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A Total Solar Eclipse (TSE) provides us with an exciting opportunity to study the VLF propagation effects

under a controlled experimental condition where the extreme ultraviolet and the X-rays from the sun

are totally blocked by the moon. During the total eclipse of July 22nd, 2009, the Indian Centre for Space

Physics conducted a VLF campaign to obtain the signal from a dozen of places in the Indian sub-

continent. Six of these locations gave very good and noise-free data. In some of these data, the signal

amplitude is found to be higher than that at non-eclipse condition, while in some other places, it is

lower. We present the results of our campaign and give an interpretation of the results using the Long

Wavelength Propagation Capability (LWPC) code in a perturbed waveguide both for the easterly and

westerly propagation paths.
1. Introduction

Periodic variation of solar radiation on the upper atmosphere
each day due to sunrise and sunset gives rise to a periodic
variation in its charge density. With its rise, the extreme ultra-
violet and soft X-ray radiations from the Sun create the D-region
bringing the ionosphere down to a height of 60–70 km. This
disappears shortly after the sunset. During a total solar eclipse,
the ionosphere experiences a virtual sunset and a sunrise in quick
succession. The UV and soft X-ray photons from the solar disk are
totally or partially blocked for a certain time interval and the
precise time of this event is known well ahead of time. This makes
this type of event an ideal opportunity to study the global
variation of ion concentration in the ionosphere which could be
useful for understanding ion chemistry, and the mechanism of
long wavelength propagation inside the earth–ionosphere wave-
guide. Keeping this in mind, the Indian Centre for Space Physics
(ICSP) conducted a campaign in which data from more than a
dozen places in India and Nepal were collected before, during and
after the Total Solar Eclipse (TSE) of July 22nd, 2009. The
campaign was expected to yield a decisive result, since the nearby
transmitter, namely, the Indian Navy station VTX is located near
the southern tip of India. Thus the paths in all the bearings within
tre for Basic Sciences, Block-
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India are expected to be of similar geophysical condition, i.e.,
similar land mass dotted with rocky terrains and no large water
body to change the ground reflection coefficient. Furthermore, the
magnetic meridian which passes through the VTX also splits the
Indian sub-continent into two vertical halves. In the eastern half,
the signal amplitude is found to be attenuated in the day time,
and in the western half, it is just the opposite (see Chakrabarti
et al., 2010; Chakrabarti et al., 2012 and references therein). The
attenuation is due to the destructive interference between the sky
waves and the ground wave. The opposite effect in the eastern
and western halves is clearly due to the non-reciprocity of the
signal amplitude (Budden, 1966) propagating towards the east
and the west in presence of a magnetic field non-aligned with the
propagation path. As stated earlier, the magnetic field in our case
is basically going from south to north while the propagation paths
are going from south to north-east and north-west. Thus spread-
ing the receivers around the sub-continent allows us to study the
signals under varied wave propagation conditions in a short path
ðo3000 kmÞ. There are several papers in the literature which
studied the effects of the solar eclipse over both short and long
paths. The first eclipse effect was reported exactly half a century
ago (Bracewell, 1952). Subsequently, several workers have pre-
sented the results of amplitude and phase variations, typically
from a single observational site (Sen Gupta et al., 1980; Lynn,
1981; Buckmaster and Hansen, 1986; Mendes da Costa et al.,
1995; Fleury and Lassudrie-Duchesne, 2000). Clilverd et al. (2001)
presented results of the total solar eclipse in Europeon August 11,
1999. They had five receiving sets which observed several stations
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each and thus had altogether 17 different paths. While their path
lengths varied from 90 km to 14,510 km, majority were less than
2000 km. The major result was that for shorter paths
ðo2000 kmÞ, the amplitude change was positive, i.e., the signal
was enhanced. For path lengths 410;000 km, the amplitude
change was negative. These authors also gave an explanation of
the nature of the signals using Long Wavelength Propagation
Capability (LWPC) waveguide code (Fergusson and Snyder, 1990).
Fig. 1. The path of totality over the Indian sub-continent during the total solar

eclipse on July 22nd, 2009 is shown by shaded region. Our receivers and the VTX

station are marked with names of the places and an English alphabet as an

identifier. This figure is modified from that provided by F. Espenak & J. Anderson in

NASA 2009 Eclipse Bulletin to include our campaign locations.

