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Abstract The variation in the solar Extreme Ultraviolet
(EUV) radiation flux by any measure is the most domi-
nant natural source to produce perturbations or modulations
in the ionospheric chemical and plasma properties. A solar
eclipse, though a very rare phenomenon, is similarly bound
to produce a significant short time effect on the local iono-
spheric properties. The influence of the ionizing solar flux
reduction during a solar eclipse on the lower ionosphere or,
more precisely, the D-region, can be studied with the ob-
servation of Very Low Frequency (VLF) radio wave signal
modulation. The interpretation of such an effect on VLF sig-
nals requires a knowledge of the D-region ion chemistry,
which is not well studied till date. Dominant parameters
which govern the ion chemistry, such as the recombination
coefficients, are poorly known. The occurrence of events
such as a solar eclipse provides us with an excellent oppor-
tunity to investigate the accuracy of our knowledge of the
chemical condition in this part of Earth’s atmosphere and
the properties which control the ionospheric stability under
such disturbances. In this paper, using existing knowledge
of the lower ionospheric chemical and physical properties
we carry out an interpretation of the effects obtained during
the total solar eclipse of 22 of July 2009 on the VLF sig-
nal. Data obtained from a week long campaign conducted
by the Indian Centre for Space Physics (ICSP) over the In-
dian subcontinent has been used for this purpose. Both posi-
tive and negative amplitude changes during the eclipse were
observed along various receiver locations. In this paper, data
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for a propagation path between a Indian Navy VLF transmit-
ter named VTX3 and a pair of receivers in India are used. We
start from the observed solar flux during the eclipse and cal-
culate the ionization during the whole time span over most
of the influenced region in a range of height. We incorporate
a D-region ion-chemistry model to find the equilibrium ion
density over the region and employ the LWPC code to find
the VLF signal amplitude. To tackle the uncertainty in the
values of the recombination coefficients we explore a range
of values in the chemical evolution model. We achieve two
goals by this exercise: First, we have been able to repro-
duce the trends, if not the exact signal variation, of the VLF
signal modulations during a solar eclipse at two different
receiving stations with sufficient accuracy purely from theo-
retical modeling, and second our knowledge of some of the
D-region ion-chemistry parameters is now improved.

Keywords Ionosphere · D-region · VLF · Solar eclipse
response · Obscuration function · Ionospheric disturbances

1 Introduction

The ultraviolet component of the solar spectrum is the ma-
jor driver of whole of Earth’s ionospheric processes. The
ionosphere is practically sustained by the ionization effect
of this component. During day time, the upper atmosphere
of the Earth absorbs most of the quiet solar radiation re-
sulting in heating, ionization, and dissociation of the con-
stituents there. Various recombination and attachment pro-
cesses along with these dissociation and detachment mech-
anisms determine the quasi-stable concentrations of ions
and molecules in different regions of the ionosphere in the
day time. During night, mainly recombination processes are
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present. The lowest part of the ionosphere exhibits a behav-
ior altogether different from that of the upper counterparts,
namely, E and F regions. At about 65–90 km, namely, the
D-region, the ion densities originated during day time van-
ish completely due to recombinations at night. The hydro-
gen Lyman-alpha radiation from the quiet Sun is solely re-
sponsible in producing the D-layer at day time. Analyzing
the effects of short and long term solar activities requires
an adequate knowledge of the ion production or loss pa-
rameters, such as the absorption coefficient, ionization effi-
ciency, various recombination rate coefficients, and efficien-
cies. Particularly for the D-region, the knowledge is most
incomplete till date. On the other hand, investigation of the
effects of various solar activities could be used to acquire
better knowledge of the physical and chemical properties of
this region. A solar eclipse, though very rare, is a natural
phenomenon which can provide us with an opportunity to
investigate these properties.

The influence of the gradual short duration shadowing
and unshadowing of the part of the ionosphere under the
eclipsed solar illumination can be examined by the ob-
servation of very low frequency (VLF) signal modulation.
Many such observations have been carried out for different
eclipses to date (e.g., Bracewell 1952; Sengupta et al. 1980;
Lynn 1981; Buckmaster and Hansen 1986; Mendes da Costa
et al. 1995). With the Indian Centre for Space Physics
(ICSP) we were privileged to organize an extensive cam-
paign to obtain VLF perturbation data during the total solar
eclipse on 22 July 2009 from receivers spread across differ-
ent parts of India and Nepal. We have collected data from
a dozen of receivers (Gyrator 3). For the details of the VLF
campaign, see Chakrabarti et al. (2010, 2011).

Throughout the literature, the interpretations of the ob-
servations of the effects of the eclipse are given in terms of
the modification of the effective reflection height for VLF
in the D-region ionosphere. Clilverd et al. (2001) presented
results of their modeling for the total solar eclipse on Au-
gust 11, 1999. In Europe with five receiving sets they had
observational results for over 17 different paths with path
lengths varying from 90 km to 14,510 km. These authors
varied the values of Wait’s parameter β (sharpness) and
h′ (effective reflection height) away from those under the
normal (non-eclipsed) condition to reproduce the observed
VLF amplitude and phase modulation during eclipse. They
found a small increase in the values of those parameters
for long paths and a large increase for short paths. Rocket
experiments (e.g., Mechtly et al. 1972; Ulwick 1972) con-
firm such changes. Some other such works, by Ohya et al.
(2012) and Pal et al. (2012), have been done basically along
the same line. The work of Pal et al. (2012) is worth of
special mention since this dealt with the empirical mod-
eling of the effect of the solar eclipse on same observed
data and transmitter–receiver pairs used in the current paper.

They analyzed the signal variations along four propagation
paths, namely, VTX-Kolkata, VTX-Malda, VTX-Raiganj,
and VTX-Kathmandu and concluded that the appearance of
positive and negative deviations of the signals during the
eclipse depends on the occurrence of the constructive or de-
structive interference between the sky wave and the ground
wave. They concluded that a positive deviation occurs for
1946 km VTX-Kolkata propagation path and negative devi-
ation occurs for the remaining propagation paths, which are
slightly longer than 2000 km.

