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Abstract

Response of the D-region of the ionosphere to the total solar eclipse of 22 July 2009 at low latitude, Varanasi (Geog. lat., 25.27° N;
Geog. long., 82.98° E; Geomag. lat. = 14° 55’ N) was investigated using ELF/VLF radio signal. Tweeks, a naturally occurring VLF sig-
nal and radio signals from various VLF navigational transmitters are first time used simultaneously to study the effect of total solar
eclipse (TSE). Tweeks occurrence is a nighttime phenomena but the obscuration of solar disc during TSE in early morning leads to tweek
occurrence. The changes in D-region ionospheric VLF reflection heights (/) and electron density (7, 22.6-24.6 cm™) during eclipse have
been estimated from tweek analysis. The reflection height increased from ~89 km from the first occurrence of tweek to about ~93 km at
the totality and then decreased to ~88 km at the end of the eclipse, suggesting significant increase in tweek reflection height of about
5.5 km during the eclipse. The reflection heights at the time of totality during TSE are found to be less by 2-3 km as compared to
the usual nighttime tweek reflection heights. This is due to partial nighttime condition created by TSE. A significant increase of 3 dB
in the strength of the amplitude of VLF signal of 22.2 kHz transmitted from JJI-Japan is observed around the time of the total solar
eclipse (TSE) as compared to a normal day. The modeled electron density height profile of the lower ionosphere depicts linear variation
in the electron density with respect to solar radiation as observed by tweek analysis also. These low latitude ionospheric perturbations on
the eclipse day are discussed and compared with other normal days.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Eclipses, either solar or lunar, have been attracting the
interest of people since the ancient years. In modern times
solar eclipses have been still triggering the attention of sci-
entists for testing the various physical hypotheses. The
atmospheric effects of a solar eclipse have been subject of
extensive research mainly on meteorological parameters
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(Anderson et al., 1972), boundary layer physics (Antonia
et al., 1979), photochemistry (Srivastava et al., 1982; Zanis
et al., 2007), total columnar ozone (Chakrabarty et al.,
1997; Zerefos et al., 2000), gravity wave (Chimonas and
Hines, 1970; Zerefos et al., 2007) and ionospheric parame-
ters (Klobuchar and Whitney, 1965; Singh et al., 2011;
Kumar and Singh, 2012). Solar eclipse is one of the impor-
tant events for ionospheric research because it has direct
influence on the Earth’s ionosphere. During the period of
solar eclipse, the amount of solar radiation reaching the
Earth is reduced due to Moon’s shadow resulting in the less
production of the plasma while the loss processes remains
unaffected (Sharma et al., 2010). Hence loss rate of plasma
on the eclipse day dominates over the production rate, in
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comparison to normal quiet day. Thus electron density in
the ionosphere decreases on the solar eclipse day (Chandra
et al., 2007; Singh et al., 2011; Kumar and Singh, 2012).
There are good numbers of ionospheric observations dur-
ing solar eclipses mainly dedicated to E and F regions of
the ionosphere through rocket, radar and ionosonde tech-
niques (Klobuchar and Whitney, 1965; Farges et al., 2001;
Chandra et al., 2007; Chen et al., 2010). Since the probing
of D-region ionosphere is difficult as the altitude is too low
for satellites and too high for balloon studies, it remains the
least studied region of the Earth’s atmosphere. Despite the
large number of studies concerning eclipses, the event of a
solar eclipse is always unique since it happens at different
seasons, different time of the day, different locations and
under different synoptic conditions.

ELF/VLF radio signals transmitted from the various
transmitters across the world and those generated by light-
ning discharges propagate by multiple reflections through
the Earth-ionosphere waveguide form the novel tools to
study the D-region of the ionosphere (Kumar et al., 2008;
Inan et al., 2010; Singh et al., 2011). Tweeks are formed
when lightning generated ELF-VLF atmospherics propa-
gate long distances, particularly in the night, in the
Earth-ionosphere waveguide (EIWG) with a low attenua-
tion (Yamashita, 1978; Singh and Singh, 1996). Burton
and Boardman (1933) were first to report observation of
tweeks during a total solar eclipse of 31 August 1932 at
Conway, New Hampshire. Rycroft and Reeve (1970)
observed about 60 tweeks during the total solar eclipse of
7 March 1970, in Newfoundland, Canada, and utilized
these tweeks to determine the change in the ionospheric
reflection heights during the eclipse. They estimated an
increase of about ~7 km above the normal daytime reflec-
tion heights. Recently, Singh et al. (2011) reported observa-
tion of tweeks with higher harmonics (n > 1) at low latitude
stations Allahabad and Nainital, in the Indian sector, dur-
ing the total solar eclipse on 22 July 2009. The change in
D-region ionosphere VLF reflection height and electron
density (~22-23 cm™?) during eclipse have been estimated
from the first cut-off frequency of the tweeks. They esti-
mated the increase of reflection height of about 5 km dur-
ing eclipse.

