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Abstract we estimate D region changes due to 22 July 2009 total solar eclipse (SE), 13-14 November 2012
total SE, and 9-10 May 2013 annular SE, using VLF navigational transmitters signal observations at Suva, Fiji.
The North West Cape (NWC) signal (19.8 kHz) showed an amplitude and phase decrease of 0.70 dB and 23°
during November SE and 2.0 dB and 90° during May SE. The modeling using Long Wave Propagation Capability
code for NWC-Suva path during November and May SEs showed an increase in average D region reflection
height (H") and sharpness factor (8) by 0.6 and 0.5 km and 0.012 and 0.015 km ™", respectively. The July total SE
for JJI-Suva path showed an increase in H' of 1.5 km and a decrease in £ of 0.055 km™". The decrease in the
electron density calculated using SE time H' and 8 is maximum for July total SE and minimum for May annular
SE. The effective recombination coefficient estimated from the decay and recovery of signal phase associated
with May annular SE was higher (27%) than normal daytime value 5.0 x 10~" cm ™35~ and varied between
147x107%and 1.15x 107" cm™ 35" in the altitude 70 to 80 km. Morlet wavelet analysis of signals amplitude
shows strong wave-like signatures (WLS) associated with three SEs with period ranging 24-66 min, but the
intensity and duration of WLS show no clear dependence on SE magnitude and type. Apart from the cooling
spot, the eclipse shadow can also generate WLS associated with atmospheric gravity waves.

1. Introduction

The major portion of solar radiation during the solar eclipses (SEs) is reduced suddenly, which produces
temporal changes in the Earth’s atmosphere including ionosphere [e.g., Anderson et al., 1972; Antonia et al.,
1979; Chimonas and Hines, 1970; Chimonas, 1970; Singh et al., 1989; Afraimovich et al., 1998; Clilverd et al.,
2001; Baran et al., 2003; Chandra et al., 2007; Zhang et al., 2010; Chuo, 2013; Maurya et al., 2014, and references
therein]. Each SE is different from others in terms of their occurrence time, day and year, location of observing
station, percentage of the solar disk occultation, and state of the near Earth’s environment [Baran et al., 2003];
therefore, continuous investigations on SEs ionospheric effects, mainly in the lower ionosphere, are needed
to better establish the SE effects and their variability.

Afraimovich et al. [2013] presented a review of ionospheric response to natural (including SEs) and
anthropogenic processes using GPS/GLONASS radio sounding of ionosphere. The D region is far too high
for balloons to probe and too low for satellite measurements. Radio sounding (e.g., ionosondes and
incoherent radars) particularly for nighttime D region does not work due to its low electron density to
reflect high-frequency radio waves. Therefore, the D region of ionosphere which ranges from 60 to
75km in the day and 75-95 km at the night [Hargreaves, 1992] remains the least studied region of the
ionosphere [Cummer and Inan, 2000]. But the very low frequency (VLF) signals generated by the lightning dis-
charges and the VLF navigational transmitters located across the world form diagnostic tools for continuous
monitoring of the D region ionosphere [Clilverd et al., 2001]. VLF waves propagate by the process of multiple
reflections in the waveguide formed by the Earth (ground or sea) and the lower ionosphere called Earth-
ionosphere waveguide (EIWG). The lower ionosphere is a variable upper wall of the EIWG which can be affected
from top by space weather events (geomagnetic storms and solar flares) and from bottom by atmospheric
wave (planetary, tidal, gravity, and infrasonic waves) [Lastovicka, 2009; Kumar et al,, 2015]. The supersonic
motion of cooling spot of SEs in the stratosphere (ozone layer) around 45 km altitude disturbs the heat balance
of the atmosphere and has been considered to be the major source of atmospheric gravity waves (AGWs)
[Chimonas and Hines, 1970; Chimonas, 1970; Gerasopoulos et al., 2008] with the period ranging from minutes
to a few hours. AGWs, whose dynamics is characterized by the interplay of buoyancy and gravitational forces,
and which propagate outward and upward to ionospheric heights and can cause the traveling ionospheric
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disturbances in the ionosphere [Viasov
et al, 2011; Chen et al, 2011]. The
AGWs are the strong sources of short-
I timescale ionospheric variability and
hence can significantly change radio
wave propagation conditions. The tem-
perature and wind structures of the
I atmosphere determine the propagation
characteristics of the AGWs. The major
I effects of AGWs occur in the middle
atmosphere between 10 and 110km
altitudes because of decreasing density
and increasing wave amplitudes with
120°F 150°F 1800w 15000 1200 altitude. Cheng et al. [1992] for the SE
Longitude (Degree) of 23 September 1987, using phase
measurements of 17.4kHz VLF signal
Figure 1. Map showing the positions of the VLF transmitters and the  transmission from Yosami (34.97°N,
receiving station Suva. The paths of three SE totalities are also plotted. 137.02°E), Japan, recorded at Kaojong
(24.95°N, 21.15°E), Taiwan, found that
AGWs were produced by the moving bow wavefront of the SE with a period between 17 and 23 min and
wavelength of about 293 km. Maurya et al. [2014] using Morlet wavelet analysis of JJI, Japan, (22.2 kHz) signal
amplitude studied periodic wave-like signatures (WLS) of period ~16-40 min associated with AGWSs during
total SE of 22 July 2009. However, no studies on the D region effects of total SE of 13-14 November 2012
and annular SE of 9-10 May 2013 could be found in the literature.
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The aim of the present work is to analyze changes in the D region ionosphere and AGWs from the perturba-
tions in the subionospheric VLF propagation during three different SEs; 13 November 2012 total SE using
NWC, 22 July 2009 total SE using JJI and 9-10 May 2013 annular SE using NPM, NWC, and NLK VLF naviga-
tional transmitter signals, observed at Suva, Fiji. The D region ionospheric changes in the reflection height
(H') and exponential sharpness factor () have been estimated using Long Wave Propagation Capability
(LWPC) code for the JJI-Suva transmitter-receiver great circle path (TRGCP) for 22 July 2009, and NWC-Suva
path for 13-14 November 2012 total SE and 9-10 May 2013 annular SE. The electron density (N,) using the
H'" and B has been calculated for the Wait ionosphere and compared with International Reference
lonosphere (IRI) 2012 model. Using the N, and phase change associated with 9-10 May annular SE, the SE
time effective recombination coefficient (a.¢) has been determined. To identify the AGWs in terms of WLS
associated with SEs, the Morlet wavelet analysis of signals amplitude was carried out. The hypothesis to test
is that WLS period and intensity are significantly different under the different SEs.