Although empirical models mentioned above may have
reproduced the observed deviations, they do not directly use
physical and chemical processes occurring at the affected
region of the ionosphere, such as ionization interactions and
the stabilization mechanism, which are responsible for the
observed deviation of the VLF signal. Clilverd et al. (2001)
presented their model result based on the β and h′ adjust-
ment to reproduce observed VLF signal during solar eclipse
at various stations in Europe. They also used a D-region
ion-chemistry model where the ionization rate is calculated
from a solar spectrum. They compared the electron densities
calculated from Wait’s parameters obtained from the VLF
observation with those obtained from their ion-chemistry
model. Pal et al. (2012) and Singh et al. (2012) have pre-
sented a similar Wait parameter-based interpretation of VLF
observations during a solar eclipse. Those papers originated
from the needs of using VLF remote sensing to monitor
the D-region. The approach taken in this work is a bit dif-
ferent. We have attempted to reproduce the observed VLF
signal on the 22 July 2009 solar eclipse in India with the
help of an ionization rate calculation due to solar EUV dur-
ing the eclipse followed by a simple D-region ion-chemistry
model and Long Wave Propagation Capability (LWPC) code
(Ferguson 1998) for finding the VLF modulation. Since the
modeling of the VLF wave propagation is a multi-parameter
one, we have to make a few assumptions; these will be stated
in due course. Clearly the scope of application of the ap-
proach presented in our paper is different from the previous
works.

The ionization rate is calculated following the formalism
of Chapman (Rees 1989) from satellite data of solar flux at
different altitude of the lower ionosphere and fed into a sim-
ple ion chemistry model, namely the Glukhov–Pasko–Inan
(GPI) model (Glukhov et al. 1992), which, instead of dealing
with numerous chemical rate equations, divides various ion
densities into four broad species and solves four differential
equations governing the rate of evolution of four types of ion
species. In our chemistry model the ionospheric rate param-
eters are not known for certain. A comparison of the VLF
signal amplitude perturbation simulated with different sets
of values of these parameters with the observed perturbation
gives us an opportunity to estimate the values of these pa-
rameters up to certain accuracy. So, in this paper we achieve
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two new results, the first one being a reproduction of the
observed modulation of the VLF signals and hence changes
in the lower ionosphere during a solar eclipse by theoretical
and numerical methods, and second one is the improvement
of the ionospheric recombination properties through the trial
models.

2 Observation of VLF: ICSP VLF campaign
during solar eclipse

On 22 July 2009 a total solar eclipse occurred, the path of
the totality of which crossed through India and its neigh-
boring countries as shown in Fig. 1. The Indian Centre for
Space Physics (ICSP) conducted a VLF campaign to col-
lect VLF signals before, after, and during this eclipse day.
We have received VLF signals from several places in In-
dia and Nepal. We concentrated on signals transmitted from
VTX (frequency: 18.2 kHz, latitude: 8.43◦ N, longitude:
77.73◦ E). We have used a loop antenna and ICSP made
Gyrator-III type receiver to receive VLF signals. The loop
antenna is made on a 1 m × 1 m square frame which detects
the fluctuation in magnetic field of the signals. The data is
obtained through the sound card and is automatically logged
into the computer as an ASCII file. The Gyrator-III is capa-
ble of giving the amplitude of the VLF signal only and, thus,
we are not able to model any phase observations. The spec-
trum software is used for continuous data acquisition and
data analysis purpose.

As VLF acquires the information on ionospheric condi-
tions along its propagation path, any effects of modulation

Fig. 1 Eclipse shadow region across India, shown by the gray belt.
The figure also shows the VTX-Kolkata and VTX-Malda paths

of electron (ion) densities in any part of its propagation path
would have modified the received signal. In our case, though
the eclipse was a total one, the whole or parts of the propaga-
tion paths were only affected partially. There should not be
a drastic difference in the characteristics in the ionospheric
modulation due to the total and the partial eclipse. In both
cases the effect is equivalent to a virtual nighttime situa-
tion, the difference only lying in the magnitude of modu-
lation.

We have observed changes in VLF signal amplitude due
to ionospheric perturbation caused by the total solar eclipse.
We noticed two types of changes. In some places we found
a positive change in the VLF signal amplitude, i.e., the sig-
nal amplitude increases during the solar eclipse time pe-
riod, while in some other places we found a negative change
in the VLF signal amplitude, i.e., the signal amplitude de-
creases during the eclipse (see Chakrabarti et al. 2012). In
the present paper, we have compared diurnal variation of
VLF signals of the eclipse day with results obtained on
a non-eclipse (normal) day for two different propagation
paths. By a normal day signal, we mean the average of the
signal of the day before and after the eclipsed one, i.e., 21
and 23 July, 2009. One is the VTX-Kolkata (receiver located
at 22.56◦ N, 88.36◦ E) propagation path, where we have
found the positive change in amplitude, and the other one is
the VTX-Malda (receiver located at 25◦ N, 88.15◦ E) prop-
agation path, where we have observed negative changes in
amplitude of the VLF signals due to the effect of the eclipse.
We have normalized these VLF signals by using the cou-
pled model, made by our own simulated data and LWPC
code.

In Fig. 2(a) we plot the whole day variation of signal
amplitude for the VTX-Kolkata propagation path for both
eclipse and normal days to compare the signal amplitude of
the two situations. In Fig. 2(b) we plot the same for VTX-
Malda propagation path. In the whole day signal variation,
we find that during nighttime, particularly for the Kolkata
receiving station between 0 to 240 minutes UT and 1140 to
1440 minutes UT there are significant variations. As dur-
ing those times no part of the propagation paths were sunlit
these variations are surely not due to the effect of a solar
eclipse. These signal variations are due partly to the fact
that at nighttime the reflecting regions of the ionosphere
are more variable and partly because of the presence of a
greater number of Earth-ionosphere waveguide modes re-
sulting complicated interference pattern and greater sensi-
tiveness to ionospheric changes (Thomson et al. 2007). We
are not interested in those variations and restrict ourselves
to the time approximately from 330 minutes to 450 minutes
UT as shown between the two dashed lines in Fig. 2, when
the solar eclipse was observed from Earth. At this time for
VTX-Kolkata path we obtained a positive change, while for
VTX-Malda we obtained a negative change in VLF ampli-
tude during the eclipse with respect to the normal day.
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Fig. 2 Observed diurnal
amplitude of VLF signals
received at Kolkata (a) and
Malda (b) for both normal (blue
lines) and eclipse (red lines)
days. The regions enclosed by
two dashed vertical lines in the
two figures represent the part of
the diurnal signal amplitude
effected by the solar eclipse

3 Simulation of the VLF modulation during total
solar eclipse

According to the mode theory (Budden 1961; Wait and
Spies 1964), the very low frequency signal at certain fre-
quency at a receiver is a superposition of the electric field
associated with various modes originated from the transmit-
ter and reaching the receiver point after being reflected and
attenuated within the Earth-ionosphere waveguide. The ef-
fective layer of the ionosphere from which the wave reflects
varies with the wave frequency and the electron densities
of the layers. Any variation of the solar flux which could
affect the electron distribution in the lower ionosphere (gen-
erally represented by Wait’s formula (Wait and Spies 1964))
is determined with two parameters, namely the effective re-
flection height (h′) and the conductivity gradient or sharp-
ness parameter (β), which in turn can modulate the VLF
signal. During solar eclipse due to temporary shadowing of
the ionosphere under the influence of the eclipse the elec-
tron density undergoes a temporary but gradual fall raising
the effective reflection height. Depending on the propaga-
tion path and the change in interference pattern between the
various modes the VLF signal amplitude can increase and
decrease during the eclipse. We first calculated the ioniza-
tion rates starting from approximate eclipse modulated solar
spectrum during the time of the eclipse and fed them into the
simple ion chemistry program (GPI model) to find the equi-
librium electron density at different heights. The simulated
height varying electron density values are then employed to
find the VLF modulation.