Table 1
Solar eclipse parameters at different receiving stations in our campaign.

Place and Geog. Bearing and Lat, Long Coverage dist. (km) S

Coochbehar 301220 Total 0

261190N, 891280E 2346 1

Salt Lake 341370 Partial 0

221340N, 881240E 1946 8

Malda 291350 Partial 0

251N, 881090E 2151 9

Raiganj 281360 Total 0

251360N, 881080E 2207 1

Khukurdaha 331130 Partial 0

221270N, 871450E 1894 9

Bhagalpur 261310 Total 0

251150N, 871010E 2116 1

Kathmandu 191200 Partial 0

271450N, 881230E 2296 9

Kangra 3571400 Partial 0

321580N, 761160E 2624 6

Jaipur 3541430 Partial 0

261550N, 751520E 2070 8

Srinagar 3541280 Partial 0

341080N, 741510E 2878 5

Pune 3391520 Partial 0

181310N, 751550E 1183 9

Varanasi 151460 Total 0

251220N, 831E 1948 1
In this paper, we present results of our campaign where both
positive and negative changes of the VLF signals throughout the
eclipse period were found. We measured the signal amplitudes at
12 locations and observed several stations including VTX (Freq.:
18.2 kHz; Lat: 8.387N, Long: 77.753E). Out of the 12 receiving
locations, we find the data from six receivers to be consistent in
their day-to-day behavior and thus sufficiently reliable. We
explained the deviation of these data during the eclipse using
the LWPC code.

The plan of this paper is the following: In Section 2, we present
the locations of our receiving stations and the experimental set-
ups. In Section 3, we present the methodology of the reduction of
the data from VTX transmitter. We also present differential signal
amplitudes (average normal signal minus the event day signal) as
received from different receiving stations. We compare the results
obtained at different places. In Section 4, we give an explanation of
the observed results. Finally, in Section 5, we draw our conclusions.
2. Campaigns during eclipse

In Fig. 1, we present the belt of totality (shaded region) inside
the Indian sub-continent. Numbers marked on the curves which
are almost parallel to the totality belt represent the highest
percentages of obscuration of the solar disk. During the campaign
though data from several stations were obtained, though the
signals from the VTX station were found to be less noisy. We give
the names of the six receiving stations which gave very clean VLF
signals. These are connected with the VTX transmitter (marked)
in the southern tip of India. The data from other six stations,
namely, Varanasi, Srinagar, Kangra, Jaipur, Coochbehar and
Bhagalpur are noisy and require more careful analysis. We ignore
these data in the present paper.

We typically took data of about a week around the eclipse in
order to study the deviations from the normal day very accu-
rately. Table 1 shows the parameters of and at the receiving
stations which concern our study. We show the locations with
latitude and longitude, bearing angle, distance between the
unrise (%) 1st (IST), A (1) Mid (IST), A (1) 2nd (IST), A (1)
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transmitter and the receiving place, the percentage of eclipse
coverage, the time of the first contact, the time at which the
maximum eclipse took place, the last contact and the elevation
(A) of the Sun (with respect to the local horizon) in degrees at
these times.

During the campaign, we use ICSP made VLF antenna/receiver
systems. Each set consists of a loop type rectangular antenna and
the Gyrator III type receiver. The system was controlled by a PC
with a sound card for real time data acquisition. With the help of
the software, the system was capable of receiving eight indepen-
dent stations. Apart from this, broadband dynamic spectrum
which contains the entire frequency band up to 48 kHz could
also be recorded by the system. The receivers had satisfactory
outputs with extremely good quality signal.
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Fig. 2. The data from 4 h to 20 h (IST) at (a) Kathmandu (b) Malda, (c) Khukurdaha, (d)
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Fig. 3. Three screenshots at (a) pre-eclipse, (b) maximum eclipse, (c) post-eclipse of th
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3. Data analysis and results

In Fig. 2(a)–(f), we present the data at six stations from 4 h to
20 h (IST). These stations are: (a) Kathmandu (b) Malda,
(c) Khukurdaha, (d) Raiganj, (e) Salt Lake and (f) Pune. The blue
curves (online version) represent the normal diurnal behavior
(average of the day before and after the eclipse) at different places
and the red curves represent the diurnal behavior on solar eclipse
day at those places. Since the night time signal is highly variable,
we concentrated on the chunk of the signal around the day time.
The day-time VLF signal amplitude is found to be otherwise
highly repeatable. The gaps is the data are due to power failure.

