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Abstract

To examine the quality and propagation characteristics of the Very Low Frequency (VLF) radio waves in a very long propagation
path, Indian Centre for Space Physics, Kolkata, participated in the 27th Indian scientific expedition to Antarctica during 2007–2008. One
Stanford University made AWESOME VLF receiving system was installed at the Indian Antarctic station Maitri and about five weeks of
data were recorded successfully from the Indian transmitter VTX and several other transmitting stations worldwide. The quality of the
signal from the VTX transmitter was found to be very good, consistent and highly stable in day and night. The signal shows the evidences
of the presence of the 24 h solar radiation in the Antarctic region during local summer. Here we report the both narrow band and broad-
band VLF observations from this site. The diurnal variations of VTX signal (18.2 kHz) are presented systematically for Antarctica path
and also compared the same with the variations for a short propagation path (VTX-Kolkata). We compute the spatial distribution of the
VTX signal along the VTX-Antarctica path using the most well-known LWPC model for an all-day and all-night propagation condi-
tions. The calculated signal amplitudes corresponding to those conditions relatively corroborate the observations. We also present
the attenuation rate of the dominant waveguide modes corresponding to those propagation conditions where the effects of the Antarctic
polar ice on the attenuation of different propagating waveguide modes are visible.
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1. Introduction

Indian Centre for Space Physics (ICSP), Kolkata partic-
ipated in the 27th Indian Antarctica expedition in the sum-
mer period during 2007–2008 to observe the long distance
propagation characteristics of Very Low Frequency (VLF)
radio wave signal. The data were recorded at the Indian
permanent station Maitri (Lat. 70�450, Long. 11�440E) from
10th January to 15th February 2008. The Maitri station is
located at the Schirmacher Oasis region which is a rocky
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patch surrounded by polar ice at the East Antarctic region
with a height of 100 m above the sea level. In Antarctica,
the major objective was to study the variation of VLF sig-
nals over very long paths which are mostly over the ocean
and some part over the Antarctic polar ice. The chosen
observation time was the summer period of the southern
hemisphere and the receiving place was solar-illuminated
for 24 h. Thus the recorded signals at Maitri are for the
local conditions of “full day and no night” (no true sunset).

It is also well known that there is a strong seismo-
ionospheric correlation at the sunrise/sunset terminator
times (the first and last minima in the diurnal variation
of VLF signal amplitude around the local sunrise and
sunset times respectively) and the properties of D-layer
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during the sunrise and the sunset behave anomalously
(Chakrabarti et al., 2007, 2010b; Sasmal and Chakrabarti,
2009; Ray et al., 2011, 2012) before the seismic activities.
To understand the “normal” signal characteristics for a
very long path (specifically, VTX-Maitri path) and to study
changes of the sunrise/sunset terminator times under the
interesting and uninterrupted solar flux variation, Antarc-
tica is most certainly a perfect location. Prolonged days
or nights provide a test bed for verifying theoretical models
of how ionization and recombination take place. As the
receiver is close to the pole, charged particles from solar
coronal mass ejections can interact with the geomagnetic
field and our recorded signal should also carry the informa-
tion of this strong interaction.

In this Paper, we present the diurnal variations of VLF
signal amplitude corresponding to long propagation paths
and compare signal characteristics obtained from the theo-
retical simulation using the most well-known Long Wave-
length Propagation Capability (LWPC) model. We also
examine the effects of modal conversion along the
VTX-Miatri path and find out the dominating waveguide
modes responsible for generating the resultant signal at
Maitri. The plan of the paper is following. In the next Sec-
tion, we give a brief description of the experimental set-up.
In Section 3, we present the observational results. In
Section 4, we present the theoretical simulation and inter-
pretation. Finally, in Section 5, we draw our conclusions.