There is a significant variation in the received signal’s
amplitude and phase which arises due to changes in the
lower ionosphere when the radio signals of fixed frequency
transmitted from various VLF transmitters propagate
inside the EIWG (Helliwell et al., 1973; Rodger et al.,
1998). Phase and amplitude perturbations in ELF/VLF
radio signals associated with total solar eclipses have been
studied extensively (Lynn, 1981; Buckmaster and Hansen,
1998; Clilverd et al., 2001). Bracewell (1952) reported first
time the eclipse effect at VLF transmitter signal on the
GBR (Rugby, England) to Cambridge path during a
partial eclipse in 1949. Typically increases in amplitude of
1 dB are observed and phase decrease of ~40° are seen
(Lynn, 1981). Clilverd et al. (2001) reported the multi-
receiver observation of VLF transmitter signals in the

range 16-24 kHz located in the Europe during an eclipse
of August 11, 1999. They reported that although there
was significant variation in amplitude and phase from path
to path, the typical changes were ~3dB and ~50°.
Recently, Zhang et al. (2011) analyzed the VLF signals
observed at Nanjing, China during the total solar eclipse
on 22nd July 2009 using the sudden ionospheric distur-
bance (SID) monitor provided by the Stanford University.
They found that the intensity of the VLF signal varied
anomalously during the total solar eclipse, exhibiting the
effect similar to the sunrise and sunset. De et al. (2011)
reported the results of the ionospheric response of solar
eclipse of 22 July, 2009 from the measurements of VLF
subionospheric transmitted signals at 19.8 kHz and
40 kHz recorded at Agartala, Tripura, India. They
observed significant absorption in the amplitude of these
signals during the eclipse period. Guha et al. (2010) also
studied the changes in equatorial D-region electron density
using subionospherically propagating VLF signal at
18.2 kHz over a distance of 2200 km over the total solar
eclipse of 22 July 2009. But the study of the effect of this
eclipse on the ionosphere simultaneously using both nar-
rowband as well as broadband VLF signals is lacking.
Since the solar eclipses are rare events, regular ionospheric
effects of solar eclipses are still not completely understood.
To complete this study, the present study have been initi-
ated using analysis of both tweeks as well as VLF subion-
ospheric transmitted signals simultaneously first time at
low latitude Indian station, Varanasi during the total solar
eclipse of 22 July, 2009.

The total solar eclipse of 22 July 2009 provided us a
unique opportunity to study the response of low latitude
D-region ionosphere to the sudden changes in the solar
radiation by solar eclipse. In this study we have analyzed
first time simultaneously both narrowband (amplitude
and phase of transmitted signal) as well as broadband
(entire VLF signal spectrum) VLF data to find any signif-
icant changes in amplitude and/or phase of the signals
from subionospheric VLF signal of 22.2 kHz transmitted
from JJI, Japan and any variation from the normal diurnal
behavior of the D-region ionospheric parameters such as
electron density and reflection height.

