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Abstract

In this report, an effort for the first time has been made to investigate the effect of the total Lunar Eclipse that occurred on 27th July
2018 (the longest lunar eclipse in the 21st century) on the D-region ionosphere. Very Low Frequency (VLF) navigational transmitter
signals recorded at Prayagraj (formally Allahabad) station in India is the primary dataset used. The signals from two VLF transmitters:
NWC (19.8 kHz) from Australia, and JJI (22.2 kHz) from Japan, have been utilized. When compared to unperturbed night, NWC signal
amplitude showed an anomalous decrease of ~0.86 dB, while JJI amplitude showed an anomalous increase ~0.26 dB during the lunar
eclipse. The Wait’s lower ionospheric parameters: reflection height (H’) and sharpness factor (f§) are estimated by using a rather coarse
method of modeling of VLF signals anomalies on eclipse day, which comes out to be H' = 85.25 km & f = 0.689 km~' and
H =84.59 km & = 0.683 km™" respectively for NWC and JJI path. Using wait parameters, the electron density (N,) profile is estimated
and this showed a decrease in N, during eclipse time with reference to the nighttime ambient values. The N, values for the NWC path,
showed relatively higher decrease compared to the JJI path. The plausible reasons for observed N, decrease on lunar eclipse night could
be due to the reflected lunar Lyman-o and X-ray’s radiation which may contribute to the nighttime ionization is blocked during the lunar
eclipse, thereby decreasing the nighttime lower ionospheric N..
© 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Eclipses (both Solar and Lunar) are one of the nature’s
spectacular celestial events always fascinating to mankind.
But Solar eclipses have received enormous response from
the space and atmospheric scientist due to its direct impact
on the earth’s atmosphere and ionosphere during daytime
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and hence several research papers have been published
(e.g. Anderson et al, 1972; Antonia et al., 1979;
Srivastava et al., 1982; Chimonas and Hines, 1970;
Chimonas 1970; Maurya et al., 2014; Phanikumar et al.,
2014; Singh et al., 2011). However, the effect of Lunar
Eclipse (LE) on the lower ionosphere more specifically dur-
ing nighttime dynamics was not very well understood
because of either lack of instruments to measure such low
densities and hence very few publications on this topic.
Though, the search for the Lunar effect on the Earth’s
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ionosphere was a continued effort ever since the discovery
of the radio propagation (e.g., Stetson, 1931; Stetson and
Johnson, 1934; Banerjee and Singh, 1936; Stetson, 1944
and reference therein).

A unique study was made using group-retardation
method with wave frequency of 3.8 MHz during the lunar
eclipse of 08 January 1936 depicting that there was an
appreciable variation in the F-layer ionosphere before the
eclipse and the strength of the echoes appeared to be
strong. However, during the eclipse, it became very weak
and then regained its original strength after the eclipse, sig-
nifying the contribution of the Moon in the nighttime ion-
ization (Banerjee and Singh, 1936). Thus, it was shown for
the first time that lunar eclipse also affects the ionization of
the upper atmosphere i.e. during the eclipse the ionospheric
electron density may become low (Banerjee and Singh,
1936). In another interesting work by Stetson (1944), who
analyzed the field intensity of WBBM Chicago at
770 kHz frequency being recorded at MIT at Boston, for
the period of 10 years during 1930-1939, suggested that
change in the nighttime ionization of the E-layer
(~100 km altitude) was associated with changing phases
of the Moon. A hypothesis was suggested that the ionizing
radiation from the Moon, mainly emission of secondary X-
ray radiation and reflected ultra-violet radiation, may
cause the change in field intensity during night hours corre-
sponding to the phases of the Moon.

Another aspect of studying lunar eclipse is by observing
the light reflected from the surface of the Moon, the spec-
tral features of Earth’s transmission spectrum can be
obtained. By calculating the brightness ratio of light
reflected by the lunar surface in umbra, penumbra, and
out of the eclipse, the Earth’s transmission spectra can be
calculated. The path length of transmission spectra is
greater than the path length of reflection spectra. Earth’s
transmission spectra appear red and reflection spectra
appear blue (Enric et al., 2009). Another observation of
lunar eclipse was made on 10 December 2011 using Subaru
telescope and High Dispersion Spectrogram (HDS)
(Kawauchi et al., 2018). The observations were started
prior to the eclipse and terminated at the middle of the
eclipse. Through this observation, authors alternately
got a series of spectra of sunlight reflected by two
points of the lunar surface — ocean of storms and sea of
fertility.