2. The transmitters & receiver

In the top panel of Fig. 1, we show the locations of the
transmitters (signals from which were expected to receive),
the receiver at Maitri and the propagation paths. To com-
pare the results with short propagation paths, we kept a
similar AWESOME (Atmospheric Weather Educational
System for Observation and Modeling of Effects)
(Scherrer et al., 2008) set-up at ICSP, Kolkata. The posi-
tion of the receiver and the relevant propagation path are
shown in the top panel as well. Though we tuned our
receiving system for several transmitting frequencies, the
data from VTX (18.2 kHz) were found to be clean enough
at both the receiving stations. The other signal were found
to be either very weak or did not have a consistent regular
pattern.

The great circle distance between VTX and Maitri is
around 10040 km. As the propagation path between the
transmitter and receiver is much larger than that of the
VTX-ICSP (1943 km) we used a larger antenna to receive
the VTX signal at Maitri. We used crossed loop magnetic
field antenna of dimension 9� 9 m at the base and 4.5 m
in height (lower panel of Fig. 1). The Receiver was con-
nected to a sound card (96 kHz) of a computer and using
software the data were automatically stored in the com-
puter with proper time stamping by a GPS unit. Both the
broadband (0 to 50 kHz) and the narrow-band amplitude
data were recorded separately from different transmitters
in both the North–South and East–West aligned loops.
3. Observational results

The receiving system at Maitri worked satisfactorily. In
Maitri station we have three weeks of clean signal out of
five weeks of recorded data. Some of the days due to bad
weather, we could not run our system. We got clear signal
from the VTX transmitter during this time period. In Fig. 2,
we present an example of the broad-band data received at
Maitri. This spectrum gives an idea of the signal status in
the entire received frequency band (0–30 kHz). The color
code gives the signal strength in arbitrary unit. The
horizontal lines represent the signals from fixed-frequency
transmitters. Strong horizontal VTX line (yellow) at

18.2 kHz is clearly visible than the other transmitters. We
expected a comparatively quieter background but since
the power supply was from a distant generator, there was
background noise. The spectrum also has some vertical
lines which are the signature of the radio atmospherics or
simply ‘sferics’ (Cohen et al., 2010; Cummer et al., 1998).

In Fig. 3, we present a typical diurnal variation of the
signal amplitude of VTX at 18.2 kHz. In this Figure, we
plot the data of 27th January, 2008 as a function of time
(UT). The diurnal variation of VTX signal amplitude as
received from Kolkata is presented in the second panel.
The data received at Maitri is qualitatively different from
that received at Kolkata. In Kolkata, there are fluctuations
in the night-time signal and a sharp fall and rise of the sig-
nal amplitude following the local sunrise and sunset respec-
tively. The sunrise and sunset terminator times are quite
distinct and the signal shows the clean signature of appear-
ance and disappearance of the D-region. In Maitri data, on
the contrary, there are two shallow but smooth deep
around 07.0 UT and 18.0 UT respectively. It took very
long time for signals to fall from the ‘night-time’ value of
� 40 dB to the ‘terminator’ value of about 5 dB, indicating
that the D region is neither very well defined nor does it
‘form’ and ‘disappear’ properly as in a place where the
Sun remains below horizon occurs for a significant period
of time. In the initial days of our observation, the true sun-
set did not occur. The changes of the incident solar flux
changed the effective height and the ion-density profile of
the D-region very slowly. That is why the signatures of
the formation of the D-region or its disappearance are
comparatively flatter and there is no sign of the true termi-
nator times. The D-region preparation time and the disap-
pearance time are also very long and there is a distinct
signature of the solar flux variation with zenith angle.

In the Fig. 4, we present the data for two different solar
conditions. The upper panel is the data during the time
where there was no true sunset (27th January, 2008) at
Maitri and the lower panel is the data when there was true
sunset (6th February, 2008) at around 21:18 UT and sunrise

at around 01:30 UT. Clearly the data for 6th February
shows the night time signal amplitude fluctuations for a
short period of time.