2. Experimental setup

The observations made on 22 July 2009 were done by
using AWESOME ELF/VLF receiver developed by Solar
Center of the Stanford University, USA (Cohen et al.,
2009; Singh et al., 2010, 2011) installed at our low latitude
station Varanasi. It consists of two orthogonal crossed
loop antennas with 10 x 10 m base aligned in North—South
(N-S) and East West (E-W) magnetic planes, matched pre-
amplifier and line receiver. Pre-amplifier is kept as near as
to the receiving antenna for the better amplification of
received signals, then it is fed to the line receiver kept in
the recording room, connected by a ~100 m long cable.
GPS clock is connected with line receiver for time synchro-
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nization with improved accuracy of 100 ns. The frequency
response of the ELF/VLF receiver is from 300 Hz to
47.5 kHz. Recorded VLF data are stored in a recording
PC at 100 kHz, 16-bit sampling and 10 micro-seconds time
resolution. These sampled data are analyzed by codes
developed in MATLAB. We have two types of data record-
ing: broadband data (300 Hz to 47.5 kHz) and narrowband
data (amplitude and phase of the VLF transmitter frequen-
cies transmitted from various navigational transmitter
operating around the world). Normally broadband data
is recorded in synoptic mode (one minute at every 15 min
interval) but during the solar eclipse campaign period 19—
25 July 2009, it was recorded in continuous mode.

3. Observations

All solar eclipses involve the Moon passing between the
Earth and the Sun, and casting a shadow on the Earth.
However, the type of eclipse which can be seen from a given
location depends on whether the moon passes directly or
only partly between the Earth and the Sun but also on
where on Earth one stands to observe it and on a number
of other factors. On 22nd July 2009, a total solar eclipse
happened in the central part of India in the latitudes
between 20° N and 30° N with totality duration of about
6 min and 39 s. This was unique in the sense that it occurred
during night to day transition phase when the local iono-
sphere was in developing stage and also it was the longest
solar eclipse of this century. The path of moon’s umbral
shadow started from western part of India and passed
through Nepal, Bangladesh, Bhutan, Myanmar, China
and then reached to the Pacific Ocean. With the AWE-
SOME monitor provided by the Solar Center of the Stan-
ford University, USA continuous VLF measurements
were taken during the total solar eclipse at Varanasi (Geogr.
lat., 25° 03’ N; Geogr. long., 82° 58’ E) where 100% totality
was observed. The path of totality in India and in remaining
part of Asia is shown in Fig. 1. Table 1 show local
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Table 1
Local circumstances for total solar eclipse on July 22, 2009 at Varanasi.

Event Time (UT)  Altitude (deg)  Azimuth (deg)
Start of partial eclipse ~ 00:00:04.4 1.8 68.6
Start of total eclipse 00:54:14.7 12.8 73.4
Maximum eclipse 00:55:45.1 13.1 73.5
End of total eclipse 00:57:16.2 13.4 73.7
End of partial eclipse 01:57:34.7 27.0 79.0

Varanasi: Lat=25.3°N, Long =82.9°E, Eclipse magnitude = 1.065,
Umbral Depth-0.424, Umbral Durat.-03m01.4s.

circumstances i.e. the variation of solar eclipse magnitude
and duration observed at Varanasi during the eclipse
(Source: http://www.eclipse.gsfc.nasa.gov/SEmono/
TSE2009/TSE 2009.html). It started at 05:30:04.4 h IST
(Indian Standard Time, IST = UT + 5:30 h) and lasted up
to 07:27:34.4 h IST with totality from 6.25 IST to 6.27
IST in the morning hours at Varanasi. During this period
lower ionosphere is in developing stage at our low latitude
station. During eclipse period the temperature at Varanasi
varied between 27.5 °C and 28.6 °C. The relative humidity
(RH) generally varied between 86 and 92% and the atmo-
spheric pressure varied between 988.5 and 989.2 hPa. The
sky was partially cloudy in the morning of the day but it
become clear and cloud free as soon as the eclipse period
started and there was no rainfall on that day. One day
before the eclipse and during the eclipse period, it was a
magnetically quiet period but on the afternoon of the
eclipse day a moderate magnetic storm occurred whose
main phase onset occurred after the passage of the moon’s
umbral shadow with minimum Dst of —78 nT at 07:00 h
UT. This disturbed condition continued on 23 July. The
maximum value of Kp-index observed on July 22 was 6 with
a value of only 3 during the eclipse period. The daily Ap-
index (=25) was also low, confirming a local type moderate
storm. However, moderate magnetic storm of such intensity
has minimal effect on the D-region of the ionosphere (Singh
etal., 2011).
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Fig. 1. Path of solar eclipse passing over India during 22 July 2009. Great circle path for VLF receiver at Varanasi and VLF transmitter, JJI Japan is also