In Fig. 3(a)–(c) we present three screenshots of the broadband
data from the Raiganj site, which experienced the total solar
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Fig. 5. Fractional deviations of the VTX (18.2 kHz) signal amplitudes with positive

changes (top) and negative changes (bottom). The time is in Indian Standard Time

(IST¼UTþ5:30). The changes are roughly about 2 dB around the maximum eclipse

condition. The curves are marked with the station symbols given in Fig. 2, i.e.,

(a) Kathmandu, (b) Malda, (c) Khukurdaha, (d) Raiganj, (e) Salt Lake and (f) Pune.
eclipse. The shots are at pre-eclipse, maximum eclipse and post-
eclipse conditions respectively. The VTX signal (yellow color in
online version) clearly became weaker during the maximum
phase of the eclipse. The monitored signal is much higher than
the natural noise floor, so there is no scope for confusion. In
passing we note that there was no ionospheric disturbances in the
received signal on the solar eclipse day due to geomagnetic
activity was present. According to NOAA/NGDC data, the plane-
tary K-index (KP) for the 22nd July, 2009 was 3 between 5:30 IST
(0 UT) and 8:30 IST (3 UT) and the DST index was 5, 4 and �5 for
6:30 IST (1 UT), 7:30 IST (2 UT) and 8:30 IST (3 UT) respectively.
Thus the eclipsed period was geomagnetically quiet. Therefore,
we believe that the observed variation of the signal amplitude
from the normal one can be safely assumed to be due to the
effects of the solar eclipse alone.

In Fig. 4(a)–(f), we zoom a 2 h data from 05:30:00 IST (0:00 UT)
to 07:30:00 IST (2:00 UT) bracketing the time of the eclipse. We
took a running mean of 60 data samples which is 30 s duration.
Since the effects we seek are of longer duration, such a smoothing
procedure is not expected to affect our conclusion. To obtain the
variation of the signal amplitude before, during and after the
eclipse we calculate the fractional change of the amplitude for
each stations as a function of time. We denote the signal
amplitude of eclipse day, i.e., 22/07/2009 by AEðtÞ and the average
amplitude by AV ðtÞ. The average was computed from the data of
19–21 and 23–25 of July 2009. We then compute the fractional
change f iðtÞ ¼ ½AEðtÞ�AV ðtÞ�=AV ðtÞ for each station i as a function of
time. Thus fi(t) gives a proper measure of the signal deviation on
the eclipse day. Clearly, if AE¼AV, the deviation is absent. In dB
unit, the deviation Di for each station would be Di ¼ 20 logð1þ f iÞ.

In Fig. 5(a), (b), we plot the fi(t) for the VTX signal. In Fig. 5(a),
we plot for two stations (Salt Lake and Khukurdaha) (see Fig. 1
and Table 1), where the changes in amplitude due to the eclipse is
positive. Since the eclipse occurred close to the morning termi-
nator (around 6:30 AM, local time), there is some residual in the
early part of the eclipse during the formation of the D-region.
Overall the signal is amplified by about 1.65 dB close to the
maximum of the eclipse. This is consistent with the findings of
Clilverd et al. (2001) and others. In Fig. 5(b), we plot fi(t) for the
stations showing reduction of the signal during the eclipse,
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namely, Raiganj, Malda, Pune and Kathmandu). Here the ampli-
tude changes are in the range of 1–2 dB.
4. Interpretation of the signal behavior

In the present case, all the propagation paths are less than
3000 km. We use LWPC code to calculate the amplitudes of the
transmitted VLF signal corresponding to normal and eclipsed
conditions of the ionosphere. The conductivity and permittivity
of the earth along the propagation path have been automatically
selected by the code. We specified the ionospheric parameters by
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signal amplitude variation at normal day conditions and the solid curve represents the s

the distance of the receiver from the transmitter. Observed and simulated deviations f
the electron density Ne(h) (cm3) and the electron–neutral collision
frequency neðhÞ ðS

�1
Þ profiles as described by Wait and Spies

(1964) with gradient parameter b (km�1) and reference height h0

(km) given by the following equations:

Neðh,h0,bÞ ¼ 1:43� 107 expð0:15h0Þ exp½ðb�0:15Þðh�h0Þ� ð1Þ

and

neðhÞ ¼ 1:816� 1011 expð�0:15hÞ: ð2Þ

These are standard for the D-region ionospheric profiles
(Cummer et al., 1998).