3.1 Calculation of ionization rate

For normal solar conditions, i.e., in the absence of any activ-
ity, the height variation of the ionization rate at any instant

of time can be assumed to be governed by the incident EUV
spectrum only (Yonezawa 1966; Rees 1989). An ionization
rate, q , due to EUV-ray as a function of time (t) and height
(h) can be expressed after a suitable modification of Chap-
man’s formula (Chapman 1931; Mitra 1951), given by

q(h, t) =
∑

j

∫
I0(ν, t)e−∑

kσk(ν)
∫ ∞
h nkCh(h,ψ)]dh

× ηj (ν)σj (ν)nj (h)dν, (1)

where I0(ν, t)dν is the irradiance or the solar flux at the top
of the atmosphere in the frequency range ν to ν + dν, σj (ν)

is the absorption cross section for the j th neutral component
of air, which is a function of the energies of the photons.
nj (h) is the concentration and ηj (ν) is the photo ionization
efficiency for the j th component. Ch(h,ψ) is the grazing
incidence function and is given by Rees (1989)

∫ ∞

h0

njCh(h,ψ)dh

=
∫ ∞

h0

nj

[
1 −

(
Re + h0

Re + h

)2

sin2(ψ)

] 1
2

dh,

for ψ < 90◦ and

∫ ∞

h0

njCh(h,ψ)dh

= 2
∫ ∞

hmin

nj

[
1 −

(
Re + hmin

Re + h

)2] 1
2

dh

−
∫ ∞

hmin

nj

[
1 −

(
Re + hmin

Re + h

)2

sin2(ψ)

] 1
2

dh, (2)

for ψ > 90◦.
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Here ψ is the solar zenith angle, Re is the mean radius of
the Earth, and hmin is the minimum height along the photon
path and it is given by hmin = cos(ψ − 90◦)(h0 + Re) − Re.

There are several works in the literature on the absorption
cross section and photo ionization efficiencies, such as Torr
et al. (1979) for N2, O2 and O , Ohshio et al. (1966) for NO
and Ar and Mecwan and Philips (1975) for CO2. The val-
ues of those coefficients and the reference spectrum of the
Sun for the value of F10.7 = 68, from Torr et al. (1979),
with some values of intensities collected from the well-
known literature are documented in Turunen et al. (1992).
We have tabulated the values we have used in our calcula-
tions in Table 1. The spectrum described in the list is taken
as the reference spectrum and normalized accordingly. The
normalization for different solar activity levels for intensi-
ties could be done in terms of chosen level of solar activity
(F10.7 value), but as this value is measured on a day-by-day
basis and only daily average values are available, we pre-
fer not to use these in our model, which is aimed for few
minutes to hours only. Furthermore the reference spectrum
such as used in our model and of others like Torr and Torr
(1985), Bailey (1995) and Solomon and Qian (2005) are
obtained from using observation results and combining dif-
ferent proxies of radiation from different parts of the Sun.
Different indicators are used as proxy of such radiations,
for example, NOAA MgII core to wing ratio, the compos-
ite H1 Lyman alpha and F10.7 are good proxies for chro-
mospheric emission, transition region emission, and coro-
nal emission, respectively (Woods and Rottman 2002). So
only F10.7 or H1 Lyman alpha is not sufficient for nor-
malization. We adopt a different method of normalization
for our purpose as adopted by the literature, such as Reich
(2008), which has employed a FISM model (Chamberlin
et al. 2007) result of 60 second irradiance in 1 nm-wide bins
from 0.5–192.5 nm and GOES-12 1-minute 0.04–0.5 nm
and 0.1–0.8 nm X-ray flux with Qian 22-bin reference spec-
trum (Solomon and Qian 2005) in a modified version of
SAMI2 model to evaluate the effect of solar flare on iono-
sphere. As we are dealing with a quiet solar situation we
do not need the X-ray flux and instead of employing model
results for irradiance (such as FISM model as used in Reich
2008) we rely on direct observation. According to Tsurutani
et al. (2005), the TIMED Solar EUV Experiment (SEE) 0.1–
194 nm spectral data indicates that the variations between
20–110 nm are very similar to that of the SOHO SEM EUV
profile. From Milligan et al. (2012), which presents the time
variation of different continuum flux and Lyman-alpha flux
during a flare, we find that though the UV flux is dominated
by Lyman-alpha line, the respective time variation of the UV
continuum and Lyman alpha are very similar (irrespective of
whether there is a flare or not), i.e., the ratio of energy emit-
ted in different bands remain almost constant. These results
motivate us to use 26–34 EUV flux (averaged over 15 sec)

data, obtained from the Solar EUV Monitor on-board the
SOHO satellite to normalize the reference spectrum. The
daily averaged EUV fluxes in the 26–34 nm spectral band
(http://www.usc.edu/dept/spacei_science/semdatafolder/
long/15_sec_avg/2008/) are compared with the flux in the
same spectral range of the reference spectrum presented
in Table 1 and the latter is multiplied by the ratio of the
mentioned fluxes at any time to obtain an approximate solar
spectrum at times of interest. The flux is then modified by
multiplying with the luminance (L) obtained from the ob-
scuration function (p) (Möllmann and Vollmer 2006) due to
the solar eclipse at any respective position along and near
the eclipse shadow region. Solar zenithal variation is taken
into account by the solar zenith angle ψ in Eq. (2).

The geometry of the relative positions of the Sun and
Moon during a solar eclipse (as depicted in Möllmann and
Vollmer 2006) is shown in Fig. 3. Here r is the radius of the
Sun and R that of the Moon as observed from the central
line of the eclipse shadow, θ and φ are the angles subtended
at the respective centers by the points where the perime-
ters cross each other, D is the distance between the cen-
ters of the Sun and the Moon as seen from any shadow
point on Earth and d is the distance of the shadow re-
gion.