shown.
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Continuous monitoring of broadband VLF sferic/
tweeks as well as narrowband subionospheric VLF radio
signals transmitted from the various navigational trans-
mitters operating around the world is being conducted
at Varanasi. Here the main emphasis is given to the
VLF signal transmitted at 22.2 kHz from the JJI transmit-
ter in Japan because more than 60% of the Varanasi-JJI
great circle path was laid in the totality region which is
clearly visible in Fig. 1. In the one-week periods both
before and after the total solar eclipse, the instrument
worked normally and the external interference was small,
but in the period of the total solar eclipse, the observed
signals exhibited significant variations. Here we observe
a significant increase in the strength of the amplitude of
the signal around the time of the TSE as compared to a
control day. This is attributed to the significant decrease
in the electron density in the ‘D’ region of the ionosphere
and the simultaneous increase in the width of the EIWG
during the TSE. Typically, positive amplitude changes are
observed throughout the whole eclipse period on path
lengths ~4689 km (Varanasi, India to JJI, Japan) during
the eclipse period.

Tweeks radio atmospherics are generated by lightning
discharge mainly nighttime phenomenon because of low
attenuation during nighttime (Singh and Singh, 1996;
Kumar et al., 2008). Fig. 2 shows the examples of tweeks
observed on 22 July 2009 during nighttime before the
eclipse and during the eclipse period at Varanasi. We see
some observable differences between them. Nighttime
tweeks are brighter and have longer dispersion time com-
pared to the eclipse period tweeks. The shorter duration
of tweeks observed during the eclipse as compared to
normal nighttime tweeks may be due to the short
propagation distance of the tweeks. At Varanasi eclipse
started at 00:00:04.4 UT (h) and lasted up to 01:57: 34.7
UT (h). A total of 18 tweeks were observed during the
eclipse period with maximum occurrence during totality.
Number of tweeks observed at our station is less as com-
pared to tweeks observed at Allahabad (Singh et al., 2011).

Frequency (kHZ)

Seconds after 18:30:30 UT  Seconds after 00:56:13 UT

4. Results

To see the effect of solar eclipse on D-region iono-
sphere we have analyzed the tweeks during the eclipse
period (a partial nighttime condition generated due to
solar eclipse) and compared the various parameters with
the normal nighttime condition observed tweeks. The cut-
off frequency (f.) of each tweek has been measured with
an accuracy of 26 Hz and time by | ms from the spectro-
gram. The ionospheric reflection height (/4) from where
tweeks/sferics are reflected back to the Earth are calcu-
lated by using the equation s = ¢/2f. (Yamashita, 1978),
where ¢ is the velocity of light in free space. The electron
density (n,) at the reflection height, & is determined by
using 7, (cm ) = 1.3651x102f, (Ohya et al., 2003). The
average cut-off frequency of first harmonics of tweeks
observed at Varanasi during 12:30-07:30 h (IST) is used
to find the variation of reflection height (/) (upper panel)
and electron density (n,) (lower panel) respectively as
shown in Fig. 3. One day before the eclipse it was a mag-
netically quiet day but on the eclipse day a moderate
magnetic storm occurred with minimum Dst of —78 nT
at 07:00h UT (12:30 h IST). This disturbed condition
continued on 23 July. However, moderate magnetic storm
of such intensity has minimal effect on the D-region of the
ionosphere. It is also obvious from the Fig. 3, that the &
and n, remains almost same on 21 to 23 July during
12:30-05:15 h (IST) indicating no effect of this storm on
h and n,, hence on D-region of the ionosphere. During
the normal days it can be seen that /i starts decreasing
and n, increasing after around ~ 04:30 h IST with no
tweeks after 05:15 h IST. This is because of increased ion-
ization and hence increased attenuation with sunrise
(Kumar et al., 2008). On 22 July after sunrise when solar
eclipse started, a partial nighttime condition was created
and tweeks were again observed in the eclipse period.
These tweeks has been utilized to estimate the reflection
height, 4 and electron density, n, at 4 with the variation
in solar radiation during the eclipse.

Eclipse time

Seconds after 00:59:13 UT

Fig. 2. Examples of the tweeks observed at Varanasi on 22 July 2009 before and during the total solar eclipse.
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Reflection Height for Varanasi during TSE, 22July,2009
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Fig. 3. The variation of reflection height and electron density at reflection
heights observed at Varanasi on 21-23 July 2009 over 15 min intervals
from 01:00-07:30 h IST.