2. Experimental Data and Brief SEs Description

VLF signals from navigational transmitters: North West Cape (NWC) (19.8 kHz), AU; NPM (21.4 kHz), Hawaii; JJI
(22.2 kHz), Japan; and NLK (24.8 kHz), USA, MSK VLF transmitters are monitored at Suva, Fiji, using a vertical
electric field antenna and a SoftPAL (Software-based Phase and Amplitude Logger) VLF receiver. The posi-
tions of these VLF transmitters, receiving station (Suva), and the respective TRGCPs are given in Figure 1,
wherein totality paths of three SEs are also shown. The TRGCP distances are 6.69 Mm for NWC, 5.07 Mm for
NPM, 7.50 Mm for JJI, and 9.43 Mm for NLK signal which fall under the medium path length (1-10 Mm) clas-
sification [Clilverd et al., 2001]. Here 1 min averaged amplitude and phase data obtained from the recording
using GPS-based timing at time resolution of 0.1 s have been used for analysis.

The details on the 22 July 2009 total SE which was the longest SE of this century are given by Maurya et al.
[2014]. The 13-14 November 2012 total SE occurred on the morning of 14 November at the west of the
International Date Line with maximum eclipse totality on 13 November with duration of 4 min 2 s at the east
of the International Date Line (http://eclipse.gsfc.nasa.gov/SEmono/TSE2012/TSE2012.html). An annular SE
took place on 9-10 May 2013 with partial begin at 21:25:10 UT on 09 May with greatest eclipse intensity at
0:26:20 UT on 10 May and ended at 2:19:58 UT on 10 May.
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Figure 2. (a) Diurnal variation of JJI signal amplitude on 20 July 2009. (b) One hour plot of JJI signal amplitude during the SE
on 22 July 2009. The amplitude on the day of the SE is plotted along with the average for two normal days (20 and 24 July).
The amplitude perturbation (AA) of ~2.20 dB is measured from the unperturbed level (green dashed line).

3. Results

3.1. SE Associated Changes in Signals Strength

3.1.1. Total SE of 22 July 2009

Figure 2a shows diurnal variation of JJI signal amplitude for 24 h on 20 July 2009 (pre-eclipse day) at Suva. The
local time (LT) of Suva is LT=UT + 12 h. There are four minima during sunrise and at least three during sunset.
The sunset and sunrise minima occur during the passage of day/night terminator between the transmitter
and receiver due to the destructive interference of the daytime and the nighttime modes (converted at
the terminator) at the receiver. The sunrise and sunset times on 20 July 2009 at Suva at an ionospheric height
of 80 km were 18:37 UT (06:37 LT) and 5:52 UT (17:52 LT), respectively. The minima during sunrise are deeper
and more discrete as compared to those during sunset. The diurnal variation is driven by changes in solar
zenith angle [Thomson, 1993] and day/night terminator movement between transmitter and receiver. The
amplitude variation for 1 h period surrounding the eclipse intersection time with JJI-Suva TRGCP on 22 July
total SE is shown in Figure 2b to indicate the SE effect more clearly. The amplitude values on the control
day (mean of 20 and 24 July, both were magnetically normal days) have been plotted by dashed line to
estimate the decrease in the amplitude (AA) due to the SE. The SE totality spot intercepted Suva-JJI TRGCP
(Figure 1) at about 02:10 UT and JJI amplitude decreased (AA) by 2.2 dB with respect to unperturbed normal
days averaged values. The time delay between first encounter of SE shadow with TRGCP and start of decrease
in the amplitude referred to as ionospheric response time to SE was about 4 min. The average and standard
deviation (o) values of signal amplitude at the time of maximum decrease were 22.5 dB and 0.67, respectively,
for 10 days of undisturbed data. Since JJl is a phase unstable transmitter, phase perturbations associated with
SE could not be estimated. The value of AA thus measured has been used for D region changes associated
with this SE using the Wait model.

3.1.2. Total SE of 13-14 November 2012

The 13-14 November 2012 total SE took place during geomagnetic disturbed conditions with an intense geo-
magnetic storm whose main phase occurred at 16:00 UT on 13 November and minimum in Dst index of
—108nT at 08:00 UT on 14 November (http://wdc.kugi.kyoto-u.ac.jp/). The diurnal variation of NWC signal
amplitude on 14 November at Suva is shown in Figure 3a which shows three minima each during sunrise
and sunset. The minima during sunset are deeper and more discrete as compared to those during sunrise.
The total SE at Suva started on 13 November at around 20:05 UT and ended at 22:15 UT with eclipse magni-
tude of about 0.60 (www.sunearth.gsfc.nasa.gov/eclipe) during which the Dst index had low values varying
from —13 to —25nT. But both 13 and 14 November were geomagnetically disturbed days with ¥Kp index
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Figure 3. (a) Diurnal variation of NWC signal amplitude (blue) and phase (red) on 14 November 2012. (b) Two hour plot of
amplitude and phase of NWC signal on 13 November 2012. The amplitude on the day of the SE is plotted along with the
average of two normal days (11 and 21 November). The amplitude perturbation (AA) of ~0.70 dB is measured from the
unperturbed level. The phase difference measured between the time interval 21:20-21:50 UT for the SE day on 13
November 2012 was 26° and on 11 and 21 November was 3 and 2°, respectively (not shown here).