The degree of obscuration p is given by the ratio of the
Sun’s projected area covered by the Moon to the Sun’s total
projected area on Earth. The formulae for the solar obscura-
tion function and luminance (L) at any region of Earth under
shadow are, respectively, given by

p = r2(θ − cos θ sin θ) + R2(φ − cosφ sinφ)

πr2
, (3a)

L

Lmax
= 1 − p, (3b)

where

cos θ = 1

2

(
r2 − R2 + (R + r − d)2

r(R + r − d)

)
(4a)

and

cosφ = 1

2

(
R2 − r2 + (R + r − d)2

R(R + r − d)

)
. (4b)

From all points on Earth, specifically within the shadow re-
gion, the angular diameter of the Sun and the Moon are
almost the same (∼0.5◦). So as an approximation we can
safely consider r and R to be equal, which in turn makes θ

and φ similar. Then the cosines of those angles become

cos θ = cosφ = 1

2

D

r
. (5)

Also we consider the maximum illumination of the Sun
(Lmax) to be 1. With these, the formulae for obscuration

http://www.usc.edu/dept/spacei_science/semdatafolder/long/15_sec_avg/2008/
http://www.usc.edu/dept/spacei_science/semdatafolder/long/15_sec_avg/2008/
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Table 1 Reference solar spectrum (F10.7 = 68), absorption cross sections, and photo ionization efficiencies

Wave length
nm

Inten sity
109 cm−2 s−1

Absorption cross section (cm2) Ionization efficiency

N2
10−19

O2
10−19

O

10−19
Ar
10−19

He
10−19

NO
10−19

N2 O2 O Ar He NO

5–10 0.07668 6.0 11.8 10.6 0.0 2.1 0.0 1.0 1.0 1.0 6.16 1.0 0.0

10–15 0.02692 23.2 36.1 35.3 0.0 5.3 0.0 1.0 1.0 1.0 3.5 1.00 0.0

15–20 0.36836 54.0 72.7 59.6 0.0 10.2 0.0 1.0 1.0 1.0 2.54 1.0 0.0

20–25 0.1847 81.5 105 75.5 0.0 17.1 0.0 1.0 1.0 1.0 0.22 1.0 0.0

25–30 0.24272 101 136 87.8 0.0 22.8 0.0 1.0 1.0 1.0 0.0 1.0 0.0

30–35 1.4202 146 172 100E 0.0 36.5 0.0 1.0 1.0 1.0 0.0 1.0 0.0

35–40 0.1903 175 182 107 0.0 42.5 0.0 1.0 1.0 1.0 0.0 1.0 0.0

40–45 0.07852 211 194 112 0.0 55.1 0.0 1.0 1.0 1.0 0.0 1.0 0.0

45–50 0.09726 218 216 116 247 70.9 0.0 1.0 1.0 1.0 0.44 1.0 0.0

50–55 0.10116 245 241 119 368 7.2 0.0 1.0 1.0 1.0 0.55 1.0 0.0

55–60 0.5727 224 250 119 382 0.0 0.0 1.0 1.0 1.0 0.67 0.0 0.37

60–65 0.42492 232 260 122 393 0.0 225 1.0 1.0 1.0 0.79 0.0 0.96

65–70 0.04466 298 263 100 375 0.0 207 0.84 0.84 1.00 0.81 0.0 0.94

70–75 0.11164 309 291 80 351 0.0 206 0.75 0.82 1.0 0.85 0.0 0.78

75–80 0.17456 307 271 42.3 310 0.0 189 0.25 0.35 1.0 0.70 0.0 0.58

80–85 0.38622 150 209 43.8 0.0 0.0 177 0.0 0.29 1.0 0.0 0.0 0.54

85–90 0.8865 466 98.5 41.8 0.0 0.0 271 0.0 0.48 1.0 0.0 0.0 0.47

90–95 0.8434 170 155 21.2 0.0 0.0 338 0.0 0.6 1.0 0.0 0.0 0.45

95–100 1.5484 362 165 0.0 0.0 0.0 199 0.7 0.73 0.0 0.0 0.0 0.55

100–105 1.3648 0.0 11 0.0 0.0 0.0 179 0.0 0.25 0.0 0.0 0.0 0.6

105–110 0.5600 0.0 9.5 0.0 0.0 0.0 88.9 0.0 0.0 0.0 0.0 0.0 0.79

110–115 0.182 0.0 0.0 0.0 0.0 0.0 37.0 0.0 0.0 0.0 0.0 0.0 0.82

115–120 0.88 0.0 0.0 0.0 0.0 0.0 27.1 0.0 0.0 0.0 0.0 0.0 0.86

120–125 1.6 0.0 3.06 0.0 0.0 0.0 22.1 0.0 0.0 0.0 0.0 0.0 0.76

125–130 0.82 0.0 0.0 0.0 0.0 0.0 22.7 0.0 0.0 0.0 0.0 0.0 0.52

130–135 2.48 0.0 29.0 0.0 0.0 0.0 25.2 0.0 0.0 0.0 0.0 0.0 0.23

25.63 0.2713 96.5 128 84.3 0.0 21.6 0.0 1.0 1.0 1.0 0.0 1.0 0.0

28.415 0.1 106 148 92.6 0.0 26.7 0.0 1.0 1.0 1.0 0.0 1.0 0.0

30.331 0.235 116 160 97.0 0.0 30.5 0.0 1.0 1.0 1.0 0.0 1.0 0.0

30.378 6 116 160 97.2 0.0 30.5 0.0 1.0 1.0 1.0 0.0 1.0 0.0

30.807 0.7394 180 184 10.8 0.0 43.5 0.0 1.0 1.0 1.0 0.0 1.0 0.0

46.522 0.18 268 204 113 299 65.3 0.0 1.0 1.0 1.0 0.55 1.0 0.0

55.437 0.7992 247 256 121 381 0.0 0.0 1.0 1.0 1.0 0.57 0.0 0.0

58.433 1.58 232 220 122 432 0.0 231 1.0 1.0 1.0 0.71 0.0 0.93

60.976 0.45 231 261 122 409 0.0 237 1.0 1.0 1.0 0.78 0.0 0.96

62.973 1.5 232 258 122 426 0.0 237 1.0 1.0 1.0 0.81 0.0 0.96

70.336 0.3915 263 250 113 363 0.0 222 0.88 0.92 1.0 0.88 0.0 0.82

76.515 0.1997 355 220 41.8 334 0.0 160 0.67 0.39 1.0 0.78 0.0 0.57

77.041 0.2425 269 252 41.8 341 0.0 160 0.68 0.39 1.0 0.78 0.0 0.57

78.936 0.7931 193 267 42.8 0.0 0.0 171 0.53 0.41 1.0 0.0 0.0 0.56

97.702 5.957 7.0 40.0 0.0 0.0 0.0 196 0.0 0.63 0.0 0.0 0.0 0.54

102.572 4.375 0.0 16.0 0.0 0.0 0.0 194 0.0 0.63 0.0 0.0 0.0 0.52

103.191 3.184 0.0 11.2 0.0 0.0 0.0 138 0.0 0.0 0.0 0.0 0.0 0.62

103.761 1.63 0.0 10.8 0.0 0.0 0.0 130 0.0 0.0 0.0 0.0 0.0 0.65

110.8 0.24 0.0 0.005 0.0 0.0 0.0 44.3 0.0 0.63 0.0 0.0 0.0 0.82

121.56 232 0.0006 0.10 0.0 0.0 0.0 24.0 0.0 0.0 0.0 0.0 0.0 0.81
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Fig. 3 Geometry of relative positions of the solar and lunar discs dur-
ing a solar eclipse (Möllmann and Vollmer 2006)

function and illuminance are modified to

p =
(

2

π

)
(θ − cos θ sin θ), (6a)