VLF reflection height (%) is increased from 89 km at the
beginning of solar eclipse to 93.5 km at the totality and
then decreased to 88 km at the end of eclipse as shown in
Fig. 3. The estimated n, at & is found to vary between
22.6-24.6 cm . Tweek propagation distance (D) in the
Earth-ionosphere waveguide was calculated using the
method used by Kumar et al. (2008), given as D = ot
(vgfi x vgf2)/(vgf; — vgf>), where ot =t ~ ¢, is the differ-
ence in arrival times of two frequencies f; and f5 close to
the cutoff frequency of the first harmonic of tweeks and
vgf; and vgf> are the corresponding group velocities. Calcu-
lations shows that the propagation distance during the
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eclipse period varies between ~1000-4000 km as shown
in Fig. 4, indicating source of lightning nearer (within
4000 km) to our observing station Varanasi. The world
wide lightning location network (WWLLN) showed that
most of the tweeks observed at Varanasi have their source
in Asia-Oceania region lying in partial eclipse and totality
regions (Singh et al., 2011).

Analysis of the subionospheric VLF radio signals trans-
mitted mainly from the JJI transmitter in Japan is done to
observe the effect of solar eclipse on VLF propagation
henceforth D-region ionosphere. Fig. 5a shows the diurnal
variation of VLF signal strength: two days before (20-21
July), on the day of eclipse (22 July) and one day after
eclipse (23 July) during 00:00 UT (05:30 IST) to 05:00
UT (10:30 IST), transmitted from JJI-Japan and received
at our observation site, Varanasi. Here we see a significant
increase in the strength of the amplitude of VLF signal
compared to normal days which is about 3 dB from the
start of the eclipse (S) to the totality (T) and then attaining
normal value at the end (E). This variation in the ampli-
tude may be result of perturbation (decrease in ionization)
in the EIWG due to eclipse. Fig. 5b shows the% change in
the amplitude of the VLF signal compared to the mean of
their ambient values for the same period during the adja-
cent 7 days. We observe here a maximum up to ~120%
change in the strength of the VLF signal during the eclipse
period. These low latitude ionospheric perturbations on the
eclipse day are discussed and compared with other normal
days.

To find the electron density variation of the D-region
ionosphere during eclipse we have used exponential profile
at a height of s km, Ne(/) described by Cummer et al.
(1998) as:

4000

3500 f4-------------

3000 [4-------------

2500

2000

1500

Prop. Distance(km)

1000

500 [+----------

T T
I I I
I I I
I I I
_—— e e & Lo
1 1 1
1 1 1
I I
I I

Propagation Distance during TSE, 22July,2009

eo‘v’b 00‘747 u’%
Time (IST)

Fig. 4. Propagation distance traveled by tweeks observed during total solar eclipse of 22 July 2009 at Varanasi.
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Fig. 5a. Variation of strength of the amplitude of VLF signal transmitted
from JJI-Japan which is observed at Varanasi two days before eclipse (20—
21 July), on the day of total solar eclipse (22 July) and one day after eclipse
(23 July).
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Fig. 5b. Percentage change in the amplitude of the signal during the solar
eclipse period (05:39-07:30 h IST).

Ne(h) = 1.43 x 107.exp(—0.15H").exp[(f — 0.15).(h — H')]em > (1)

where H' is the D-region virtual reflection height in kilo-
meters and B is Wait inverse scale height parameter in
km~!. We have taken ' =71 km and f=0.43km ' for
unperturbed ionosphere (Thomson, 1993) for the model-
ing. Electron density profile derived from total solar
eclipsed values of H' = 74.3km and f=0.46km™' (Clil-
verd et al., 2001) alongwith the unperturbed D-region
profile is plotted in Fig. 6. It is observed that during total-
ity the average electron density falls from 348 to 76 cm >
at a height of 71 km which is about 78% less from normal
condition. Corresponding% change in electron density
with the height is shown in Fig. 7. The electron density
decreases linearly with a rate of 0.67% km™' from the
height of 65-80 km.
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Fig. 6. Lower ionospheric electron density height profile under normal

condition and during totality (100% obscuration) at virtual reflection
height (H') and Wait inverse scale height parameter (f3).
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Fig. 7. Variation in percentage decrease in lower ionospheric electron
density with height.