of 26, and 30_ respectively, indicating that ionosphere was in a disturbed state during the occurrence of SE.
Solar obscuration reached a maximum of 55% at the time (20:55 UT) of intercept of SE with TRGCP (Table 1).
The NWC amplitude variation for 2 h period on 13 November surrounding the eclipse intersection time is
shown in Figure 3b to indicate the SE effect more clearly. The unperturbed amplitude values on control
day (mean of 11 and 21 November, both were magnetically quiet/normal days) have also been plotted in
Figure 3b, as shown by the dashed line, to estimate the decrease in the amplitude (AA) due to eclipse. The
SE totality intercepted Suva-NWC TRGCP (Figure 1) at about 21:12UT on 13 November and amplitude
decreased (AA) by 0.7 dB with respect to the unperturbed SE values on control day. The ¢ value at the time
of maximum decrease in the amplitude was 0.27 with the mean signal amplitude of 41.52 dB for 10 days of
undisturbed data. This indicates that the decrease in the amplitude was more than 2¢. The decrease in the
amplitude started at 21:25 UT and maximum decrease in the amplitude occurred at 21:46 UT giving a
D region ionospheric response time of about 13 min between the SE totality spot encounter with TRGCP
and start of decrease in the amplitude. The NWC is a phase stable transmitter and reproduces almost the
same pattern over the days, but the phase increases over the days. The phase perturbations associated with
this SE were estimated by measuring the phase difference in the time interval 21:20-21:50UT on 13
November minus the phase difference on control day and 10 other randomly selected days for the same time

Table 1. The Details of Solar Eclipses and Associated Percentage Decrease in the Electron Density Estimated, Features of Wave-Like Signatures, and Distance of
Cooling Spot Interaction With Path From Suva Station®

Solar Obscuration SE Magnitude Zenith Angle Decrease in Electron WLS Period Cooling Spot Interaction

Event (%) (%) (deg) Density (%) and Duration Distance From Station

22 July 2009 44.5 54.0 70.7 255 24-60 min JJI path
01:15-03:30 UT 6678 km

13 Nov 2012 55.0 63.2 404 329 40-66 min NWC path
21:24-22:42 UT 2449 km

10 May 2013 309 42.8 35.7 16.5 20-66 min NPM path
00:00-02:24 UT 2783 km

22 July 2009 SE [Maurya et al., 2014].
KUMAR ET AL. D REGION RESPONSE TO SOLAR ECLIPSES 4
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interval. The phase decrease on 13 November in the time interval 21:20-21:50 UT of SE was 26° and average
phase variation for this duration on control day was 3° giving a phase decrease of 23° associated with the SE.
Similar (about 3°) phase build was also seen during 21:20-21:50 UT on 10 other normal days.

3.1.3. Annular SE of 9-10 May 2013

The 9-10 May 2013 annular SE occurred during very quiet geomagnetic conditions where Dst had mostly
positive values with a little variation and Kp varied between +1 and —1 (http://wdc.kugi.kyoto-u.ac.jp/).
This annular eclipse path while starting to trace the globe first crossed the NWC-Suva TRGCP (medium length
path) near the transmitter while the eclipse shadow traveled along the TRGCP before crossing it. Solar
obscuration reached a maximum of 31% at the time of intercept of SE with TRGCP (Table 1). Two hour plots
of amplitude (blue) and phase (red) of NWC signal in the interval 22:00-00:00 UT on 9 May is shown in
Figure 4a. The amplitude perturbation (AA) of ~0.7 dB with respect to the unperturbed normal values on con-
trol day (mean of 10 and 11 May, both were magnetically quiet days) was estimated. The ¢ value at the time
of maximum decrease in the amplitude was 0.25 with the mean signal amplitude of 37.6 dB for 10 days of
undisturbed data. The phase perturbation (A ¢) of ~ 90° was measured with respect to the mean unperturbed
phase. The phase was stable on 09-11 May and did not build up which allowed us to estimate the A¢ from
the mean unperturbed value as shown in Figure 4a.

The 9-10 May annular SE also perturbed the transmissions from NPM and NLK transmissions received at Suva.
The diurnal variation of NPM signal amplitude and phase on 11 May 2013 is shown in Figure 4b. The NPM
signal propagates across the geomagnetic equator over the sea largely in north-to-south direction and com-
paratively less in east-to-west direction. The signal minima are not as distinct as in the case of JJl and NWC
signals; however, a minimum each during both sunrise and sunset transitions can be seen. The annular SE
of 9-10 May 2013 first intercepted the NPM-Suva TRGCP at around 22:40 UT on 9 May with shadow arriving
at Suva and cooling spot interacted with path at 01:33 UT on 10 May and ended at 03:25 UT on 10 May with
eclipse magnitude of about 0.45 (www.sunearth.gsfc.nasa.gov/eclipe). The amplitude variation for 2 h period
on 10 May surrounding eclipse interception time with TRGCP is shown in Figure 4c to indicate the SE effect
more clearly. The amplitude values on control day (mean of 11 and 12 May) have been plotted in Figure 4c as
shown by dashed curve to estimate the decrease in the amplitude (AA) due to this eclipse. The partial SE on
10 May was at its greatest when it crossed the NPM-Suva TRGCP around 01:25 UT and the NPM amplitude
decreased (AA) by 2.0 dB with respect to the unperturbed control day value. The values of & and mean ampli-
tude at the time of maximum decrease were 0.56 and 38.9 dB, respectively, using 10 days of undisturbed
data. The decrease in the amplitude started at 01:35 UT and maximum decrease in the amplitude occurred
at 01:52 UT giving a D region ionospheric response time of ~10 min between the SE first encounter with
TRGCP and start of decrease in the amplitude. NPM is a phase stable transmitter, but no phase perturbation
associated with this eclipse could be identified. Similar effect of this annular eclipse was also seen on the NLK
signal on 10 May at around 01:40 UT when the eclipse path first passed over the NPM-Suva TRGCP and later
intercepted NLK-Suva TRGCP. The NLK signal amplitude variation for 2 h period during 10 May surrounding
eclipse interception time with TRGCP is shown in Figure 4d. The values of amplitude on control day (9 and 11
May) have also been plotted in Figure 4d as shown by dashed curve to estimate the decrease in the ampli-
tude (AA) due to this eclipse. A maximum amplitude decrease of about ~ 1.8 dB was measured with respect
to the unperturbed mean value at 02:00 UT. The ¢ value at the time of maximum decrease in the amplitude
was 0.71 with the mean signal amplitude of 21.2dB for 10days of undisturbed data. A time difference
(D region ionospheric response) of ~4 min was measured between the first encounter of the SE with the
TRGCP at the time 01:40 UT and when the amplitude started showing its decrease at 01:44 UT. No significant
phase perturbation was apparent.