L = 1 − p. (6b)

We find that the degree of obscuration at any point within
the shadow is determined by the respective angular distance
of the centres of the Sun and the Moon as observed from this
point. We can find the quantity D, i.e., the angular separa-
tion between the centers of the Sun and the Moon follow-
ing Fig. 3. From the picture at the lower panel of Fig. 3 we
find that the center of the Sun, the Moon, and a point at the
central line of the eclipse on Earth fall on the straight line
SME. For any other point E′ inside the eclipse shadow on
Earth the corresponding separation between the centers of
Sun and Moon is given by

D = SS′

SM
= EE′

ME
. (7)

Substituting the value of D from Eq. (7) in Eq. (5), we get
the value of cos θ and then from Eqs. (6a) and (6b) we get p

and the corresponding L.
Using these formulae we calculate the degree of obscura-

tion as a function of time for different locations. Next, to find
the variation of solar EUV flux during the solar eclipse, we
multiplied the obtained obscuration function with the EUV
flux obtained from the Solar Extreme Ultraviolet Monitor
(SEM). Combining this information with solar zenith angle
variations we calculate numerically the ionization rate as a
function of time and altitude. The altitude variation of ion-
ization rate q(h, t) obtained from Eq. (1) is fed into the ion
chemistry model of the D-region as described below.

3.2 Ion chemistry model for equilibrium ion densities

The ionosphere continuously undergoes processes related
to the production and loss of various types of ion species.
These processes comprise the attachment of electrons to
neutral molecules to form negative ions, the photo-detach-
ment of electrons from negative ions, and the recombination
of positive molecular ion and cluster ions with electrons and
ion–ion recombination processes. Rather than dealing with
the evolution of many different ions and their reaction cross
sections, as proposed by many workers (e.g., Rowe et al.
1974; Mitra 1981; Chamberlain and Hunten 1987), we adopt
a simplified model, the GPI model (Glukhov et al. 1992)
to account for the chemical processes in the ionospheric D-
region, through which the ionosphere tries to get back to its
normal unperturbed condition. We have found very satisfac-
tory results with this scheme in many of our previous works
(e.g., Palit et al. 2013, 2014). The GPI scheme divides all
the ions in four broad categories, namely free electrons (N ),
negative ions (N−), positive ions (N+) and positive cluster
ions (N+

x ). Four first order coupled differential equations,
governing the rate of evolution of four broad kinds of ion
species are solved in the model while taking into account the
neutrality of the plasma which requires that the total number
of all negative and positive charges are equal always.

The coupled differential equations have been solved with
the fourth order Runge–Kutta method in our modeling and
are given here:

dN

dt
= q + γN− − βN − αdNN+ − αc

dNN+
x , (8)

dN−

dt
= βN − γN− − αiN

−(
N+ + N+

x

)
, (9)

dN+

dt
= q − BN+ − αdNN+ − αiN

−N+, (10)

dN+
x

dt
= BN+ − αc

dNN+
x − αiN

−N+
x . (11)

The D-region charge neutrality condition reads

N+ + N+
x = N + N−, (12)

or

N+ + N+
x = (1 + λ)N. (13)

Here, λ is the ratio of negative ion density to electron den-
sity.

The electron attachment rate coefficient β determines the
rate of loss of free electrons and hence production of neg-
ative ions due to the attachment of free electrons with neu-
tral atoms and molecules, the coefficient γ determines the
rate of detachment of electrons from negative ions. The third
and fourth terms in the R.H.S. of Eq. (8) corresponds to the
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loss of a free electron due to dissociative recombination with
positive ions and positive cluster ions, respectively. This is a
chemical process in which a positive molecular ion recom-
bines with an electron, and, as a result, the neutral molecule
dissociates. αd and αc

d are the dissociative recombination
coefficients with positive and positive cluster ions, respec-
tively. The effective coefficients of ion–ion recombination
processes for all types of positive ions with negative ions
are termed αi and B is the effective rate of conversion from
positive ions (N+) to positive cluster ions (N+

x ).
It can be seen that with some approximation (Palit et al.

2014) the set of four equations (Eqs. (8)–(11)) can be decou-
pled to a single and well-known continuity equation for the
D-region ionosphere. Denoting the quantity

α′
d = αc

dN+
x + αdN+

N+
x + N+ . (14)

Equation (8) modifies to

dN

dt
= q + γN− − βN − α′

dN
(
N+ + N+

x

)
. (15)

Then some rearrangement of Eq. (9) and Eq. (15), with the
help of Eq. (13), gives the continuity equation (see Apple-
ton 1953; Mitra and Jones 1954; Mitra 1963; Zigman et al.
2007)

dN

dt
= q

1 + λ
− αN2,

or

dN

dt
= q ′ − αN2, (16)

where

q ′ = q

1 + λ
(17)

and

α = α′
d + λαi (18)

is the effective recombination coefficient of the ionospheric
D-region (see Mitra 1963). The computation of free electron
density evolution, sufficient to determine VLF modulation
during solar eclipse, can in principle be done by solving the
simple and single continuity equation, but it requires the es-
timation of the value of the parameter α at all the heights
of our interest during whole of the time span, which in turn
demands the prior knowledge of the values of the number
densities of the positive ions (N+) and positive cluster ions.
Though the approximation of very low value of the positive
ion density compared to that of the positive cluster ion den-
sity (Palit et al. 2014) at lower edge (∼65 km) and the op-
posite at the upper edge (∼80 km) of the considered lower

ionospheric region allow us to acquire approximate values
α′

d = αc
d at lower height and α′

d = αd at the upper heights,
the value of α′

d and hence α in the region in-between is
most uncertain. So instead of solving the continuity equa-
tion we prefer to solve the four coupled equations numer-
ically, in spite of the fact that there are some uncertainties
in the values of the rate parameters also. A simplification of
the equation governing the rate of change of electron density
can also be found in Rodger et al. (1998), where the terms
corresponding to detachment and attachment are given most
importance.

