energy. Furthermore, due to the high density of air molecules in the region the
collision frequency is very high. Thus, in daytime, the D layer absorbs and attenuates VLF radio wave prop-
agation. At night, the electrons in the lower layers largely disappear by recombination, and thus, the layer
becomes transparent to radio waves. Then reflection can take place from regions at 80 km altitude and above,
but with lower absorption [Budden, 1966; Wait and Spies, 1964].
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Effects of various solar (flare and eclipse) and extraterrestrial (soft gamma ray repeater, gamma ray bursts, etc.)
events can be used to understand physical and chemical properties of ionospheric layers. VLF propagation is
generally characterized by low attenuation, high phase and frequency stability, and high signal-to-noise ratio.
Therefore, VLF radio propagation can be used for reliable long-distance radio communication and can be
used as a highly reliable tool for understanding characteristics of the height, sharpness, and electron density
profile of the D layer.

To study ionospheric characteristics for a very long (>10,000 km) path with a very unusual solar flux variation,
the Indian Centre for Space Physics (ICSP) participated in 27th Scientific expedition to Antarctica during the
summer of 2007–2008 [Sasmal et al., 2011]. A real-time VLF data acquisition system was operated in the Indian
permanent station Maitri (geographic latitude 70∘45′S, longitude 114∘40′E), situated at the Schrimachar Oasis
region. This region is a rocky patch surrounded by polar ice at an altitude of 100 m above sea level. The period
of observation was from January to the middle of February 2008. During this time, the Southern Hemisphere
is in summer period and in the Antarctic region the Sun is always above the horizon and it behaves like a cir-
cumpolar star. Thus, the receiving station was always illuminated by solar flux and there was no true sunset.
A Stanford University-made Atmospheric Weather Electromagnetic System for Observation, Modeling, and
Education (AWESOME) VLF antenna/receiver system was installed, and around 6 weeks of clean signal was
recorded. In Chakrabarti et al. [2010] and Sasmal et al. [2014], preliminary observational data and simulated
results supporting the observation were presented. The long propagation path covering low- to high-latitude
regions was mostly above the sea and some part over the Antarctic landmass. Though ICSP instruments were
set up to detect radio signal from several VLF transmitters, the signal from Indian transmitter VTX3 (geographic
latitude 8∘22′N, longitude 77∘45′E) of 18.2 kHz was found to be clean. Other signals (from NWC (Australia),
19.8 kHz; JJI (Japan), 22.2 kHz) were found to be highly attenuated and did not have a consistent regular
diurnal variation. In this very long propagation path, a very stable diurnal variation from VTX3 was obtained.
The interferences among different waveguide modes are comparatively fewer than the shorter (∼2000 km)
path. The spatial signal amplitude variation using Long Wavelength Propagation Capability (LWPC) code
[Ferguson, 1998] was presented which matches the observation. The elevation angle of the Sun in the whole
day was computed using the model described by McRae and Thomson [2000], and the angle was found to
remain always greater than zero. This was essential as the ionospheric parameters are solar zenith angle
dependent for long propagation paths. To reproduce the spatial signal variation using LWPC, Wait’s expo-
nential profiles [Wait-and-Spies, 1964; Cummer et al., 1998; Clilverd et al., 1999; Pal et al., 2012], related to the
sharpness parameter 𝛽 and VLF reflection height parameter h′, which control the electron density profile of
D layer [Rinnert, 1973], have been used. The simulations were done only for two specific solar flux variation
states: (i) when the entire path is illuminated (𝛽 = 0.5 km−1 and h′ = 74.0 km) and (ii) when the entire path is
dark (𝛽 = 0.59 km−1 and h′ = 85.0 km). For these two conditions, the simulated results agree with the obser-
vation. The daytime attenuation is larger than the nighttime attenuation which agrees with the observation.
Another outcome of this work was the realization that Antarctic ice mass appears to play a major role in signal
attenuation.

Although methods of numerical simulation reproduced observed signal to some extent, there were some
obvious limitations in this work. The numerical modeling did not include accurate physical and chemical
processes taking place in the ionosphere which actually govern the long-path propagation characteristics.
A more realistic model was needed to cover major aspects of ionospheric characteristics such as ionization
mechanism and recombinations.