VLF signals from navigational transmitters have given
us a unique opportunity to study and understand the night-
time D-region electron density variations during the total
lunar eclipse event. The present work is first of its kind
from the low latitude region. To understand the impact
of 27 July 2018 total lunar eclipse on the lower ionosphere
during night time, we scrutinized VLF observations from
two navigational transmitters to verify any unusual iono-
spheric changes during the eclipse. Though Moon does
not directly affect ionization as it does not have its own
light, but the reflected lunar Lyman-o and X-rays radiation
from lunar exosphere may be contributing as one of the
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minor ionizing sources during nighttime ionosphere. Dur-
ing lunar eclipse, these radiations are blocked and this
could decrease the ionospheric ionizing radiation below
ambient level.

2. VLF data and total lunar eclipse

We have utilized the very low frequency (VLF: 3-
30 kHz) data recorded at a quiet location Prayagraj (for-
merly Allahabad) [geog. lat. 25.41°N, long. 81.93°E; geo-
mag. lat. 16.45°N, long. 153.70°E] India, using Stanford
University developed Automatic Weather Electromagnetic
System for Observation Modeling and Education (AWE-
SOME) receiver setup (Cohen et al., 2010; Singh et al.,
2010). The high resolution (50 Hz) VLF data from two
navigational transmitters: NWC (19.8 kHz, geog. lat.
21.82°S; geog. long. 114.17°E) from Australia, and JJI
(22.2 kHz, geog. lat. 32°N; geog. long. 130.7°E) from Japan
recorded at Prayagraj (PRJ) station have been utilized. The
Fig. | shows the location of Pryagraj station, NWC and JJI
VLF transmitter along with their Transmitter Receiver
Great Circle Path (TRGCPs). The TRGCP path length
for the NWC-PRJ path is ~6,300 km and for the JJI-
PRI path ~4785 km. We have used 1-minute average data
as the lunar eclipse is long duration event and hence does
not required high resolution data.

The total Iunar eclipse of 27 July 2018 occurred when
Moon was at its longest distance from the Sun called apo-
gee. Hence, this is also called as apogean full Moon. At this
location, Moon takes longer time to pass through the
earth’s shadow, compared to the full Moon when it is clo-
ser to the Earth and moving faster in the orbit. This was the
longest eclipse of the 21st century. The Moon remained at
least partially in the Earth’s shadow for four hours and
totality duration was ~1 hr 42 min 57 sec. Here, during
the eclipse, the Moon passed into the center of the Earth’s
shadow and thus was called central lunar eclipse which
occurs rarely. This eclipse was visible from the world’s east-
ern hemisphere covering Eastern Africa, Southern Africa,
Southern Asia & Central Asia and seen rising over South-
ern America, Western Africa & Europe and setting over
Eastern Asia & Australia. The Moon during this eclipse
was called ‘Blood Moon’ since the Moon turns red. More
details about the timing of various phases of the eclipse is
presented in Table 1. The eclipse details are obtained from
the NASA eclipse website (https://eclipse.gsfc.nasa.gov/
LEplot/LEplot2001/LE2018Jul27T.pdf). In order to show
the eclipse coverage region (partial eclipse, totality, no
eclipse region etc.), we have added the eclipse coverage
region shown in the above mentioned pdf document from
NASA lunar eclipse website as Fig. 1 (b). Further, the com-
parison of eclipse coverage region from Fig. la and PRIJ-
NWC & PRIJ-JII path from Fig. 1b, show that PRIJ-
NWC TRGCP was approximately more than half in total
eclipse, whereas PRJ-JJT TRGCPs were less than 1/3 part
in the totality region.
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Fig. 1. a: Map showing location of receiving station Pryagraj (PRJ) and VLF transmitters NWC and JJI. (b). Showing eclipse coverage region on the
globe (obtained from NASA eclipse webpage through link (https://eclipse.gsfc.nasa.gov/LEplot/LEplot2001/LE2018Jul27T.pdf).

Table 1

Shows local the time at Prayagraj, NWC and JJI during the occurrence of eclipse.