In spite of many decades of study of the lower iono-
spheric chemical reaction rates, most of them are still sur-
rounded with uncertainties. The prevalent difficulty being
the absence of direct method of observation. The lower
ionosphere (∼60–90 km) is out of the reach of the bal-
loons, satellite could not be made to float at that height
due to a large drag of air, the only possibility being the
rocket borne experiment. The problem with the rocket ex-
periment is that the observation time is very limited and
long term observations during various normal and disturbed
ionospheric situations are significantly lacking. The estima-
tion of coefficients is mainly based on the observation of the
electron, ion densities, and computing best approximation
values of those using theory such as the continuity equa-
tion. Widely varying observation values have often been the
source of confusion in the probable values of the parame-
ters; for example Mitra (1975) reported an uncertainty of
second–third order in values of the effective electron de-
tachment rate (γ ) obtained from two different observations
of electron densities. Various ionospheric reports and re-
view papers (e.g., Schunk and Nagy 1980, 2000; Rees 1989;
Lilensten and Blelly 1999) presented the value of dissocia-
tive recombination rate differing as much as factor of 2. The
obvious consequences are the difficulty in the compositional
studies of the lower ionosphere (e.g., McNeil et al. 2001),
as well as that in the attempt to understand the observed
electron density profiles (see Zhang et al. 2000). Also labo-
ratory experiments have been performed to investigate var-
ious rate coefficients at various environmental conditions.
Phelps (1969) and Ferguson (1971) gave a detailed review
of experimental outcome on the electron attachments and
detachment coefficients with O2, N2, and NO done up to
that period. Aleksandrov and Anokhin (2009, 2011) gave
the account of the most recent theory and experiment of
attachment and detachment of electrons to oxygen. Rowe
et al. (1993) and, recently, Sheehan (2004) reviewed the ex-
perimental results on the dissociative recombination of an
electron with all the positive ions relevant to lower iono-
sphere at a range of temperature, with the former authors
also discussing the process with cluster molecules also. Re-
ports have also been published for laboratory measurement
of ion–ion recombinations (e.g. McGowan 2011) and pos-
itive ion and cluster ion conversions (e.g. Bohme 2000;
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Fig. 4 Variation of the rate
coefficients with height (a) at
the middle of the paths
(corresponding to almost the
same location) and that of the
ratio of negative ion
concentration to that of electron
concentration (λ) with
height (b)

Ryding 2011). Considering all the existing references on the
rate coefficients and acknowledging that they provide a very
helpful resource on the probable range of values it is best to
examine or choose for the best approximation of the coeffi-
cients in those ranges to be used in any practical modeling
study such as this one.

There is not much ambiguity with the value of the elec-
tron attachment rate β . It consists of two parts, one is for
the three body attachment process and the other is from the
two body dissociation process (Pasko et al. 1997; Haldoupis
et al. 2009). The second part is only effective in the presence
of a strong electric field (Lehtinen and Inan 2007) and can be
neglected for the current study. The three body attachment
contribution can be expressed as (Rowe et al. 1974; Glukhov
et al. 1992)

β = 10−31NO2NN2 + 1.4 × 10−29
(

300

T

)
e(− 600

T
)N2

O2
, (19)

where T is the electron temperature and NO2 and NN2 are
the number densities of molecular oxygen and nitrogen, re-
spectively. The NASA-MSIS90 atmospheric model (Hedin
1991) is used to find neutral atom concentrations at differ-
ent altitudes and temperature, required for calculations of
the coefficient. In Fig. 4(a) we present the altitude variation
of β . As we use MSIS and IRI data for neutral molecular
densities and temperature along the whole path, divided in
a number of segments, the geographic (latitude and longi-
tude) influences are automatically incorporated in the val-
ues. There have been speculative approaches (e.g., Pasko
and Inan 1994; Lehtinen and Inan 2007, and references cited
therein) in determining the value of effective electron de-
tachment rate, γ . The speculated value γ varies widely from
10−23N s−1 to 10−16N s−1 and is highly sensitive to tem-
perature. In the line of the argument of the requirement of
best choice, we first tried a standard expression of γ taken
from Pasko and Inan (1994), given by 3×10−18N s−1. Later
we varied this value in the probable range to get a better ap-
proximation of the observed results. This is discussed elab-
orately in the Results section.

According to certain previous studies (e.g., Chamber-
lain 1978; Mitra 1968; Rowe et al. 1974; Florescu-Mitchell

and Mitchell 2006) the effective coefficient of dissociative
recombination αd should take values ranging from 10−7

to 3 × 10−7 cm3 sec−1. Sheehan (2004) presents the vari-
ation of the quantity, obtained from various experiments,
for N+

2 , O+
2 , and NO+ in a wide range of temperatures.

At ∼200 K, which is the typical lower ionospheric tem-
perature, the value of the rate of dissociative recombina-
tion of the electron with an N+

2 molecule is found to vary
between ∼1.5–2.3 × 10−7 cm3 sec−1. For O+

2 and NO+,
the corresponding ranges for the different experimental out-
comes are, respectively, ∼1–3 × 10−7 cm3 sec−1 and ∼1–
5 × 10−7 cm3 sec−1 from one experiment to another as de-
scribed by Sheehan (2004) and references therein. We used
different values of this quantity in that range to find a satis-
factory matching of our results with observation. The value
of the effective recombination coefficient of electrons with
positive cluster ions αc

d varies from 10−6 to 10−5 cm3 sec−1.
In the present calculations the value has been taken to be
10−5 cm3 sec−1 as suggested by Mitra (1975) and adopted
by Glukhov et al. (1992), Pasko and Inan (1994), and Hal-
doupis et al. (2009).

The values of effective coefficients (αi ) of ion–ion re-
combination processes for all types of positive ions with
negative ions is taken to be 10−7 cm3 sec−1 following Mi-
tra (1968) and Rowe et al. (1974). The value of the effective
rate of conversion (B) from the positive ion (N+) to the pos-
itive cluster ions (N+

x ) is adopted to be 10−30N2 s−1 (Rowe
et al. 1974; Mitra 1968). This is in agreement with Glukhov
et al. (1992). From the simulations we have found that the
influence of the variation of the last two coefficients in deter-
mining the lower ionospheric ion densities are much weaker
than the others, discussed above. The values of some of the
coefficients adopted in this work, those varying with height,
are shown in graphs in Figs. 4(a) and (b).

Unperturbed electron and ion densities are obtained from
IRI model (Rawer et al. 1978). Unperturbed negative ion
density N−

0 is obtained from the relationship N−
0 = λN0,

where λ is the relative composition of the negative ions. Pos-
itive ion densities are calculated from the charge neutrality
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condition, i.e.,

N0 + N−
0 = N+

0x + N+
0 . (20)

In employing this scheme it is assumed that our model
time scale is so small that the physical processes, such as
transport of ions through the layers, can be neglected. The
outcome of the ionization rate due to EUV during solar
eclipse as described above is fed into the model as q . Height
dependent rate coefficients are calculated with the help of
neutral densities obtained from MSIS 90 model data.