3.2. D Region Changes Associated With SE

The D region ionosphere up to the altitude of 100 km in its simple form can be characterized by the reference
height H' (km) and the exponential sharpness factor f (km™") parameters [Wait and Spies, 1964]. The para-
meters H' and £ control the altitude profile and the sharpness of the D region electron density, respectively.
The modeling of the amplitude decrease in JJI signal strength by 2.2 dB associated with 22 July 2009 total SE
gives perturbed values of H' and 8 as 72.0km and 0.340km ™', respectively, as compared to unperturbed
values 70.3 km and 0.395 km ™' as estimated from LWPC V2.1 modeling shown in Figure 5. In order to accu-
rately model the D region using LWPC, it is better to have both the amplitude and phase perturbation data.
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Figure 4. (a) Two hour plot of amplitude (blue solid curves) and phase (red solid curves) of variations of NWC signal on 9 May
2013. The amplitude perturbation (AA) of ~0.70 dB and perturbation (A¢) of 90° is measured from the unperturbed level
(green dashed line). (b) Diurnal variation of NPM signal amplitude (blue) and phase (red) on 11 May 2013. (c) Two hour plot of
amplitude (blue) and phase (red) of NPM signal on 10 May 2013. The amplitude perturbation (AA) of ~2.0 dB is measured from
the unperturbed level (green dashed line). The eclipse was at its greatest when it crossed the NPM-Suva TRGCP around
01:50 UT. The phase perturbation is not evident. (d) Two hour plot of amplitude (blue) and phase (red) of NLK signal on 10 May
2013. The amplitude perturbation (AA) of ~1.8 dB is measured from the unperturbed level (green dashed line).

Therefore, the SE of 13 November 2012 showing a NWC signal phase decrease of 23° along with the ampli-
tude decrease of 0.7 dB was modeled for the D region parameter changes using LWPC V2.1 code. The
D region parameters during SE for the unperturbed daytime ionosphere for the NWC-Suva path were
estimated as H'=70.5km and #=0.390km ™' using the polynomial equations for H' and /8 as a function of
solar zenith angle given by McRae and Thomson [2000]. By adjusting the values of H' and  to match the
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values of perturbed amplitude and
phase during the SE, the estimated
perturbed values are H'=71.1km and
£=0402km™". This gives an average
increase in H' of 0.6 km and an increase
in B of 0.012km™". Similarly, during 09
May 2013 annular SE for NWC-Suva path,
the unperturbed daytime ionospheric
values of H' and B are 70.5km and
0.390km™", and SE perturbed values of
H'=710km and f=0405km™" have
been obtained. Since the single electron
density profile cannot be applied for the
entire path and and SE did not affect the

plots give the value of . The vertical dashed lines intersecting with plots entire path and uniformly, this increase

and amplitude lines give corresponding values of H'. in H' and § is not the uniform increase

in the SE-affected part of TRGCP rather
is an average increase in H' and § along the entire path that would have produced the same phase and
amplitude perturbations.

The D region electron density height profiles N(h) in cm™3 have been constructed using the Wait profile
[Wait and Spies, 1964] both for unperturbed and SE perturbed conditions given as

Ne(h) = 1.43x 107 [exp(—0.15H") exp[(8 — 0.15)(h — H")]. (1

Several researchers have used this conventional Wait profile (equation (1)) to determine the D region electron
density under the normal conditions and disturbed conditions due to solar and geomagnetic activities [e.g.,
McRae and Thomson, 2004; Thomson et al., 2005; Kumar et al., 2015]. This electron density profile (equation (1))
gives a simple effective average change during the SEs along the TRGCPs; however, a more realistic D region
profile using the technique given by Todoroki et al. [2007] could also be determined. Using equation (1), we
have shown in Figure 6 the Ng(h) in the altitude range of 65-80 km using unperturbed (H'=70.5 km and
£=0390km™") and perturbed (H'=71.1km and £=0.402km™") daytime ionosphere for 13 November
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T 70.0 012: from the normal daytime value of
' 03 Max 2234 U 1.075x10®cm > giving 12.6% reduc-
tion in N,. The N, reduction under the
total SE of 13-14 November 2012 is
more when compared with that due to
65.0 the annular SE of 9-10 May 2013.

0.0E+00 1.0E+03 2.0E+03  3.0E+03 4.0E+03  5.0E+03 Again, this is not a reduction in the N
’ e

in the SE-affected portion of TRGCP

rather is an average decrease in N,
Figure 6. Electron density profiles determined by LWPC VLF modeling along the entire TRGCP. The N, profile
. e

Electron density (cm)

during 13 November 2012 annular SE (blue color dashed line) and 9
May 2013 (green dashed line) total SE. The normal unperturbed electron
density profile on 9 May at 22:30 UT (10:30 LT) is shown using the LWPC
model (black solid line) and IRI 2012 for the location of Suva station.

has also been obtained using the IRI
2012 model for the location of Suva for
SE on 9 May at 22:30 UT (10:30LT) and
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801 % IRI 2012 model shows N, equal to
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normal days is proportional to \/Fcos ',

where F is solar flux and y is solar zenith
angle which during eclipse day decreases
to where y is obscuration rate of Sun dur-
ing the eclipse event [Ratnam et al,
2012]. The average electron density
decrease of 26, 33, and 17 percentages is estimated for July, November, and May SEs (Table 1) for which solar
obscurations were 45, 55, and 31 percentages, respectively. The decrease in electron density as given in Table 1
is not specific along any TRGCP shown is Figure 1 rather is the general decrease in the electron density by SEs
and depends upon type and magnitude of SE.