5. Discussions

A solar eclipse is a rare natural event and its effect on
ionosphere is complicated by the involving many kind of
processes, including ionization, chemical reactions, ambi-
polar diffusion, buoyancy forces, electro-dynamic drift,
neutral wind effects etc., not to mention processes coupled
into the ionosphere from magnetosphere, the mesosphere
and lower atmosphere (Chen et al., 1999). It is generally
regarded that the electron density in the D, E and F1
regions is dominated by a balance between photo-ioniza-
tion and chemical recombination. During a solar eclipse,
decrease in the solar flux causes direct reduction in the
photo-ionization and destroys the previous photochemical
equilibrium, resulting in the depletion in the electron den-
sity. The solar eclipse occurred on 22 July 2009 was unique
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as it occurred during dawn hours when local D-region ion-
osphere is in transition phase and was the longest TSE of
the century.

In this study VLF observations from low latitude station
Varanasi has been used to study D-region ionospheric
response to the total solar eclipse. Here we have used first
time both broadband as well as narrowband VLF analysis
to study the eclipse effect. Tweek reflection height, electron
density over these reflection heights, tweek propagation
path along with the amplitude of the VLF transmitter sig-
nal has been used to determine the electron density and D-
region ionospheiric height changes during the eclipse. Reg-
ular observations at our site shows that during the month
of July tweek occurs during nighttime in between 19:00 h
to 05:10 h £ 00:10 (IST) and then it disappears after sun-
rise. This is due to increased ionization hence higher atten-
uation (Kumar et al., 2008; Singh et al. 2010). On the day
of eclipse (22 July), the tweeks were observed up to 05:15 h
(IST) like normal days and they reappear at 06:00 h (IST)
after the start of the eclipse with a gap of 45 min. A total of
18 tweeks were observed during eclipse period, less com-
pared to tweeks observed at Allahabad (Singh et al.,
2011). This might be due to much electrical noise in the
vicinity of receiver at our observation site. A total of 12
tweeks observed only in 06:00-06:30 h (IST) i.e. from the
first occurrence of the tweeks to the totality period. After
the totality, tweeks occurrence rate decreases gradually
showing a linear relation between occurrence rate of tweeks
with the varying solar radiation during the eclipse. We
observe that tweeks occurrence started only after 30—40%
obscuration of solar disc which otherwise occur only in
the nighttime (Singh et al., 2011). The propagation paths
for most of the tweeks observed at Varanasi was in the par-
tial eclipse region which causes more attenuation of the sig-
nal and lesser propagation distance. Due to higher
attenuation and less propagation distances during solar
eclipse as compare to normal nighttime conditions, the
tweeks observed at Varanasi show less dispersed duration
and are not very bright as compared to normal nighttime
tweeks. Similar results have been reported by Singh et al.
(2011) at a nearby station Allahabad.

The changes in D-region ionospheric VLF reflection
heights and electron density during eclipse have been esti-
mated from tweek analysis. The reflection height increased
from ~89 km from the first occurrence of tweek to about
93.5 km at the totality and then decreased to ~88 km at
the end of the eclipse showing an increase of about
5.5km in tweek reflection height. The reflection heights
are lower by 2km as compared to the usual nighttime
tweek reflection heights. Reeve and Rycroft (1972) from
the analysis of the tweeks for the solar eclipse occurred
on 07 March 1970 estimated an increase in the ionospheric
reflection height of about 7 km over the normal daytime
reflection heights while Singh et al. (2011) reported an
increase of 5 km in ionospheric reflection height.

The electron density is found to vary from ~23-
254 0.5cm™ at the reflection heights. It is also observed

that the electron density in the D-region ionosphere even
during eclipse totality is higher than the usual nighttime
electron density (Fig. 3). It is due to the partial nighttime
conditions even at totality period. The primary ionizing
radiation at the D-region altitude is Lyman-o which is
blocked during the total solar eclipse but some of the solar
soft X-ray and EUV radiations originating from the limb
solar corona are not obscured during totality and produce
some ionization (Davis et al., 2000; Curto et al., 2006) con-
tributing to the reflection heights less than the normal
nighttime conditions. Electron density shows almost a
gradual increase up to totality time after start of the eclipse
and then decreases. The variation in the ionization hence
the electron density with the variation of solar flux seems
to be linear. However a nonlinear relationship between
electron density variation and solar flux in the lower iono-
sphere has been also reported (Patel et al., 1986; Guha
et al., 2010).