In this paper, we reproduce the signal amplitude variation by calculating ionization rate, using a simpli-
fied but well-accepted D region ion chemistry model and Long Wave Propagation Capability (LWPC) code.
The rate of ionization is calculated using the prescription of Chapman [Rees, 1989]. We use satellite data for
the solar flux at different altitudes of the lower ionosphere. The rate of ionization thus obtained is fed into the
Glukhov-Pasko-Inan (GPI) model [Glukhov et al., 1992], which is a sufficiently satisfactory ion chemistry model.
This model divides various ion densities into four broad types of species instead of dealing with large num-
ber of chemical components and rate equations. Therefore, in this model we solve four coupled differential
equations governing the rate of evolution of four types of ion categories. The estimated ion density profiles
at different heights from this model are used in the LWPC code to calculate signal amplitude variations. This
is the first time that such an accurate theoretical ion chemistry model is used to obtain various ionospheric
parameters for such a long propagation path as well as for interpretation of observations from a receiver
in Antarctica.



Figure 1. The location of receiving station Maitri (marked by star), the VTX and NWC transmitter (marked by triangle)
and the wave paths between them.

2. Observation

In Figure 1, we show the location of the transmitters VTX and NWC (geographic latitude 21∘49′S longitude
114∘10′E) and the receiver at Maitri and the wave paths between them. The great circle distance between
VTX-Maitri and NWC-Maitri is ∼10,040 km and ∼8200 km, respectively. In Figure 2, we show the terminators
to highlight the nature of solar illuminations for the entire path at two specific times. Figure 2 (top) is drawn at
00:00:00 UT, where the entire path is dark except the Maitri station and its vicinity. Figure 2 (bottom) is drawn
at 12:00:00 UT, where the entire path is solar illuminated. In a previous work, the main emphasis was given on
these two conditions as the spatial amplitude variations at these two times were compared.

In Figure 3, we present diurnal variations of VLF signal amplitude of VTX (top) and NWC (bottom) on 31 January
2008. In spite of the very long path, the VTX signal shows very stable diurnal amplitude variation. The duration
of the sunrise and sunset fadings are comparatively long (∼5 h) with shallower dips due to the terminators.
The NWC signal does not show any regular variation, and the signal attenuation is larger than VTX even
though the transmitting power of NWC (1 MW) is double of that of VTX (500 kW). The dashed vertical lines
indicate the time of the local noon.

It is obvious from Figure 2 that during the “whole day” situation illumination period at the receiver, the D layer
is neither “present” nor “disappeared” as there is no sunset. So, effectively, there is always some sort of nonzero
electron density at a height which corresponds to D layer. The unusual variation of incident solar flux changes
the electron density profile and effective reflection height of D layer very slowly. This is why the formation
and disappearance of the D layer is flatter. It is well established [Clilverd et al., 1999; Thomson et al., 2007; Lynn,
1967, 1975] that for a very long path, modal conversion effects will be present in the signal during the time of
sunrise. The sunrise terminator intersects the transmitter-receiver path and perturbs the signal in such a way
that a series of minima should have been expected in the signal amplitude. However, the VTX data received
at Maitri do not show any strong modal conversion effects during the time of sunrise and sunset.

In Figure 4, we present a comparison of VLF signal amplitude as function of distance from transmitter to
receiving point for VTX-Maitri and NWC-Maitri propagation paths as obtained from simple LWPC compu-
tation. The black curves are for the VTX transmitter, and red curves are for NWC. The solid lines are for
00:00:00 UT (when whole path is dark), and dashed lines are for 12:00:00 UT (when whole path is illuminated).
The dashed vertical lines show the location of the 20 segments of the entire VTX-Maitri path which is used
in detail in LWPC computation coupled with ion chemistry model. The locations of the receivers are marked
with thick dashed lines with respect to each transmitter.