3.3 Modeling with LWPC

To reproduce the observed VLF signal variation during the
eclipse time period, we have coupled our own model of
electron density with the LWPC code (Ferguson 1998). The
LWPC code is a collection of programs which can be used
according to the user’s requirement. In our case, we di-
vided each path i.e., VTX-Kolkata and VTX-Malda into
20 segments. With the solar EUV flux modified due to the
calculated obscuration function and solar zenithal variation
during the eclipse, as described in the previous sections,
we have calculated values of electron densities at D-region
heights (64–80 km, in steps of 2 km) in each segment during
the eclipse time period. The same has been calculated dur-
ing the non-eclipse/normal days just before (21 July 2009)
and after (23 July of 2009) the eclipse day. We then used
these electron density values as the input of the LWPC code
and calculated the amplitude variation of the VLF signals
for both eclipse and two non-eclipse days. We used the col-
lision frequency profile (as a function of height h) between
electrons and neutrals as described by Kelley (2009), which
is given by the following equation:

νe(h) = 5.4 × 10−10nnT
1/2. (21)

Here T is the electron temperature in K and nn is the
neutral density. Using the ideal gas equation and assuming
the temperatures of the electrons and the ions are the same,
the above equation can be expressed as (Schmitter 2011)

νe(h) = 3.95 × 1012T − 1
2 exp(−0.145h). (22)

The mean values of the VLF amplitude of the two am-
bient days have been considered as the normal, non-eclipse
situation value. Finally we compare this to obtain the devia-
tion of the VLF amplitude of the eclipse day from the normal
day.

4 Results

Calculation of the electron density with the exact values of
the parameters proposed in the GPI model (Glukhov et al.

Table 2 Trial parameters values in GPI chemical model and results

γ (s−1)

×10−18N

αd(cm3 s−1)

×10−7
VLF deviation at eclipse max

Kolkata Malda

2.6–3 1 negative negative

2.6–3 3 negative negative

1–1.8 3 positive positive

1.8–2.6 2–3 positive negative

1992) gives somewhat different results of the modeled VLF
amplitude from the observed ones. So within the range of
uncertainty of the values of some of the significant param-
eters we have tried with their alternative values to find the
desired matching of the result with the observations. In Ta-
ble 2, we have documented those trial values. The table pro-
vides us with some improvements over the precision of ex-
isting knowledge of those lower ionospheric chemical rate
parameters.

In the two stations, during the maximum eclipse, the de-
viation in VLF amplitude varies in sign. In Kolkata the de-
viation is positive, whereas in Malda it is negative during
peak eclipse and the trends remain the same throughout the
eclipse period. The uncertainty in the probable values of
some chemical parameters allows us to vary some of their
values within the anticipated range (described in Sect. 3.2)
so that best agreement with the observation is achieved. As
discussed in Sect. 3.2 the parameters αc

d , αi and B are less
dominant in determining the chemical balance in D-region
than β , γ and αd . Again there exists very little ambigu-
ity in the values of β (given by Eq. (19)) compared to the
other two parameters. Hence we have tried varying the val-
ues of the last two quantities only. In Table 2 we included
the probable range of the two parameters as obtained from
simulation so that we find the right trends (i.e., positive or
negative deviation) of the VLF deviation at the two stations
during eclipse. For best matching of our model amplitude
values with the observed ones, we have used the values of
γ and αd of 2.3 × 10−18N s−1 and 2.5 cm3 s−1, respec-
tively, these values obviously reside in the ranges shown in
Table 2.

The electron densities at all the heights undergo a dip dur-
ing the eclipse and vary from place to place according to the
obscuration experienced there. Figure 5 represents the elec-
tron density (per cm3) at different heights at midpoint of
VTX-Kolkata (a) and VTX-Malda (b) paths, which falls in
the 10th segments of each of the paths, respectively, as de-
scribed in the previous subsection. A notable characteristic
in the electron density profiles is the variation of the time of
occurrence of the turf at different heights. In Figs. 5(a) and
(b) as we go from upper heights to lower heights, the elec-
tron density minima are displaced towards the right meaning
a greater delay in the occurrence of the electron density min-
ima with respect to the maximum of the eclipse experienced
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Fig. 5 Simulated electron
densities at different altitudes at
middle of VTX-Kolkata (a) and
VTX-Malda (b) propagation
path during the solar eclipse on
22 July 2009

at that point. This is obviously the manifestation of the slug-
gishness in ionospheric response due to the chemical recom-
bination processes, to the lowering of solar intensity during
eclipse.

In Figs. 6(a) and (b) we show for VTX-Kolkata and VTX-
Malda path, respectively, the simulated variation of VLF
amplitude with distance from the transmitter for eclipse
peak time (solid curve) and corresponding normal day
(dashed curve) values. Each vertical dotted line represents
the distance between the transmitter and receiver in the two
cases. For the Kolkata path this distance is 1 946 km and for
Malda it is 2 152 km.

Figures 7(a) and (b) show the VLF amplitude deviations
during the eclipse from corresponding normal day values for
Kolkata and Malda receiver. The solid curves represent sim-
ulated deviation and the dashed curves show observed de-
viation. The vertical dashed curves in both figures represent
the time of the maximum obscuration at Kolkata and Malda
receiving points, respectively.

The multi parametric nature of VLF propagation makes
it very difficult to reproduce exact signal variation during
any terrestrial or extra-terrestrial events, or even the diurnal
variation. In our simulation we have been able to show start-
ing from calculation of ionization and application of funda-
mental ion chemistry that at least at two different receiving
points the trends of VLF signal amplitude variation during a
solar eclipse match with the observed trends. We have seen
in the observed data that during the peak of a total solar
eclipse the signal at two different stations, separated only
by ∼400 km, the change of VLF amplitude are opposite in
sign, at Kolkata the VLF amplitude increases from regular
values and at Malda the amplitude during eclipse maximum
decreases. These are obviously manifestations of VLF mode
interference. With our simulation we have been able to re-
produce the trends at those two sites and also the deviations
during peak time significantly match with those in the ob-
servations.