In Fig. 5, we show a comparison of signals from VTX
(18.2 kHz), NWC (19.8 kHz) and DHO (23.4 kHz) stations



Fig. 1. [Top] The great circle paths between VTX, DHO, JJI and NWC transmitters and the receivers at Antarctica and Kolkata. [Bottom] The crossed
loop VLF antenna that was placed at the Maitri station.

Fig. 2. Sample broadband data from N-S antenna loop received at Maitri
on 4th of February, 2008 recorded after 00:00:00 UT for a time period of
2 s. Strong horizontal VTX line at 18.2 kHz is clearly visible than the other
transmitters.
which are at a distance of 10040 km, 8169 km and
13775 km respectively from the receiver at Maitri. Note

that the NWC transmitter, though more powerful than the
VTX transmitter the received signal is very weaker and less

varying than the VTX data. The DHO signal is also stronger

than the NWC transmitter. This could be due to the fact that

a major portion of the NWC-Maitri path is over the Antarctic

ice mass (GCP of Fig. 1) characterized by a very low conduc-

tivity. We also present the amplitude data of VTX transmit-

ter received by UltraMSK network over an another long

distance path (10890 km), though not in the time period of
our observation, to show that the VTX data could be received

over long propagation path.
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Fig. 3. The simultaneous observation of VTX transmitter from Maitri (upper panel) and Kolkata (lower panel) on 27th January, 2008. The signal received
form Maitri has no signature of night-time fluctuation and the sunrise and sunset terminator times are not sharp as in Kolkata.
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Fig. 4. A comparison of the narrow-band VTX signal amplitude at 18.2 kHz at Maitri station on two days. The upper panel shows data recorded on 27th
January, 2008 when there was “no true sunset”. The lower panel shows data recorded on 6th February, 2008, when there was “true sunset” at around 21:18

UT.
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Fig. 5. Samples of the narrow-band data from three stations on 17th January, 2008. The upper panel is for the VTX, the middle is for the NWC and the
lower is for the DHO transmitter. Note the signals from the NWC and DHO are weaker compared to the VTX signal at Maitri.
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Fig. 6. Sample amplitude data of VTX (18.2 kHz) transmitter received at Dunedin, New Zealand by the UltraMSK network on 4th December, 2008.
4. Interpretations

In this paper, we presented a unique study of long path
VTX signal propagation at 18.2 kHz covering the low lat-
itude to high latitude region. The propagation path being
very long (� 10000 km), we obtained a very stable diurnal
variation with less interferences among the waveguide
modes. To show the reproducibility and stability of the
signal amplitude throughout the day and night, we plot
three weeks (16th January to 7th February, 2008) of data
in Fig. 7. Here the data are stacked by shifting the data
of each day by 10 dB for clarity. The appearance of two
minima around 7.0 UT and 18.0 UT represent the sunrise
and sunset fadings associated with the sunrise and sun-
set along the propagation path. Due to the long VLF path,
the duration of the sunrise and sunset fadings are very long
(� 5 h) giving rise to shallower dips due to the terminators.
Generally in long paths, a series of minima are expected
around the time of sunrise along the transmission path
(Clilverd et al., 1999; Thomson et al., 2007; Lynn, 1967),
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Fig. 7. The diurnal variation of the signal amplitude of VTX (18.2 kHz) transmitter for almost three weeks of data (16th January to 7th February, 2008).
The data of each day has been shifted by 10 dB for better viewing.
which are associated with modal conversion effects as the
sunrise terminator crosses the transmitter–receiver path
(this can be seen in Fig. 6 also from 16 UT to 24 UT). But
the VTX (18.2 kHz) data received at Maitri does not show
any strong modal conversion effects during the time of sun-
rise and sunset along the propagation path. In the present
case for VTX-Maitri propagation path, short great circle
path is over the sea water with lesser attenuation, while
the long great circle path is over the land mass and the
signal has to pass over the Antarctic ice mass to arrive at
the receiver, hence will suffer very high attenuation. So
the VTX signal received at Maitri propagated along the
short great circle path.