Universal Time (UT)

Allahabad (Prayagraj), India

NWC Australia

JII, Japan

17:14:49 (P1), 27 July
18:24:27(U1), 27 July
19:30:15(U2), 27 July
21:13:12(U3), 27 July
22:19:00(U4), 27 July
23:28:37 (P4), 27 July

22:44:49, 27 July
23:54:27, 27 July
01:00:15, 28 July
02:43:12, 28 July
03:49:00, 28 July
04:58:37, 28 July

01:14:49, 28 July
02:24:27, 28 July
03:30:15, 28 July
05:13:12, 28 July
06:19:00, 28 July
07:28:37, 28 July

02:14:49, 28 July
03:24:27, 28 July
04:30:15, 28 July
06:13:12, 28 July
07:19:00, 28 July
08:28:37, 28 July

In Table 1, P1, Ul, U2, U3, U4, and P4 show the time at
which the Moon passed the penumbral and umbral regions
of Earth’s shadow during the eclipse. The time 17:14:49 UT
represented as P1 is the time at which partial lunar eclipse
started and the Moon entered into the penumbral portion
of the Earth’s shadow. The time 18:24:27 UT represented
as Ul is the time at which the Moon passed into the umbral
region and the beginning of the total lunar eclipse
occurred. The time 19:30:15 UT, represented by U2 is the
time at which the Moon passed into the central portion
of the Earth’s shadow and the total lunar eclipse was at
its peak. The time 21:13:12 UT which is represented by
U3 is the time at which the Moon moved from the central
portion of Earth’s shadow. The time 22:19:00 UT, repre-
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sented by U4 is the time at which the Moon moved out
of the umbral portion of the Earth’s shadow and the total
lunar eclipse completed. The partial lunar eclipse ended
when the Moon passed out of the penumbral region at
23:28:37 UT and is represented by P4.

3. Observations and modeling of the VLF signal variations
during the total lunar eclipse

3.1. VLF signal amplitude variation during eclipse
To understand the impact of the total lunar eclipse on

the lower ionosphere, we have utilized VLF transmitter sig-
nal (amplitude) data recorded at Prayagraj from the VLF
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transmitters NWC (19.8 kHz) and JJI (22.2 kHz) located in
Australia and Japan respectively. We have not used phase
data in this analysis as phase for both transmitters NWC
and JJI on eclipse day as well as on normal days (not
shown here) are erratic and hence cannot be used in anal-
ysis. The NWC and JJI transmitter signal amplitude time
series plots are shown in Fig. 2 (a & b) respectively.
Fig. 2 (a & b) is the average amplitude time series plots
for 06 days during 24-30 July 2018, except 27 July 2018 (lu-
nar eclipse day). As expected, clear diurnal variation of
NWC and JJI signal amplitude is observed during six days
for both during day and night time. The NWC diurnal
mean variation (Fig. 2a) show sunrise (denoted as SR1)
and two sunset terminators (denoted as SS1 and SS2)
(the time at which dayside meets night side) at ~0:20 UT,
~10:30 UT, and ~12:00 UT respectively. The local Indian
day time (~01-10 UT) shows smooth evolution of day time
D-region ionosphere which is normally controlled by solar
ionization. The nighttime (~13-23:30 UT) signatures are
highly variable due to the absence of strong daytime solar
radiation. The nighttime lower ionospheric dynamics is lar-
gely controlled by highly variable nighttime sources as dis-
cussed by many previous works (e.g., Thomson et al., 2007;
Ohya et al., 2011; Maurya et al., 2012). The JJI diurnal
mean variation (Fig. 2b) also depict similar day/night ter-
minator time variation but visible characteristic differs with
that of NWC signal diurnal variation. The average night-
time amplitude for NWC is lower compared to the average
day time NWC amplitude. While average JJI nighttime
amplitude is higher than average day time JJI amplitude.
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Further, the NWC TRGCP show two sunset terminators
(SS1 & SS2), whereas, JJI TRGCP show a single sunset ter-
minator (SS1). This is due to different TRGCP characteris-
tics of different time zones that affect VLF signal
propagation differently (Maurya et al., 2014; Kumar and
Kumar 2020).