In Chakrabarti et al. [2012], it was pointed out that there is a strong nonreciprocity of east to west and west to
east propagation [Burgess, 1964; Crombi, 1958] as observed for the entire landmass of India. It was observed



Figure 2. The terminator locations on 31 January 2008. (top) Drawn at 00:00:00 UT, where most of the path is dark;
(bottom) drawn at 12:00:00 UT, where the total path is illuminated (courtesy: http://www.fourmilab.ch).

that the daytime signal attenuation is larger than that at nighttime for the west to east propagation, and
for the east to west propagation, the nighttime attenuation is larger than daytime. Surprisingly, though the
VTX-Maitri path is geographically an east to west propagation, the signal amplitude follows the character-
istics of west to east propagation. Figure 4 clearly shows that our observation matches with the simulation.
This simulation is based on International Geomagnetic Reference Field model and LWPC using geomagnetic
field parameters. NWC signal amplitude has been calculated to show the increase of attenuation rate in the
presence of the Antarctic ice mass. It is clear from Figure 1 that in comparison with VTX transmitter, the NWC
path travels a much longer distance over the ice mass. The signal enters into the ice mass after traveling
∼6000 km and strongly attenuates in comparison with VTX for which the attenuation starts after traveling
∼9000 km. We believe that this is the reason why we did not observe strong NWC signal at Maitri. The above
mentioned numerical simulation does not include actual chemical processes which are solely responsible
for the generation mechanism of lower ionospheric layer. We used the popular empirical method of using
effective reflection height and sharpness parameter. In the following section we calculate ionization rate and
ion density profile which will be use in LWPC code to generate the VLF signal amplitude through an ion
chemistry model.

3. Ion Chemistry Model
3.1. Ionization Rate Calculation
We use a suitable modification of the Chapman formula to find the ionization rate q at different heights in the
lower ionosphere due to solar extreme ultraviolet (EUV) which is responsible for the formation of D layer in
daytime. The ionization rate can be expressed as [Rees, 1989; Turunen et al., 1992]

q(h, t) =
∑

j
∫ I0(𝜈, t)e−

∑
k𝜎k(𝜈) ∫ ∞

h nk Ch(h,𝜓)dh × 𝜂j(𝜈)𝜎j(𝜈)nj(h)d𝜈, (1)
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Figure 3. Diurnal variation signal amplitude for (top) VTX and (bottom) NWC transmitters for the day of 31 January
2008. The dashed vertical lines indicate the time of the local noon. The VTX signal shows two shallow but smooth drops
in amplitude which are similar to sunrise and sunset “terminators.” The NWC signal is highly attenuated and does not
show any proper diurnal variation.

where I0(𝜈, t)d𝜈 is the solar flux or irradiance at the top of the atmosphere in the frequency range 𝜈 to 𝜈 + d𝜈,
𝜎j(𝜈) is absorption cross section for the jth neutral component of air, nj(h) is the concentration, and 𝜂j(𝜈) is
the photoionization efficiency for the jth component. The grazing incidence function Ch(h, 𝜓) [Rees, 1989] is
given by

∫
∞

h
njCh(h, 𝜓)dh = ∫

∞

h
nj

[
1 −

(
R + h0

R + h

)2

sin2(𝜓)

] 1
2

dh

Figure 4. The computed variation of signal amplitude for VTX (black curves) and NWC (red curves) as a function of the
distance between transmitter and receiver. The solid lines are for the 00:00:00 UT, and dashed lines are 12:00:00 UT. For
VTX transmitter, the nighttime amplitude is larger than the daytime which is consistent with observation. The dashed
vertical lines show the location of the 20 segments for the entire VTX-Maitri path. The locations of the receivers are
marked with thick dashed lines.



for 𝜓 <90∘ and

∫
∞

h
njCh(h, 𝜓)dh = 2∫

∞
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nj

[
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(
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R + h

)2
] 1

2

dh − ∫
∞

hmin

nj

[
1 −

(
R + hmin

R + h

)2

sin2(𝜓)

] 1
2

dh (2)

for 𝜓 >90∘.

The absorption cross section and photoionization efficiencies are taken from Torr et al. [1979] for N2, O2,
and O; from Oshio et al. [1966] for NO and Ar; and from McEwan and Philips [1975] for CO2. A reference
spectrum of the Sun for the value of F10.7 = 68 is taken from Torr et al. [1979] and Turunen et al. [1992]
and normalized at any instant with the help of the EUV flux (averaged over 15 s) obtained from the
Solar EUV Monitor on board the SOHO satellite. The averaged EUV fluxes in the 26–34 nm spectral band
(http://www.usc.edu/dept/space_science/semdatafolder/long/15_sec_avg/2008/) are compared with the
aggregate flux in the same spectral range of the reference spectrum. The whole reference spectrum is then
multiplied by the ratio to obtain approximate solar spectrum at any time. The solar zenithal variation is taken
into account by the solar zenith angle 𝜓 in equation (2).