Figure 7. Vertical profile of the effective recombination coefficient (aef)
during annular SE day of 9 May 2013 at 22:30 UT (10:30 LT) for Suva
using Wait and Spies [1964] and IRl 2012 electron density profiles.

The effective recombination coefficient (a.¢) at various daytime D region heights can be estimated [Mitra,
1968, 1974] using the phase decay curve for solar flare or solar eclipse conditions. The a.¢ using phase varia-
tion associated with SEs both during decay and recovery times, assuming ionospheric response to be time
independent over the duration of SE effect [Lynn, 1981], is determined using the relation

1 — D,/
Nel(tz — t2))

where ¢, and ¢, are phase changes at times t; and t,, respectively, during the decrease in the phase and N,
is the electron density at the normal daytime reflection height (75 km taken here). The 9-10 May 2013 SE has
shown a very systematic decrease in phase which we have used to estimate the o.¢. We measured the phases
(¢1 and ¢,) at every 5min interval (t, — t;) at 5 points each for decay and recovery of the phase shown in
Figure 4a which have been used to calculate the g The average value (10 points) of a.; comes out to be
559% 107" cm 35" at 75 km (normal reflection height) and 1.56 x 107 cm 357" at 80 km. The value of g
is larger by 24% to the daytime ionospheric quiescent condition value of ae=4.5%10""cm™> s~ ' [Mitra,
1968] but small compared to nighttime value of [Belrose et al., 1964]. Using the IRI 2012 model for the location
of Suva for SE on 9 May at 22:30 UT (10:30 LT), we found N, to be 6.45 x 10° cm ™2 at the 75 km height which is
23.4% less than that obtained using LWPC modeling at the same height. Considering SE time reduction of
12.6% in IRl given N,, and using equation (1), the value of ae¢ comes out to be 6.86x 10~ “cm™ 35" at
75 km (normal reflection height) and 5.14x 1077 cm™> s~ at 80 km. The vertical profile of ae in the altitude

range of 70-80 km during SE time using both Wait model and IRl model N, is shown in Figure 7.

)

eff =

3.3. Wavelet Analysis of Signal Amplitude During SEs

Wavelet transform-based methodology to detect AGW packets (or structures) propagating up to ionospheric
heights has been used by several researchers [e.g., Sauli et al., 2006, and references therein]. For the detection
and characterization of acoustic waves, Morlet mother wavelet is preferred over Paul mother wavelet [Sauli
et al,, 2006]. To determine the wave-like signatures (WLS) due to AGWs associated with SEs, the Morlet
mother wavelet analysis, as used by Maurya et al. [2014] for the 22 July total SE, has been carried out of
NWC amplitude signal during13-14 November 2012 total SE and for NPM signal amplitude during 9-10
May 2013 annular SE, with the aim of finding the changes in the gravity waves characteristics associated with
different SEs. In order to find out eclipse associated WLS, we have subtracted normal day VLF signal ampli-
tude values from instantaneous values on the eclipse day for the respective eclipses. Further, we applied
wavelet analysis with 20-80 min period range Butterworth band-pass filter to the subtracted amplitude data
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Figure 8. The wavelet spectra based on the Morlet wavelet analysis of JJI, NWC, and NPM signal filtered amplitude
observed during 22 July 2009 total SE [Maurya et al., 2014], 13-14 November 2012 total SE, and 9-10 May 2013 annular
SE day for 6 h duration at each station. The black thick contours show 95% confidence line of the period, and the bowel
shape contours show the cone of influence; anything below is dubious. Hence, the period lying between these two curves
is significant. The intensity of WLS on arbitrary scale is shown by the color column.

for these partially eclipsed stations to focus on short-term oscillations associated with AGWs during SEs and
to look at lower side of WLS period than that studied by Maurya et al. [2014] using 30-80 min period range
filter. The results are shown in Figure 8 using 6 h of data surrounding eclipse time. The black thick contours
show 95% confidence line of the period, and the bowel shape contours show the cone of influence; anything
below is dubious. The results on WLS are also summarized in Table 1. The distance between the cooling spot
interaction with TRGCPs from receiving station Suva was 6678 km for 22 July 2009 total SE on JJI path,
2449 km on NWC path for 13-14 November 2012 total SE, and 2783 km on NPM path for 9-10 May 2013
annular SE. For 22 July 2009 total SE the WLS with period of 24-60 min occurred during 01:15 to 03:30 UT.
The eclipse effect was due to SE shadow intercepting JJI-Suva TRGCP near the transmitter with a delay of
~55min between the first encounter of SE shadow with TRGCP and start time of WLS. Within the contour
of cone of influence in Figure 8 (top), there appear a couple of events of short duration comparatively weaker
WLS with the periods of few minutes (below the lower period cutoff of the filter) which could be associated
with acoustic waves. For 13-14 November 2012 total SE, we have selected data starting at 21:00 UT on 13
November to 03:00 UT on 14 November in order to avoid night/day terminator effect which itself is a strong
source of gravity waves [Nina and C"adze, 2013]. It can be seen that there were significant WLS present during
the eclipse time (21:24 to 22:42 UT) with period of 40-66 min which may also be due to SE or solar terminator
as the SE occurred during the signal buildup after the terminator passage. For 9-10 May 2013 total SE, we
have selected NPM transmitter for the analysis since NWC-Suva TRGCP was mostly during dark and termina-
tor transition, and NLK was not affected by the SE. For NPM-Suva path, we see the presence of strong WLS
with period ~20-66 min during ~ 00:00 UT-02:24 UT on 10 May. The time of occurrence of WLS indicated that
they occurred about 80 min after eclipse commencement (22:40 UT) at Suva. The cooling spot intercepted
NPM-Suva TRGCP about 2 h after the SE shadow touched Suva. We do not see any dependence of type
and magnitude of SEs on WLS period, duration, and intensity of WLS (Table 1 and Figure 8).