To better understand the VLF signal amplitude varia-
tion, and for identification of anomalies due to lunar
eclipse, the diurnal variation of NWC and JJI signals are
shown in Fig. 3 (a & b). In Fig. 3 (a & b) the mean of 6 days
(+/- 3 days of eclipse day) also considered as quiet day
mean is shown with green color. Fig. 3 also includes two
anomalous lines (+20) in black color, where o is standard
deviation values of 6 day means of VLF signal amplitude.
Anything above or below black anomalous lines is consid-
ered as an anomaly. The eclipse day amplitude variation is
presented by the red line. The vertical lines depict timings
of Moon phases as P1, Ul, U2, U3, U4 and P4. As can
be seen from Fig. 3a, the NWC amplitude on eclipse day
1s well within the + 2o lines till around 14 UT, then it
shows an anomalous drop in amplitude below —2c line
during ~14-15 UT. It should be noted that this drop in
amplitude appears just after SS, (sunset terminator time)
and much before the start of the lunar eclipse, and after
that it becomes normal. The first anomalous drop associ-
ated with eclipse appears at ~17:45 UT and this drop con-
tinues for ~27 min. The second drop appears around 18:30
UT and lasts for 20 min.

As the eclipse happened during nighttime and VLF sig-
nals are highly fluctuating, therefore in order to estimate
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Fig. 2. (a & b): Showing time series variations of mean (red line) of VLF signal amplitude for NWC and JJI transmitters respectively for six days (+/-
3 days of eclipse day). The vertical lines show error bar (in blue color). The duration of TRGCP during day, night, sunrise (SR) and sunset (SS) terminator
are also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a & b): Show diurnal variation of mean of 6 days (green plot) also called as normal day variation, the two anomalous lines (+2c) in black color,
and the eclipse day amplitude variation by red color. The vertical lines showing timing of Moon phases named as P1, U1, U2, U3, U4, and P4 along with
their timing. The maximum and minimum anomalous amplitude rise/drop is shown by two vertical blue color lines, semi dashed and dashed respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

eclipse related average decrease in amplitude, we have
devised a method known as ‘change in amplitude’. In this
method, anomalous amplitude difference is calculated by
subtracting maximum anomalous amplitude rise/drop to
minimum anomalous amplitude rise/drop. As shown by
two vertical lines (semi dashed and dashed blue lines) in
Fig. 3a, the semi dashed vertical line show the time of max-
imum anomalous amplitude drop at ~17:46 UT with the
magnitude of NWC amplitude ~9.87 dB and dashed verti-
cal line show time of minimum anomalous amplitude
drop ~18:41 UT with the magnitude of amplitude ~9.01
dB for the NWC signal, thus estimated average magnitude
of change in amplitude (9.87 dB —9.01 dB) is ~0.86 dB.
This method is very useful in estimating average anoma-
lous amplitude change during nighttime when there are
several anomalous decrease/increase present. For, JJT sig-
nal, as shown in Fig. 3b, the eclipse day JJI amplitude, is
well within the + 2o lines till around ~17:10 UT, except
initial drop at ~0:40 UT. The JJI signal shows the first
anomalous increase at ~17:25 UT for 20 min and the sec-
ond anomalous increase at ~21:20 UT for 25 min. In
Fig. 3b, the semi dashed vertical line for JJI signal show
time of maximum anomalous amplitude increase
at ~17:31 UT with a magnitude of amplitude ~25.66 dB
and dashed vertical line for JJI signal show time of mini-
mum anomalous amplitude increase ~21:25 UT with a
magnitude of amplitude ~25.4 dB. Thus, the estimated
magnitude of the average change in amplitude (25.66 dB—
25.04 dB) is ~0.26 dB for JJI signal. Here, it should be
noted that the exact reason for anomalous drop
at ~14UT in NWC signal and ~0:40 UT in JJI signal is
not known. An insight into the shape of the drops shows
that these are most possibly resembles Long recovery early
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VLF event (LORE). The LORE events are found to be
associated with the transient luminous event (elves and
sprites) causing D-region density perturbations as reported
by Haldoupis et al. (2012). As we do not have any TLE
observation and associated lightning data, thus, the events
cannot be confirmed. It is to be note that the LORE events
are not very well studied and understood yet, and many
intriguing features are being reported time to time. In the
view of the above, we plan to do a more systematic study
by taking many more events in near future. Further, as
the timing of these amplitude changes is outside the dura-
tion of the eclipse, thus does not affect the very main pur-
pose of this work.