The altitude variation of ionization rate q(h, t)obtained from equation (2) is fed into the D region ion chemistry
model as described below.

3.2. Ion Chemistry Model for Equilibrium Ion Densities
Various types of ion species in the ionosphere undergo continuous production and loss all the time. These
are attachment of electrons with neutral molecules to form negative ions, photodetachment of electrons
from negative ions, recombination of positive molecular ion and cluster ions with electrons, and ion-ion
recombination processes. There are several ionospheric chemistry models in the literature (Rowe et al. [1974],
Mitra [1981], Chamberlain [1987], University of Bern Atmospheric Ion Model by Kazil et al. [2003], and
Sodankylä Ion Chemistry model by Turunen et al. [1996]). These deal with the evolution of many different ions
and their reaction cross sections. We adopt a rather simple model, namely, the GPI model [Glukhov et al., 1992]
to account for the chemical processes in ionospheric D region.

The GPI scheme divides all the ions in four broad categories. These are free electrons (N), negative ions (N−),
positive ions (N+), and positive cluster ions (N+

x ). In the model, four first-order coupled differential equations,
governing the rate of evolution of each of the kind, are solved while taking into account the charge neutrality
of plasma. The coupled differential equations are solved with fourth-order Runge-Kutta method. Several
satisfactory results with this chemical model have already been published [Palit et al., 2013, 2014].

The coupled differential equations are

dN
dt

= q + 𝛾N− − 𝛽′N − 𝛼dNN+ − 𝛼c
dNN+

x (3)

dN−

dt
= 𝛽′N − 𝛾N− − 𝛼iN

− (N+ + N+
x

)
(4)

dN+

dt
= q − BN+ − 𝛼dNN+ − 𝛼iN

−N+ (5)

dN+
x

dt
= BN+ − 𝛼c

dNN+
x − 𝛼iN

−N+
x , (6)

with the D region charge neutrality condition that reads

N+ + N+
x = N + N− (7)

or
N+ + N+

x = (1 + 𝜆)N, (8)

where 𝜆 is the ratio of negative ion density to electron density.

http://www.usc.edu/dept/space_science/semdatafolder/long/15_sec_avg/2008/


Effective electron detachment rate 𝛾 varies widely from 10−23N s−1 to 10−16N s−1 [Inan et al., 2007; Pasko and
Inan, 1994]. Following Glukhov et al. [1992], we take the rate to be 3× 10−18N s−1, where N is the total number
density of neutrals.

Electron attachment rate 𝛽′ [Rowe et al., 1974] is given by

𝛽′ = 10−31NO2
NN2

+ 1.4 × 1029
(300

T

)
e
(
− 600

T

)
N2

O2
, (9)

where, T is the electron temperature and NO2
and NN2

represent, respectively, number densities of molecular
oxygen and nitrogen. Neutral atom concentrations at different altitudes, required for the calculations of the
coefficients, are taken from NASA-MSISE atmospheric model.

According to some previous studies [Inan et al., 2007; Rowe et al., 1974], the effective coefficient of dissociative
recombination, 𝛼d , should have values ranging from 10−7 to 3 × 10−7 cm3 s−1. We have taken it to be 10−7 for
our calculation following Glukhov et al. [1992].

Effective recombination coefficient of electrons with positive cluster ions 𝛼c
d is taken to be 10−5 cm3 s−1 as

suggested by Glukhov et al. [1992].

Following the suggestion of Mitra [1968] and Rowe et al. [1974], effective coefficient of ion-ion recombination
processes for all types of positive ions with negative ions is taken to be 10−7 cm3 s−1. Adopted value of the
effective rate of conversion (B) from the positive ion (N+) to the positive cluster ions (N+

x ) is 10−30N2 s−1 [Rowe
et al., 1974; Mitra, 1968].

The International Reference Ionosphere (IRI) model [Rawer et al., 1978] provides values of unperturbed elec-
tron and ion densities. Unperturbed negative ion density N−

0 is obtained from the relationship N−
0 = 𝜆N0e, and

positive ion densities are computed using the charge neutrality condition; i.e.,

N0e + N−
0 = N+

0x + N+
0 . (10)

With the assumption that our model timescale is too short, the physical processes such as transport of ions
from one layer to another have been ignored in our computation.