Nighttime reflection heights, electron density reported in
Fig. 3 are consistent with the previous observations (Ohya
et al., 2003; Kumar et al., 1994, 2008 Singh et al., 2010).
The maximum difference observed in normal nighttime
reflection height and the reflection height during eclipse
period is ~2 km which is similar to that reported by Singh
et al. (2011). This shows that electron density decreases
during the eclipse but was not able to attain normal night-
time electron density. This is due to partial nighttime con-
dition even at totality period. The primary ionizing
radiation at the D-region altitude is Lyman-o which is
blocked during the total solar eclipse but some of the solar
soft X-ray and EUV radiations originating from the limb
solar corona are not obscured during totality and produce
some ionization (Davis et al., 2000; Curto et al., 2006) con-
tributing to the reflection heights and electron density less
than the normal nighttime conditions.

It is well known that during most solar eclipse the phase
(Pierce, 1956) and amplitude (Pierce, 1961) of VLF signals
propagating in the EIWG over long paths in the umbral
shadow region of the Earth are changed. Previous studies
using VLF transmitter signals during eclipse period showed
both increase and decrease in amplitude (Lynn, 1981; De
and Sarkar, 1997; Clilverd et al.,, 2001; Guha et al.,
2010). This is attributed to the significant decrease in the
electron density in the ‘D’ region of the ionosphere and
the simultaneous increase in the width of the EIWG during
the TSE. Typically, positive amplitude changes are
observed throughout the whole eclipse period on path
lengths ~4689 km (Varanasi, India to JJI, Japan) during
the eclipse period. A significant increase of 3 dB in the
strength of the amplitude of VLF signal transmitted from
JJT transmitter in Japan is observed at Varanasi around
the time of the total solar eclipse (TSE) as compared to a
control day. Guha et al. (2010) also studied the changes
in equatorial D-region electron density using subiono-
spherically propagating VLF signal at 18.2 kHz over a dis-
tance of 2200 km over the same total solar eclipse of 22
July 2009 and observed an average decrease of 3.2 dB in
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signal strength compared to control days. Clilverd et al.
(2001) reported positive amplitude changes throughout
the whole eclipse period on path lengths <2000 km, while
negative amplitude changes on paths >10,000 km. So it is
highly necessary to continue studying already detected
effects in more detail and to search for other manifestations
of the solar eclipse in the atmosphere, especially at altitudes
of the lower ionosphere.

We found two interesting results from our narrowband
VLF data analysis during solar eclipse. First, the linear var-
iation of the D-region electron density with the solar radi-
ation as observed by broadband VLF (tweeks) data
analysis. Second, the observation of 74.5% decrease in elec-
tron density at 76 km height during solar eclipse compared
to normal condition which is almost 6% less than that
derived by other workers (Smith, 1972; Clilverd et al.,
2001) and only 2% less than that derived by Guha et al.
(2010) at Indian low latitude region. We may expect
100% decrease in electron density during totality but
observed only 78% decrease in our result of VLF analysis.
This may be due to partial nighttime condition even at
totality period. The primary ionizing radiation at the D-
region altitude is Lyman-o which is blocked during the
total solar eclipse but some of the solar soft X-ray and
EUV radiations originating from the limb solar corona
are not obscured during totality and produce some ioniza-
tion (Davis et al., 2000; Curto et al., 2006) resulting in a
electron density only up to 78%. The other reason for the
difference in percentage obscuration and observed decrease
could be error in the estimating the true electron density.