The optimized set of b and h0 parameters to describe the
normal ionospheric condition at 6:30 am for each propagation
path are chosen by comparing between the electron density from
Wait’s model and IRI-2007 model (Bilitzaa and Reinisch, 2008).
The IRI electron density profiles are calculated at the mid-point of
the propagation path. As an example, we show in Fig. 6, the
electron density profile at 6:30 am from IRI-2007 model com-
pared with the electron density profile for different set of b and h0

parameters for VTX—Salt Lake path. The parameter set
b¼ 0:3570:01 and h0 ¼ 75:571:0 km are chosen for this path
at 6:30 am since this set of parameters produce amplitude very
close to the observed value. The parameters are quiet reasonable
at this time since the stable D-region is not completely formed till
that time.

Once the unperturbed morning (6:30 am) parameters (b and h0)
of the ionosphere are chosen for a given path, we calculate the
perturbed parameters for that path to know the increase of the
height and sharpness parameters of the lower ionosphere. We
assumed that the effect of the solar eclipse on the ionosphere is to
increase the unperturbed parameters (b and h0) according to the
degree of solar obscuration towards the night time value, i.e., the
perturbations on the ionosphere due to the solar eclipse is propor-
tional to the solar obscuration. This assumption automatically
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Table 2

Maximum increase of b and h0 parameters due to the solar eclipse.

Propagation path Dh0max ðkmÞ Dbmax ðkm�1
Þ

VTX—Kathmandu 4.0 0.04

VTX—Raiganj 4.0 0.04

VTX—Malda 3.0 0.02

VTX—Salt Lake 1.8 0.02

VTX—Khukurdaha 1.5 0.02

VTX—Pune 1.9 0.02
brought in the non-uniformity of the ionospheric parameters along
the propagation paths.

In Fig. 7, we show the variation of the amplitude of the
resulting signal from the transmitter along the respective bearing
(see Table 1) of six different receiving stations at maximum
eclipse condition (around 6:30 am IST¼1:00 UT) on July 22nd,
2009. We used LWPC code for the purpose. The solid curves
represent the signal amplitude variation from the VTX transmitter
on the 22nd of July assuming the eclipse is absent. The dashed
curves show the variation when a total eclipse is assumed. We
note that the signal amplitude shows several ups and downs on
the way. These could naively be interpreted to be due to
occurrences of the constructive and destructive interferences
among the sky-wave components and the ground wave compo-
nent. The expected deviation (in dB) due to the eclipse at various
distances from the transmitter is the difference between the
dashed curve and the solid curve. This agrees with what we
observed in Fig. 5(a), (b). The maximum increase in the b and h0

parameters, denoted as, Dh0max ðkmÞ and Dbmax (km�1) of the
lower boundary of the D-region due to the solar eclipse at
different propagation paths are given in Table 2. The general
agreement with observational results leads us to believe that we
have been able to capture the basic physics behind the signal
properties during the eclipse.
5. Discussions

There are several papers in the literature which reported
results of VLF signal variations during an eclipse. Clilverd et al.
(2001) had carried out an extensive study with five receiving
stations placed in European sub-continent and observed that the
signal could be enhanced or reduced. With an LWPC code, they
could explain the nature of the variation of the signal. However,
no such reports have been reported in the context of low-latitude
observations. Our campaign provides, for the first time, the effects
of the total and partial eclipse over a short range propagation in a
wide range of bearing angles. We find that in some regions, the
signal is enhanced while in some other regions, the signal is
reduced. We used the LWPC code to compute the variation of
the signal as a function of distance from the transmitter. We
found that our result roughly explains the enhancements and
reductions of the amplitudes with respect to those obtained
during no-eclipse condition.
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