3.2. VLF signal amplitude variation during full and new
Moon day

To further support our observational finding during
eclipse and to better convince the readers, that the observed
anomalies in VLF signals are indeed the lunar eclipse effect,
we have analyzed VLF signals during a quiet full Moon
(when reflected ionizing radiation is available fully) and
new Moon (when there is no reflected ionizing radiation
from the lunar surface) days for both JJI and NWC trans-
mitters. For this purpose, we have explored the data avail-
ability during 2017-2018 on full Moon and new Moon day
on each month. Unfortunately, we could only get 6 months
data (3 month in 2018 and 3 months in 2017). The data for
rest of the days was unavailable due to technical issues with
the VLF receiver and non-operational of the VLF trans-
mitters. The details for full Moon and new Moon days
are obtained from https://www.calendar-12.com/moon_
phases/2017. For the comparison of the effect of full Moon
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day to new Moon day, local nighttime (LN) is considered
during 15 UT to 22 UT. The results are shown in Fig. 4.

In Fig. 4, the blue line showing full Moon day, while the
red line new Moon day for JJI (left panel) and NWC (right
panel) transmitter signals for 6 months (June, July, August
2017 and October, November, December 2018). Further,
as the amplitude fluctuations on full and new Moon days
are high, we have added in the background (light black
color) 2sigma (sigma = standard deviation) variation to
better understand significant amplitude fluctuations on
these days. The sigma is estimated from six days mean
(£3 days) around the full Moon day for each month simi-
lar to the eclipse day analysis. In general, one can see fluc-
tuations in both transmitter signals on both days during
LN. For example, the JJI signal (red line) in August
2017, showed mostly an increase during the LN above
the 2sigma variation, while on new Moon day remained
within the limits of 2sigma variations. The JJI signal during
July 2017 on full Moon day showed an anomalous increase
during the early morning time, whereas during June 2017,
JIT signal on both days remained within the limits of
2sigma variations. During October and December 2018,
JJI signal on both days remained within the 2sigma limit,
except a few hours of LN, when the signal on new Moon
day showed anomalous increase. For the month of Novem-
ber 2018, JJI signals on both days show an anomalous
increase during LN.

The NWC signal on both days in August 2017 remained
within the 2sigma limits for most of the LN time, but show
an anomalous decrease (below 2sigma) around 19-21 UT.
A similar variation is seen for both days of NWC signals
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during June 2017 and July 2017. Interestingly during Octo-
ber 2018, NWC signal on the new Moon day showed
higher values above 2sigma limit during the initial time,
then remained within the limits for subsequent hours of
the LN, while the signal on the full Moon day showed an
anomalous decrease during the initial hours of LN. Almost
similar variation is seen on the full and new Moon days of
the NWC signal during November 2018 and December
2018.

From the above discussion, it is very clear that both
VLF signals on full Moon and new Moon days are not
the same during LN, rather we see both increase and
decrease in VLF signal on new Moon day with reference
to the full Moon day. Further, a close observation indicates
that for JJI signal the majority of the time, new Moon day
show an anomalous increase (above 2sigma), whereas, for
NWC signal, most of the time, new Moon day show an
anomalous decrease (below 2sigma) with reference to the
full Moon day. These results show similar features as seen
in present results during eclipse day, where we see increase
in JJI signal and decrease in NWC signal during eclipse
time.

3.3. Modeling of VLF signals

In order to calculate the D region ionospheric changes
(mainly the electron density) associated with signal anoma-
lies caused by the lunar eclipse, we have adopted a method
used by several researchers (e.g., Clilverd et al., 2001;
Thomson et al., 2007; Maurya et al., 2014 and references
therein). This method is based on estimation of D-region
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Fig. 4. Showing New Moon (red colour) and Full Moon (blue colour) variations during local nighttime for six months during 2017-2018. The left panel
show JJI signal variation and right panel NWC signal variations. The background light black color show the 2sigma variation for six days (+3 days) of
Full Moon day for each month. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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electron density (N,(z)) profile as a function of altitude (z)
by using equation