During the TSE, the decrease in solar flux due to moon’s
shadow causes sudden change in the D-region physical and
chemical processes. During the totality due to blocking of
Lyman-a 1215 A (major D-region ionizing radiation) by
moon’s umbral shadow, the electron density decreases
drastically towards the nighttime values (Smith, 1972).
Since there is no production of ionization in the ionosphere
and the ions and electrons in the lowest part of it recom-
bined at a rapid rate resulting a depletion in the electron
density in the ‘D’ region of the ionosphere and hence an
increase in the effective width of the EIWG (Clilverd
et al., 2001) hence increase in VLF reflection height. The
upper surface is, of course, the lower ionosphere and for
many purposes it can often be regarded as being a shar-
ply-bounded, nearly perfect reflector which also changes
the phase of the reflected wave by nearly 180°. An increase
in the height of this reflecting surface causes the waveguide
“cutoff” frequency to decrease with a resulting decrease in
phase velocity and increase in phase delay. However,
because of the ‘decrease in “cutoff” frequency, the attenua-
tion in the waveguide decreases, i.e. the amplitude of the
signals increases, as observed in JJI VLF transmitter signal
passing in the moon’s umbral shadow.

As it 1s well known that at lower altitudes, most of the
photo-electron heat is distributed locally; while at higher
altitudes, the energetic electrons are able to propagate
along the magnetic field lines to heat the gas in the

conjugate hemisphere. That is, at higher altitudes, the
photo-electron heat not only comes from local hemisphere
but also from the conjugate hemisphere (Le et al., 2009).
Some studies have shown that pre-sunrise plasma tempera-
ture enhancements were contributed by the photo-electron
heating from the conjugate sunlit region (Evans, 1973; Pet-
erson et al., 1977; Chao et al., 2003; Zhang et al., 2004).
During a solar eclipse, photo-electrons in the eclipse region
are reduced largely at totality, then in its conjugate region
the inflow photo-electron flux from the eclipse region will
decrease a lot, which results in a large decrease in electron
temperature in this regions. Recent results show formation
of counter electrojet, modification of electron density in E-
region due to reduction in transport of ionization due to
E x B upward diffusion during solar eclipse (Adeniyi
et al., 2007; Tomas et al., 2008). After analyzing the VLF
propagation delay time in the equatorial crest region,
Cheng et al. (1992) showed that the time delay in VLF
propagation is controlled by variation in average path
obscuration. Based on the above discussions, we can say
that there is some coupling between upper and lower iono-
sphere during eclipse periods which modifies the properties
of the lower ionosphere, which needs further investigations.

6. Summary and conclusion

We have analyzed first time simultaneously both broad-
band ELF/VLF waves generated during lightning dis-
charge and the narrowband VLF transmitter signal
observed at a low latitude station Varanasi to study the
response of low latitude D-region ionosphere during the
total solar eclipse of 22 July, 2009. With the start of solar
eclipse tweeks occurrence increases gradually and reaches
maximum at the time of totality and then subsequently falls
to zero at the end of TSE. Tweeks observed during TSE
show different characteristic features than those observed
during normal nighttime conditions. They have lesser
propagation distance, lower VLF ionospheric reflection
height varying 88-93.5 km from the eclipse start to the
totality, thus showing an increase of about 5.5 km in reflec-
tion height during the eclipse. This increase in reflection
height indicate reduction in D-region ionization during
eclipse, which is confirmed by estimated electron density
(23-25 cm ) compared to normal time electron density
(22-23 cm™?). Electron densities show a linear variation
along with the solar flux during eclipse period. A significant
increase of 3 dB in the strength of the amplitude of VLF
signal transmitted from JJI transmitter in Japan is
observed at Varanasi around the time of totality. Typically,
positive amplitude changes are observed throughout the
whole eclipse period on path lengths ~4689 km (Varanasi,
India to JJI, Japan) during the eclipse period. An increase
in the height of the reflecting surface causes the waveguide
“cutoff” frequency to decrease. Because of this decrease in
“cutoff” frequency, attenuation in the waveguide decreases,
i.e. the amplitude of the signals increases. The model elec-
tron density height profile of the lower ionosphere depicted
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linear variation in the electron density with respect to solar
radiation which supports the results of broadband (tweek)
analysis. Lyman-o the main constituent responsible for D-
region ionization is blocked during the eclipse, but some of
the solar soft-X-ray and EUV radiation originating from
the limb solar corona still arrive into the D-region and pro-
duce some ionization during eclipse, resulting in partial
nighttime conditions and hence lower ionospheric height
and higher electron density during eclipse compared to
normal nighttime condition. The observed changes in the
lower D-region ionosphere during sunrise transition phase
in the eclipse period may be associated with the changes in
the overall equatorial electrodynamics. Thus there is a need
of further investigation to study the coupling between
upper and lower ionosphere during solar eclipse.
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