We compute the signal amplitude along the VTX-Maitri
VLF path using the more general Long Wavelength Prop-
agation Capability (LWPC) code (Ferguson, 1998) corre-
sponding to two propagation conditions on 27th January,
2008 as shown in Fig. 8. Fig. 8a shows the propagation
path and position of the sunrise terminator corresponding
to 00:00 UT when the total path was nearly under dark-
ness. While Fig. 8b shows the propagation condition corre-
sponding to 12:00 UT on the same day when the total path
was under the day-light.

The ionosphere in the LWPC code has been defined by
the so called Wait’s exponential profiles (Wait et al., 1964;
Cummer et al., 1998; Clilverd et al., 1999; Pal et al.,
2012a,b) with the sharpness parameter b and VLF reflec-
tion height parameter h0 controlling the electron density
profile at the D-region. For the all-night propagation condi-
tions, we use b = 0.59 km-1 and h0 = 85. 0 km as prescribed
by Thomson et al. (2007) for long VLF propagation path.
Since the ionospheric parameters are highly solar zenith
angle dependent in such long paths, we use the solar zenith
angle depended model for ionospheric parameters as
described in McRae and Thomson (2000) corresponding
to all-day propagation condition of Fig. 8b with b
= 0.5 km-1 and h0 = 74.0 km. The variations of solar eleva-
tion angle (elevation angle = 90-zenith angle) at various dis-
tances as a function of time along the propagation path are
shown in Fig. 9. The red curve represents the solar elevation
angle with time of the day at Maitri and it is evident that the
Sun was above the horizon almost for the whole day.

In computing the signal amplitude using the LWPC
code, we use the geomagnetic field parameters (such as
dip, main field value) along the path as obtained from
the International Geomagnetic Reference Field (IGRF)
model for the year of 2008. The conductivity parameter
used by the LWPC code over the sea water, land mass
and Antarctica ice mass are 4.0, 3.E�03 and 1.E�04 Sei-
mens respectively. In Fig. 10, we show the LWPC compu-
tation of signal amplitude of the VTX (18.2 kHz)
transmitter along the propagation path as a function of
distance from the transmitter. The blue curve is for the
all-night propagation condition along the path correspond-
ing to the Fig. 8a and the red curve is for the all-day
propagation condition along the path corresponding to



Fig. 8. Great circle distance (10,040 km) between the VTX transmitter and the receiver at Maitri with the position of the sunrise terminator (a) and sunset
terminator (b) on 27th January, 2008 corresponding to all-night and all-day propagation path respectively.
the Fig. 8b. The receiver at Maitri is situated at 10040 km
in the path and its position is indicated by the black vertical
line. There are increased number of fluctuations (minima
and maxima) in the night-time signal amplitude (blue curve
of Fig. 10) which arises due to the interferences between the
night-time propagating modes up to a distance of
� 3000 km corresponding to � 15�S latitude with 8–10 sig-
nificant night-time modes. While in the day time path, only
3–4 significant modes, with second mode as the dominant
one (see, Fig. 11b), contribute to the resultant signal, giving
a nearly smooth variation of signal amplitude along the
propagation path (red curve of Fig. 10). Most importantly,
note that the signal in the all-night time path is stronger
than the signal in the all-daytime path. This is what is
observed also at Antarctica. The data at 0.0 UT is stronger
than that at 12:00 UT when the distance is larger than
� 9000 km, giving the diurnal signal a shape similar to that
of Kolkata (westerly propagation), even if the propagation
here is easterly (Chakrabarti et al., 2010a, 2012). This is a
unique feature that we discovered in the Antarctica signal.
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Fig. 9. Variation of solar elevation angle at various distances along the VTX-Maitri propagation path on 27th January, 2008. The red curve shows the
variation solar elevation angle at the receiving location.
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Fig. 10. LWPC computation of signal amplitude of the VTX (18.2 kHz) transmitter along the propagation path as a function of distance from the
transmitter. The blue curve is for the all-night propagation condition (say at 0:00 UT) and the red curve is for the all-day propagation condition (say at
12:00 UT) along the path. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The Fig. 11(a)–(b), shows the attenuation rate (in dB/
Mm) of the first five modes as a function of distance along
the VLF path corresponding to all-night (Fig. 8a) and
all-day (Fig. 8b) propagation conditions respectively. It