No(z) = 1.43
x 107.exp(—0.15H").exp ([ — 0.15).(z — H') el /cm®
(1)

where H’ is D-region reference height in km and f electron
density profile sharpness factor in km~'. The Eq. (1) is
called the Wait equation which is valid up to 100 km
(Wait and Spies, 1964). The estimation of H’ and f values
using LWPC simulation requires precise knowledge of both
amplitude and phase of the transmitter signal. As it is
already stated that phase data is not useful, thus, we have
used ionospheric parameter estimated by other authors for
similar latitude and geomagnetic conditions. The H’ and f8
during normal nighttime conditions were estimated by sev-
eral authors (e.g., Thomson et al., 2007; Thomson and
McRae, 2009; Kumar and Kumar, 2020). Thomson et al.
(2007) estimated the average nighttime values of
H’=85.1 km and f = 0.63 km ! during low solar activity
period for mid-latitude D-region ionosphere for several
combinations of TRGCPs. Thomson and McRae (2009)
compared the nighttime values of H" and f for equatorial
and non-equatorial all-sea paths and found that the values
of H'=85 km and # = 0.63 km ! consistent with the previ-
ously determined values for equatorial path whereas, for
trans-equatorial path is noticeably lower. Very recently,
Kumar and Kumar, (2020) performed a detailed analysis
for three combinations of TRGCPs, mainly NLK-Suva,
NPM-Suva and NWC-Suva path, which covers long trans-
equatorial high to low, mid to low and pure low latitude
TRGCPs. The estimated nighttime mean values of H’
and f§ parameters were found to be 84.2 km and 0.68 km”
!, respectively. After due consideration of nighttime values
reported by several authors for various TRGCPs, the nor-
mal nighttime Wait parameters: H'=84.3 km and
B = 0.68 km~' are considered, for both NWC and JJI
TRGCPs. The eclipse times H’ and f are estimated by com-
paring changes in VLF signal amplitude. Clilverd et al.
(2001) estimated that 1 dB change in the VLF signal ampli-
tude corresponds to change in AH 1.1 km and
AB =0.01 km~'. They used this method and estimated val-
ues of H’ and f for various combinations of TRGCPs, and
results were very well reproducing observed eclipse effects.
Later, this method of estimation of A’ and f is successfully
used by several authors (e.g., Maurya et al., 2014, 2018 and
references therein) to model VLF signal amplitude pertur-
bation during a solar eclipse. Using the same method, the
H’ and f values corresponding to the amplitude of NWC
and JJI signals during the lunar eclipse are estimated to
be H' = 8525 km; & f = 0.689 km ' for NWC signal
and H' = 84.59 km & f = 0.683 km ! for JJI signal. Here,
it should be noted that this method of estimation of wait
parameters has its own limitations. This method is very
well useful in the case of the solar eclipse, which causes
smooth variations in VLF signal, but as the lunar eclipse
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effect is not smooth rather highly variable, this method
should be considered as a coarse method with the only pur-
pose to show the difference in eclipse conditions at two sig-
nal paths may cause the different effect. This method does
not provide any real change of the lunar eclipse effect.
We propose here to further explore various possibilities
in our future study by using a more realistic model or using
LWPC code (wherever possible), and by considering the
effect of various nighttime sources.

The electron density profile (N,) is estimated using Eq.
(1). By using estimated values of H' and f for normal
nighttime, and during eclipse time for both NWC and JJI
signals, the results are shown in Fig. 5. Fig. 5 (upper panel)
show N, profiles from 85 km to 100 km altitude, for normal
nighttime (blue line), eclipse day NWC (red line) and
eclipse day JJI (magenta line). It is clearly seen that
NWC shows minimum N,, while N, for JJI is less than nor-
mal but higher than NWC. By assuming average lunar
eclipse time D-region altitude of 85 km, there is ~40%
decrease in AN, for NWC path, while ~12% decrease in
AN, for JJI path with reference to normal nighttime N, val-
ues. Further, we also compared N, profile with IRI 2016
model. The IRI model estimated N, profile is shown by
thick black color for the normal day (26 July 2018) and
lunar eclipse day (27 July 2018) by dashed thin green color.
It is very clearly seen that IRI does not show any eclipse
effect as both days (normal and eclipse day) IRI N, plots
completely overlap. Further, in order to have a better com-
parison, a portion of Fig. 5 (upper panel) where, IRI show
comparable results with Wait profile, is zoomed and shown
in Fig. 5 (lower panel). From Fig. 5 (lower panel) N, starts
increasing from zero above ~80 km altitude. From the alti-
tude between 81 km and 88 km, the N, values from IRI are
much lower than N, values from Wait profiles, but for the
altitude range between 88 and 93 km, N, values from both
IRI and Wait show a fairly good match.