Direct verification with observation, such as rocket ex-
periments, of our simulation results on electron density vari-
ation with height could not be done due to the scarcity of ob-
servations during solar eclipse in such a low latitude. How-
ever, a rough comparison with the electron density versus

Fig. 6 VLF amplitudes as a function of distance from the transmitter
for eclipse maximum time (t = 60 minutes UT) for the eclipse day
(solid curve) and normal day (dashed curve) for both the VTX-Kolkata
(a) and the VTX-Malda (b) propagation paths. The vertical dotted lines
in both figures represent the location of the receivers

height profile presented in Clilverd et al. (2001) shows that
the simulated electron density (as presented in Fig. 5) profile
in our case is somewhat higher in values and also the ratio of
electron density (∼200 per cm3) at lower heights (∼70 km)
to that (∼80 per cm3) at upper heights (∼80 km) is some-
what greater compared to that in Clilverd. It is to be noted
that the electron density presented by that paper is evaluated
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Fig. 7 VLF amplitude
deviation of eclipse-day signal
from normal day signal for
Kolkata (a) and Malda (b)
receivers. The solid curves
represent the simulated
deviation and the dotted curves
are those obtained from
observation

Table 3 Wait’s parameter comparison

Station Condition Simulation result Pal et al. (2012)

β h′ β h′

Malda Normal 0.3 74.0 0.314 73.98

Malda Eclipse max 0.302 77 0.318 76.5

Kolkata Normal 0.35 76.0 0.34 75.2

Kolkata Eclipse max 0.352 77.8 0.345 77.2

at a latitude ∼40◦–50◦ North. It is evident that at lower lat-
itudes, due to smaller solar inclinations, the overall electron
densities at different heights should be higher than those at
higher latitude in identical situations such as solar eclipses.
Also due to a more direct and deeper penetration of solar UV
near the equatorial regions, the relative abundance of elec-
trons at lower heights with respect to that at higher heights
should be greater than that at higher latitudes. Consequently
the lower latitude places should have lower β . It may also
be confirmed on comparing results of Pal et al. (2012) with
Clilverd et al. (2001). We recall that the first one analyzes
the influence of the same solar eclipse we are dealing with,
using the same method as followed by Clilverd. From the
results presented in the second one it is found that during
the eclipse maximum, β is found to be ∼0.5 and in Pal et al.
(2012) it is found to be ∼0.32–0.35 at different propagation
paths. Considering the scenario we can say that our result is
reasonable.

Another way to compare is to find the effective values of
the two Wait parameters, namely, β and h′, calculated from
electron densities obtained form our simulation with those
presented in Pal et al. (2012), as both deals with the same
solar eclipse event. It should be realized that the simulated
electron density should in principle not match completely
with a Wait profile of the electron density variation with
height. Here we find the set of values of the two Wait pa-
rameters for which the calculated Wait profile best approxi-
mates with our result in the range of height considered here.
In Table 3 we present the values for comparison.

In Fig. 8, we show the variation of electron density over
Indian subcontinent at three different times and at three dif-
ferent heights, with respective color bars in three dimen-
sional plots. These plots are solely obtained from the results
of our chemistry model. From left to right the figures cor-
respond to the times: 50 minutes, 1 hr, and 1 hr 10 min-
utes (UT) and from top to bottom they correspond to 68 km,
72 km, and 76 km altitudes, respectively. At least in two
of the three heights we can see clearly the shadows of the
Moon (cast in electron density profile) gradually passing
from West to East as time passes during the eclipse.

5 Discussions and conclusions

In this paper, we have attempted for the first time to repro-
duce through computer simulation the modulation of VLF
amplitude during solar eclipse starting from solar illumina-
tion flux. We tried to be as thorough as possible in our anal-
ysis. During solar eclipse, the ambient solar EUV is being
hindered totally or partially by the Moon from place to place
on Earth. We have calculated the decrease in electron den-
sity by near-exact modeling of the solar flux variation during
the eclipse time with the help of data obtained from a dedi-
cated satellite, proper estimation of the solar zenithal varia-
tion and obscuration function. In order to find variations of
the VLF amplitude we have examined those electron density
variations in multiple (20) places along the paths.

In only one of the cases we analyze, the VTX-Malda
path, the VLF receiver is at the near-total eclipse belt for
some time. So for most of the regions across the two propa-
gation paths we considered, the obscuration of the solar disc
was only partial and varying with time. Due to this and also
due to the inertial properties of recombination processes, the
electron density at any place does not decrease to values
similar to that in nighttime. So the D-region does not cease
to exist at eclipse time as seen in our simulation results of
the electron density variation at different heights (Fig. 5).

There are obviously certain limitations in our modeling
effort. For instance, we found the ionization by solar EUV
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Fig. 8 Two dimensional plots with color bar (values corresponding
to per cubic centimeter per second) showing the shadow of the moon
cast in electron density during the solar eclipse of 22 July 2009 pass-
ing through India along the course of the eclipse. The figures in the
top panel correspond to values of electron densities at 68 km. The mid-

dle and bottom panels correspond to electron densities, respectively, at
72 km and 76 km. The left-most figures are of 50 minutes in UT, the
middle and right-most figures correspond to 60 minutes and 70 minutes
in UT, respectively

from complete theoretical calculations, with values of the
coefficients acquired from the existing literature alone. The
normalization schemes of the F10.7 = 68 solar flux with the
SEM satellite data may not be quite accurate. The chemi-
cal model is somewhat simplified with the proposed values
of the chemical coefficients by previous literature. We have
employed a hitherto most efficient computation program for
mode theory of VLF, namely LWPC. Though the modeled
variations do not match exactly with the observations, we
obtained general agreement of our results with those ob-
served. We found that the deviation in VLF amplitude is
negative for Malda and positive for Kolkata as observed.

The values of maximum deviations and the time when they
occur match satisfactorily. In Fig. 5, we show the variation
of VLF signal amplitude with distance from the transmitter,
which explains the apparently strange fact that though the
two receiving points, namely Kolkata and Malda, are very
close and share nearly the same obscuration along the VLF
propagation paths from the transmitter to the receiver, the
amplitude deviation at one point (Kolkata) is positive and at
the other point (Malda) is negative during eclipse time.

Unlike previous papers (Clilverd et al. 2001; Pal et al.
2012) where conclusions have been empirically generalized
based on observations at a few locations, we refrained from
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such a generalization since the result must vary from point
to point due to possible constructive and destructive inter-
ferences. This depends on the wavelength and therefore the
transmission frequency. So sweeping statements cannot be
made.

In conclusion, we must say that our model is reasonably
realistic and is based on adequate physics and chemistry of
the ionospheric interaction with solar radiation. Indeed, our
effort appears to be successful in reproducing quite satis-
factorily observations made during a solar eclipse. Thus we
are somewhat closer to understanding the influences of an
eclipse on the ionospheric conditions and hence on the VLF
signal amplitudes. There is still some disagreement of our
result with observations. This could probably be removed
with a more careful study of the ionization mechanism and
a determination of the ionospheric chemical model parame-
ters.
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