4, Discussion

The D region ionospheric changes due to sudden decrease in the solar radiation associated with total SEs on
22 July 2009 and 13-14 November 2012 and an annular solar eclipse on 9-10 May 2013 have been studied.
The total SEs on 22 July 2009 and 13 November 2012 were followed by moderate and intense storms,
respectively; however, the geomagnetic disturbances during these SEs were not strong enough to produce
any noticeable effect on the low-latitude D region ionosphere [Peter et al., 2006; Kumar and Kumar, 2014].
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The D region effects of 22 July 2009 SE effects particularly in the Indian and Chinese sectors using ELF-VLF
signals have been studied by several researchers [Guha et al., 2010; Singh et al., 2011; Zhang et al., 2011;
Ohya et al.,, 2012; Pal et al.,, 2012; Phanikumar et al., 2014; Maurya et al., 2014]. We have primarily used 22
July SE data [Maurya et al., 2014] for modeling the D region ionosphere for JJI-Suva path and comparing
periodic WLS associated with 12 November 2012 and 9 May 2013 SEs. The D region ionospheric response
time of ~4-13 min estimated between the first encounter of three SEs with respective TRGCPs and start of
decrease in the amplitude is consistent with observations by Clilverd et al. [2001] but are shorter than the
response times (~1-2h) found by several researchers [Altadill et al., 2001; Zhang et al., 2010; Yadav et al.,
2013] for SEs effect in the E and F region ionosphere.

During SEs, sudden short-lived decrease in solar flux creates nighttime-like situation with maximum effect in
the shadow region which decreases both the sides of shadow and changes the normal physical and chemical
processes of the D region. The totality shadow has major blockage of Lyman « radiation which under normal
daytime is mainly responsible for the major D region ionization. But electron density in the SE region is still
higher than the pure nighttime conditions due to some ionization produced by limb solar corona originated
EUV and soft X-ray radiations [Curto et al., 2006; Singh et al., 2011]. The discontinuity created by the eclipse
region in the TRGCPs causes the changes in the VLF propagation conditions giving a net increase or decrease
in the VLF signal amplitude and phase at the receiving station. The blockage of Lyman a (1215 A) by the Moon
during SEs decreases the ionization process and increases the recombination in the ionosphere including
D region ionosphere. The SE-associated decrease of ionization leads to the perturbations in ionospheric elec-
tron density and electrical conductivity and drives the D region upward according to the decrease in the
radiation along the TRGCP. Since the entire TRGCP was not affected uniformly by SEs, the D region VLF reflec-
tion height decreases will be different at different locations of the TRGCP affected by SE. Therefore, the reflec-
tion height estimated at any station is the path-integrated reflection height. Using tweek sferics recorded at
Allahabad (geographic latitude, 25.40°N) and Nainital (geographic latitude, 29.35°N) during 22 July 2009 total
SE effect, Singh et al. [2011] calculated tweek (VLF) reflection height and found a gradual increase/decrease in
the tweek reflection height/D region electron density with the progress/decay of eclipse magnitude at both
stations. The increase in the tweek reflection height of about 5-8 km in the Indian region was estimated by
Guha et al. [2010] and Singh et al. [2011] associated with SE of 22 July 2009. The observations of Indian
Transmitter (VTX) signal (18.2kHz) for the path length of 2000 km and more in the northeastern part of
India showed a decrease in the signal amplitude for 22 July 2009 total SE [Guha et al., 2010; Pal et al.,
2012]. Our results for 13-14 November 2012 total SE for the NWC-Suva path show that NWC signal amplitude
and phase decreased by about 0.70 dB and 23°, respectively. For 9-10 May 2013 SE, NWC signal amplitude
and phase decreased by about 0.70 dB and 90°, respectively, NPM amplitude decreased by 2.0 dB, and NLK
amplitude decreased by 1.8 dB from unperturbed level. Our results of decrease in the VLF amplitude for all
three SEs for medium length paths are consistent with previous studies by Clilverd et al. [2001] who for 11
August 1999 SE found a decrease (negative) in VLF amplitude for long paths but an increase (positive) in
VLF amplitude for majority of short paths. The amplitude decrease associated with 13 November 2012 and
9 May 2013 SEs of about 0.7 dB falls within the daytime day-to-day variability of signal amplitude during
the period of SEs occurrence but the phase perturbations of 26° and 90° respectively, are much larger than
the day-to-day variation of phase which is within 2-3° over 2 h period on normal days. In all the cases the
AA value was higher than at least 2o value of the signal amplitude about the mean, further ruling out the
possibility of AA within day-to-day variability of the signal strength at the time of the signal dip during SEs.
Therefore, we believe that the amplitude decrease associated with phase decrease is really due to SEs. The
complex constructive/destructive interference of modes at the receiver but generated at the SE discontinuty
of decreased VLF reflection height by SE results in a net VLF signal amplitude increase/decrease to which total
TRGCP length and direction, topography of receiver site, SE, and ionospheric conditions along the path also
contribute [Clilverd et al., 2001]. Since ionizing radiations of the Sun are progressively cut off by the Moon'’s
shadow as the eclipse progresses, the electron density in the D region is depleted causing the progressive
increase in the VLF reflection height and hence the phase decrease. The increase in the effective VLF reflec-
tion height is due to an increase/decrease in the recombination coefficient/electron density and altitude
redistribution of the ionospheric D region electron density due to movement of SE shadow through the iono-
sphere. The SEs create a discontinuity in the TRGCP due to the movement of shadow and a sharp decrease in
the electron density along the movement of totality shadow and slow decrease in electron density in the
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region of partial SE strength according to the strength of partiality. This increases both the parameters H' and
S differently along the TRGCPs, but their path-integrated increase can be calculated using the method sug-
gested by Clilverd et al. [2001] and LWPC code. The modeling of both amplitude and phase decrease asso-
ciated with 13-14 November 2012 SE on NWC-Suva path using LWPC code shows that eclipse time values
of H' and S were increased by 0.6 km and 0.012 km™', respectively, from the normal unperturbed values of
H'=705km and #=0.390km~". The electon density N, (h) calculated using perturbed values of H'
=71.1km and f=0.402 shows a decrease in N, (h) which at 75 km is about 12.6% (Figure 7). Almost similar
change in the unperturbed daytime ionosphere values of H'=71.0km and £#=0405km~' have been
obtained for 9-10 May 2013 SE. Guha et al. [2010] during the total SE of 22 July 2009 recorded the JJI trans-
mitter signal (location, 8.38°N, 77.75°E) at Tripura station (23.75°N, 91.25°E) having a medium path with TRGCP
of 2200 km. Using the method suggested by Clilverd et al. [2001] which states that a 1dB increase in the
amplitude and a 10° decrease in the phase results in an increment of H' by 1.1 km and S by 0.01 km™', they
found increase in both H' and f8 to 74.5 km and 0.433 km™' compared to unperturbed ionosphere values of
71km and 0.43km™", respectively, giving an increase in H' and f by 3.5km and 0.003km™", respectively.
However, we cannot use the criterion of Clilverd et al. [2001] because it is suitable only for short paths
(0-1000 km), whereas all the paths (>5000 km) under this study fall under higher side of medium lenght path
(1000 km-10,000 km). Phanikumar et al. [2014] analyzed JJI signal received at Busan, a very short path
(~390 km), during 22 July 2009 SE, and estimated an increase in H and £ to 77 km and 0.485 km ™", respec-
tively, from normal daytime values. The decrease in the amplitude and associated increase in the D region
parameters indicate that the change in signal strength and the H' depends upon the path length from the
point of intersection of SE shadow to TRGCP; the larger the distance less is the effect due to more mixing
of modes with the distance. The ionospheric response to a SE is generally nonlinear [Lynn, 1981], although
some authors have considered it to be linear. The parameters H' and f during SEs vary with time, distance
from the transmitter, and varying amount of solar obscuration along the TRGCP. Since the entire TRGCP is
not affected uniformly by the SEs, the SE time H' and f estimated here using LWPC code indicate the average
change in their values along the entire path that would produce the same amplitude and D region change as
observed here.