3.3. Modeling With LWPC
To reproduce spatial signal amplitude variation for the entire day when there was no true sunset, we fed
output of ion chemistry model, that is, the altitude variation of electron densities into the LWPC code. We sub-
divide the entire path length (∼10,040 km) into 20 segments and calculate electron density profile from our
above mentioned model using the solar zenith angle variation at different latitude and longitude through-
out the path. Electron density is being calculated at different heights of D layer (85 to 64 km in steps of 1 km)
in each segment for the entire day. These electron densities are then fed into LWPC code to generate the
amplitude profile for different times of the day.

4. Results

The VLF part of the radio wave spectrum is usually reflected from the lower ionosphere. In normal solar con-
ditions during daytime in the presence of the D layer, the reflection heights remain at about ∼70 km. At
nighttime, in the absence of solar ionization, the effective height of reflection increases by 10 to 15 km. As we
are dealing with the variation of VLF in VTX-Maitri path for the whole day, we have applied the chemical model
starting from a height as low as 64 km up to 85 km in the lower ionosphere. From the ion chemistry model
we have found the electron density distribution during the whole day at an interval of 1 km in the mentioned
height range. We have chosen the day of 22 January for our simulation, when the Sun is lit directly above
−16∘ latitude. In Figures 5a–5d, we plot the electron density variation as obtained in our model at five differ-
ent heights through the day at four different positions along the propagation path. The latitude and longitude
of the positions are as follows: Position 1 (5a): latitude 70∘S, longitude 11.5∘E (location of receiver); Position 2
(5b): latitude 45∘S, longitude 34∘E; Position 3 (5c): latitude 20∘S, longitude 56∘E; and Position 4 (5d): latitude
8.4∘N, longitude 77.75∘E (position of transmitter).

In Figure 6 we show a map showing the electron density distribution over and around the VTX-Maitri prop-
agation path at 68 km height at two different times of the day. Figure 6 (left) shows the electron density



Figure 5. Variations of electron density as a function of time, spanning the whole day for five different heights as calculated from ion chemistry model. (a and d)
Locations of the VTX transmitter and the receiver at Maitri station in Antarctica. (b and c) For two places along the propagation path in between the transmitter
and the receiver.

distribution (in cm−3) during 12:00 UT at noon, and Figure 6 (right) shows the distribution at 0 h at night. In
Figure 7 we plot the same parameters applicable to a height of 80 km.

To compare with previous and conventional approaches, which deal mainly with the modeling by probable
variation of the two Wait’s parameters h′ and 𝛽 , we calculate the two parameters from the simulated electron
densities along the propagation path for the two reference times stated above. The ideal electron density in
the lower ionosphere is conventionally described by Wait’s formula.

Figure 6. Electron density map plotted with respective color bar for 68 km height around the VTX-Maitri propagation
path during two different times of the day: 12 h at (left) noon (UT) and (right) midnight (UT).



Figure 7. Same as Figure 6 but for 80 km height.

Ne(h, h′, 𝛽) = 1.43 × 1013 exp(−0.15h′) exp
[
(𝛽 − 0.15)(h − h′)

]
, (11)

where Ne is electron density per cubic meter and h is the height in kilometers. In real situations electron density
versus height profiles obtained from observation or simulation generally do not follow the Wait profile exactly.
What we can do is to incorporate some kind of fitting approach to find the probable values of the h′ and
𝛽 parameters so that our simulated electron density-height profile can be best approximated by the Wait’s
formula. As this is a multiparameter fitting problem we follow some trick as below. With some rearrangement
of the Wait’s formula (equation (11)) we get

ln Ne − (𝛽 − 0.15)h = (C − 𝛽h′), (12)

where C is given by ln(1.43 × 1013) = 30.29. For electron density following Wait’s formula exactly, i.e., having
specific values of the two parameters, the right-hand side is a constant. So if we plot a function, given by the
whole of the left-hand side against h, it should be a horizontal line in the Cartesian coordinates. For nonideal
cases such as electron density obtained from the simulation this will not be exactly the case. First, we can
choose the 𝛽 arbitrarily and plot the function against h. This will most probably not be a horizontal line. We
then try for different values of 𝛽 and investigate whether for certain specific values of the parameter the plot
converges to the horizontal one, even crudely, or the mean slope of the plot changes sign. We can find the
corresponding value of h′ from equation (12). With these specific values of the two parameters, the simulated
electron density profile can be considered to best match the Wait’s formula.