Fig. 11. The attenuation coefficient (in dB/Mm) of the first five modes are plotted as a function of distance along the propagation path corresponding to
all-night (Fig. 8a) and all-day (Fig. 8b) propagation conditions respectively. It is clear that first, second and fourth mode are dominating during the all-
night propagation to generate the signal where for the all-day condition only second mode is the most dominating mode. All the modes for both conditions
attenuate maximum in the equatorial region (around 1000 km) and Antarctic ice mass region (around 9300 km).
can be seen that the mode 1, mode 2 and mode 4 are dominat-
ing modes (i.e., having lower attenuation rate) contributing
to the signal in all-night propagation while only the mode 2
is significant in all-day propagation condition at Maitri. Also
it can be seen from Fig. 11, that all the modes in both condi-
tions suffer maximum attenuation near the equatorial region
and at the Antarctic ice mass at a distance � 1000 km and
� 9300 km in the propagation path respectively.



5. Discussions

The observational campaign of the VLF signal (espe-
cially VTX transmitter) in Antarctica was very successful.
Three weeks of clean data have been obtained from the
VTX transmitter operating at 18.2 kHz. The data was of
extremely good quality even if the propagation path was
very long (more than 10000 km). A simultaneous observa-
tion was made in Kolkata which is around 12000 km away
from the Maitri station, on the other side of the magnetic
equator. The signals from these two stations differ qualita-
tively. In Maitri station there is no signature of night-time
fluctuations in the signal and the so-called night-time part
in the diurnal variation (from � 20 UT to � 2 UT, first
panel of Fig. 3) is very quiet with less variability compared
with that of Kolkata data (between� 14 UT to� 0 UT, sec-
ond panel of Fig. 3). This is because there are fewer domi-
nant modes (� 3 modes, Fig. 11) to interfere with another
compared to that of short path where more than 10 modes
interfere among them near the receiver end. It is evident
from Fig. 9 that during this time of the year at Maitri, the
Sun was always above the horizon, thus enabling the con-
version of more night-time modes into less number of day-
time modes in Antarctic segment of the path, giving a stable
variation of signal amplitude throughout day and night. The
LWPC computed VTX (18.2 kHz) amplitude correspond-
ing to 00:00 UT is found to be higher than that of 12:00
UT and that is precisely what is seen in our data, even if
the VTX-Maitri signal is easterly. According to our earlier
campaign of short path lengths (less than 2000 km), over
the sub-continent Chakrabarti et al., 2012, it was found that
the all the stations which are on the East side of the magnetic
meridian passing through the transmitter show E-type sig-
nal where the night time signal is stronger than the day time
signal. The opposite is true at the receiving stations West
side. The LWPC simulations did corroborate our observa-
tion. In the case of Maitri station, the receiver is in the West
side of the transmitter, yet, the behavior of the signal is east-
erly. Indeed, we find that for propagation paths above
� 9000 km, this behavior would prevail. To our knowledge,
this is the first time this conclusion has been drawn.

One of our goals was to receive multiple transmitters
from various propagation directions. This would have also
been useful to find precursors to earthquakes. However,
even when we erected a large antenna, signals from several
stations were weaker. We are in the proposal stage of con-
ducting our campaign once more and the results would be
published in due course.
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