In the D region, the electrons are dominantly lost due to effective recombination which includes the dis-
sociative recombination, mutual ionic recombination, electron to negative ion ratio and other dust cap-
ture coefficients of aerosol. During a SE, the electron production rate decreases and dissociative
recombination increases resulting in corresponding decrease in the electron density. The dissociative
recombination is predominant in the upper D region during the SEs and nighttime. The SE time value
of aes estimated for 9 May 2013 annular SE was 6.86 x 10~ “cm™ 3s~ " at 75km and 5.14x 10" cm ™ >s™"
at 80 km obtained using the IRl model with application of 12.6% decrease in N, over LWPC values asso-
ciated with 9-10 May annular SE. The ac¢ is larger than the daytime (75 km altitude) ionospheric quies-
cent condition value, small compared to nighttime value, and large (~27%) compared to eclipse time
value of aer=5%10""cm>s~" at the VLF reflection height [Grubor and Suli¢, 2002]. In this study,
TRGCPs fall under medium length path (NWC-Suva path), SE is annular, and the entire path was not
under SE uniformly, therefore, value of a.s we have estimated is the average value of effective recombi-
nation coefficient integrated long the entire path. The aes particularly during SEs and solar flares is still
poorly known and requires further investigations.

The AGW sources in the ionosphere can be earthquakes [Molchanov and Hayakawa, 2008], volcanic erup-
tions, tornadoes, thunderstorms, solar eclipses, terminators, jet flows, polar and equatorial electrojets,
meteors, strong explosions, and powerful rocket launches [Kaladze et al., 2008]. AGWs consist of relatively
high-frequency acoustic and low-frequency internal gravity waves and have typical periods from 10%s to
about a day. AGWs can exist from the troposphere up to altitudes of 500 km, covering the entire ionosphere.
The acoustic waves in atmosphere can be emitted only by supersonic motion [Kato et al., 1977] of the
totality/annularity footprint (cooling spot) of the SEs. Walker et al. [1991] using the ionosonde sounding of
virtual heights presented first experimental evidence of the existence of gravity waves with periods of
30-33 min in the ionosphere during the SE of 18 March 1988 in East Asia. The summary of WLS features
during three different SEs for three different VLF transmitter signals recorded at Suva is presented in the
Table 1 and compared with the solar obscuration, SE magnitude, solar zenith angle, decrease in the electron
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density, and distance of SE interaction with TRGCP from the station. For 22 July 2009 the WLS of 22-60 min
period occurred about 60 min after the eclipse start time near the transmitter. The couple of WLS events of
short durations and short periods (few minutes) in Figure 8 (top) appear to be associated with the acoustic
waves which could also be generated by strong lightnings around the TRGCP. For example, there were sev-
eral lightnings seen in the World-Wide Lighting Location (www.wwlIn.net) data (e.g., at 00:41:24.125459 UT,
32.6825°N, 134.4355°E) around the JJI transmitter location (32.040°N, 130.810°E) within 5-10 min prior to
the occurrence of first short period WLS event around 00:47 UT. But it is difficult to exactly identify which
lightnings were responsible for these events due to large time delay between acoustic-gravity wave genera-
tion in the troposphere and its effect on the D region. The intensity of these WLS events is comparatively
weaker mainly due their atmospheric absorption (due to viscosity and heat conductivity) and response of
the filter to the period outside its band-pass range. Saulia et al. [2007] have shown an acoustic wave event
during total solar eclipses of 11 August 1999 with 1 min vertical profiles of electron concentration measure-
ments at the European midlatitude ionospheric station Pruhonice (Czech Republic; 49.9°N, 14.6°E). However,
the signal amplitude/electron concentration data at lower sampling rate than 1 min will give better detection
of such waves. For 13 November 2012 SE event, we see significant WLS on NWC signal during the
21:00-22:40 h UT but it is very difficult to filter out the eclipse generated WLS from day-night terminator
transition (TT) generated due to the fact that the eclipse occurred very close to TT which is the strong source
of WLS. There was an intense geomagnetic storm (Dst=—108 nT) with main phase during 13/14 November
2012, but we do not see any WLS corresponding to storm activity during the period of our analysis shown in
Figure 8 which is consistent with results of Kumar et al. [2015]. However, based on this analysis comparatively
for shorter period of about 6 h (Figure 8), we cannot completely rule out the occurrence of WLS associated
with storms as already reported by Viasov et al. [2011, and references therein]. This could be our separate
work by taking several intense storms with longer duration analysis mainly during the recovery phase of
the storms. For the 9-10 May 2013 SE event, WLS on NPM signal were observed by ~ 85 min later than the
eclipse shadow starting at Suva, whereas cooling spot intercepted the NPM-Suva TRGCP about 2 h later than
SE shadow touching Suva station. Both NPM transmitter and Suva had almost the same eclipse magnitude
and solar obscuration. The eclipse ended at ~2:00 UT at Suva, whereas it was maximum at NPM ~10 min