We calculate the approximate values of h′ and 𝛽 following the above steps for all of the segments along the
propagation path, as adopted in the simulation for the times given by 00:00 UT and 12:00 UT. In Figure 8

Figure 8. Variations of the Wait parameters (left) 𝛽 and (right) h′ with distance from the transmitter along the considered VLF propagation path for 00:00 UT and
12:00 UT.



Figure 9. Variation of calculated signal amplitude for VTX as a function of the distance between transmitter and
receiver. Black curve is for 00:00:00 UT, and red curve is for 12:00:00 UT. The dashed vertical lines show the location of
the 20 segments of the entire path, and thick vertical dashed line indicates the location of the receiver. The simulated
nighttime amplitude is larger than the daytime part, which validates our observation.

we plot the calculated values of the parameters as function of distance from transmitter along the propagation
path from transmitter to receiver.

From the figures it can surely be seen that during the application of LWPC, conventional modeling with con-
stant values of the two parameters along the whole path, specifically for very long ones, as considered in this
work is a mere crude approximation. Our model is vast improvement in the methodology for predicting or
interpreting long-path VLF observations.

Figure 9 represents spatial variation of VLF signal amplitude of VTX transmitter as a function of distance from
transmitter to receiver as computed from LWPC. We choose two specific times 00:00:00 UT and 12:00:00 UT to
emphasize comparison of the simulated and observed signals at two different times when the entire path is
solar illuminated or completely dark. The black curve represents the signal amplitude at 00:00:00 UT, and the
red one is for 12:00:00 UT. The dashed vertical lines show the location of the 20 segments of the entire path.
The locations of the receiver are marked with thick dashed line. For the entire path, the nighttime signal is
above the daytime signal. There are two dips at nighttime amplitude at ∼500 km and ∼9500 km. The signal
shows high attenuation both in nighttime and daytime immediately after the signal enters the Antarctic ice
mass. This is consistent with our previous findings [Sasmal et al., 2014]. The daytime signal is lower than that
at the nighttime which is also consistent with our observation.

5. Discussions

In this paper, we presented the study of VLF propagation over a long path in the Antarctic region during
the presence of whole day solar illumination. The signal quality of VTX was extremely good in spite of a
long-distance propagation. We observe the attenuation due to the presence of Antarctic ice mass, and as a
result, the NWC signal is highly attenuated despite being stronger originally. We try to theoretically repro-
duce VLF amplitude variation with a realistic ion chemistry model. Our newly simulated signal amplitude is of
lesser value (Figure 8) (∼22 to 18 dB) than the previously calculated values (Figure 4) (∼48 to 44 dB) obtained
from simple LWPC computation. This is thus more realistic and should be compared well with the observed
signal amplitude. For the model of the long propagation path as presented in this paper, inclusion of iono-
spheric chemistry is mandatory. Due to large angular variation of solar position over the path, the ionization
rates produced by the Sun and hence the electron density vary widely along the path. Our thorough model



which consists of calculation of the ionization and hence electron density over 20 points along the propaga-
tion path and at a range of lower ionospheric heights is a significant improvement over any previous attempt
with the uniform propagation path characteristics.

Though many simplifications of real dynamics of the ionospheric processes were made to build the model,
the results reproduce variation of the lower ionospheric condition over the path as seen by VLF almost exactly.
By using the model, we have obtained upgraded information of D region ion chemistry characteristics. This
model is being extensively used to reproduce the effect of other ionization sources such as solar flares, solar
proton event, gamma ray bursts, soft gamma ray repeaters, and earthquake on VLF signal. The model has
some limitations when applied for the Antarctic region. Apart from ionization due to solar EUV flux, the pro-
duction rate will also depend on the cosmic rays variation. This factor is more significant in polar region
rather than the low-latitude region. This will be incorporated in the future. To reduce the probability of high
attenuation, more studies at another Indian station Bharati in Larsemann Hill region will be carried out where
the attenuation due to landmass is minimal. The results will be reported elsewhere.
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