before this time. Eclipse moved away from Suva at 02:00 UT, and WLS disappeared after ~02:40 UT, but there
was partial eclipse at NPM. Above arguments indicate that a sudden change in the solar radiation apart from
cooling spot could also generate the WLS which can appear after some time delay but not necessarily to
remain present during all the time of SE on TRGCP. The observed WLS wave period in this study and the
SE ionospheric response time are in the range of wave period generally between 20 and 60 min as reported
in many previous ionospheric observations during eclipse using various techniques [Altadill et al., 2001; Saulia
et al., 2007; Chen et al., 2011; Ratnam et al., 2012; Yadav et al., 2013]. However, the WLS time delays (on hour
scale) as also found by Maurya et al. [2014] are significantly larger than D region ionospheric response time
(~4-10min) to SEs [Lynn, 1981; Clilverd et al., 2001]. The WLS time delays are different for different SEs which
could be due to difference in the atmosphere cooling and velocity of AGWs associated with SEs. For 9-10 May
2013 annular SE, the occurrence time of WLS (00:00 UT, 10 May), eclipse commencement at Suva (22:40 UT, 9
May), interaction time of cooling spot with NPM-Suva TRGCP at about 01:35 UT on 10 May indicate that apart
from the cooling spot the eclipse shadow can also excite the AGWs giving WLS detectable at D region
heights. The range of WLS period (20-66 min) is maximum for 9-10 May 2013 annular SE and minimum
(40-66 min) for 13-14 November 2012 total SE. The total interaction time of shadow and cooling spot with
NPM-Suva TRGCP for 9-10 May annular SE was larger compared to 22 July 2009 total SE and 13-14
November 2012 total SE. This shows that range of WLS period apart from the distance between the cooling
spot interaction with transmitter paths from station (Maurya et al. [2014] and relevant references) may also
depend upon interaction time of SE with TRGCP. No significant change in the period and intensity of WLS
is seen with the type and magnitude of SEs (Table 1 and Figure 8). As suggested by Chimonas and Hines
[1970] and followed by Maurya et al.[2014], the WLS reported here are most probably due to electron density
and temperature gradients created by blockage of D region ionization/solar flux superimposed with AGWs
produced at various altitude due to differential heating because of supersonic movement of the Moon's
shadow. Our results indicate that despite the well-accepted mechanism of AGWSs generation during eclipse
as discussed by Chimonas [1970], the observation of WLS at a given station and for a given solar eclipse event
may depend on various factors like eclipse time and local time at transmitter and receiver, the time difference
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between two, TRGCP path length, direction of eclipse propagation, eclipse magnitude and obscuration, and
geomagnetic conditions. The difference in WLS characteristics could be due to one SE event (13-14
November 2012) that occurred during morning around 10 h LT when the ionosphere is still in a developing
stage and two SE events (22 July 2009 and 9-10 May 2013) around 14 h LT when the ionosphere is fully
developed. Further studies using many eclipse events and various combinations of TRGCPs are suggested
to understand this subject more clearly. Our intention in this work is to find out the variation in the
occurrence of WLS during different eclipses.

5. Conclusions

The LWPC modeling of the D region ionosphere during three eclipses (total SE of July 2009 and 13-14
November 2012 and annular SE of May 2013) observed at Suva, Fiji, a low-latitude station in the South
Pacific region, showed moderate (0.5-1.5 km) increase in average VLF reference height with a maximum of
1.5 km for July 2009 total SE. The decrease in electron density for both total SEs by 25-32% is larger than
of about 16% for annular SE of May 2013. Annular SE of May 2013 along with amplitude decrease also showed
a systematic and good decrease in phase by 90° which gives ae¢=6.86x 10" “cm™ 3s~ ' at 75 km which is

larger than eclipse time value of ae=5x10"" ecm—357" reported in the literature. Under the application

of filter output of 20-80 min, the WLS of periods 24-60 min, 40-66 min, and 20-66 min associated with 22
July 2009, 13-14 November 2012, and 9-10 May 2013 have been estimated. The results indicate that
SE-induced AGWs perturbed the D region ionosphere and induced the periodic variations in the electron
density and hence in signal amplitude manifested through the wavelet analysis of signal amplitude. The
occurrence of WLS for 9-10 May 2013 SE event on NPM signal before cooling spot interception with the
NPM-Suva path shows that apart from SE cooling spot even the sudden changes in the solar radiation over
path can also produce WLS. The periodicity and intensity of WLS did not show any clear dependence on the
type and magnitude of SE indicating that they may also depend on various conditions such as time of SE
occurrence time, TRGCP length, signal power, the background of atmosphere and ionosphere at the time
of SE, and other geophysical and meteorological conditions which are never same for any two SEs. The results
provide initial understanding on the dependence of SE-generated WLS on the TRGCP geometry. The detailed
study on this topic is suggested as future work considering more eclipses intercepting various TRGCPs.
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