4. Discussion

The Moon affects the Earth in various ways, one of
them is during lunar eclipses. During lunar eclipses, the
unique geometrical alignment of the Sun, the Earth, and
the Moon change the effective tidal forces. The Lunar
eclipse effect on the atmosphere and ionosphere is not a
widely studied phenomenon and thus very limited research
papers have been published. But these limited publications
give interesting clues about different atmospheric dynami-
cal processes during lunar eclipse. As discussed earlier,
Banerjee and Singh (1936) were the first to demonstrate
that the F-region echoes become feeble during the lunar
eclipse. They have suggested a possible cause as a decrease
in ultraviolet radiation reflected from Moon during its
blockage by the Earth. Stetson (1944), reported the effect
of the total lunar eclipse of October 28, 1939, on the ioniza-
tion of the E-layer (~100 km altitude) by analyzing field
intensity of WBBM Chicago at 770 kHz frequency
recorded at MIT at Boston. The observed rapid rise in field
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Fig. 5. (upper panel) Show N, profile from 85 km to 100 km altitude estimated using wait parameters calculated through modeling of VLF signals. The
normal nighttime profile is shown by blue plots while red and magenta plots are anomalous variation of NWC and JJI signals respectively. The IRI model
estimated N, profile is shown by thick black color for normal day (26 July 2018) and lunar eclipse day (27 July 2018) by dashed thin green color. The
zoomed portion is shown as (lower panel) with altitude from 75 to 95 km. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

intensity of WBBM Chicago when Moon enters the umbral
shadow which followed by a drop in intensity as the eclipse
progressed further. This sudden rise in field intensity was
explained on the basis of reduction in attenuation due to
increasing recombination due to cutting off of ionizing
radiation from Moon.

In the present work, the focus is on the night time lower
ionosphere in the altitude range of 80-90 km, which is
being probed using very low frequency waves from two
transmitter signals JJI (22.2 kHz) from Japan and NWC
(19.8 kHz) from Australia. The NWC-Prayagraj TRGCP‘s
most part was is in the totality region and showed anoma-
lous decrease in signal amplitude during eclipse. Whereas
JJI-Prayagraj TRGCP’s most part was in the partial eclipse
region and showed a small increase in signal amplitude.
Past observations of day time solar eclipse (e.g. Clilverd
et al., 2001; Maurya et al., 2014; Venkatesham et al.,
2019) showed similar changes i.e. both decrease and
increase in VLF signal amplitude during the same eclipse.
Clilverd et al. (2001) during 11 August 1999, total solar
eclipse studied various combinations of TRGCPs (~17
paths) and reported both positive and negative amplitude
changes associated with the solar eclipse. Maurya et al.
(2014) studied effect of 22 July 2009 total solar eclipse effect
on the lower ionosphere using JJI signal recorded at five
stations covering path of totality, and reported increase
in JJI signal amplitude due to eclipse. Whereas,
Venkatesham et al. (2019) used NWC signal recorded at
these five stations and reported decrease in amplitude asso-
ciated with 22 July 2009 total solar eclipse. It is suggested
that the increase/decrease in signal amplitude is the result
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of modal interference at the receiving station, which
depends on various factors such as TRGCP path length,
orientation, path types etc. It is interesting to note that,
increase in JJI amplitude and decrease in NWC amplitude
as reported by Maurya et al. (2014) and Venkatesham et al.
(2019) for 22 July 2009 total solar eclipse is also seen in the
present case of the total Lunar eclipse of 27 July 2018. This
might also be related with the diurnal variation of JJI and
NWC signal at receiving station Prayagraj. As shown in
Fig. 2 and discussed in Section 3.1 for the NWC signal,
the average nighttime amplitude is lower in comparison
to the average day time amplitude, while for JJI signal,
the average nighttime amplitude is higher than the average
day time amplitude. Thus, during lunar eclipse, when ion-
ization density decrease, as compared to non-eclipse days
(normal days), JJI signal show increase while NWC signal
show decrease.

Further, the comparison of full Moon (when reflected
ionizing radiation is available fully) day and new Moon
(when there is no reflected ionizing radiation from the
lunar surface) day as shown in Fig. 4 and discussed in Sec-
tion 3.2, further supports the present observations of lunar
eclipse effect in VLF signals. We see both increase and
decrease in VLF signal on new Moon day with reference
to the full Moon day, but for JJI signal majority of time,
new Moon day show increase, whereas, for NWC signal,
most of the time, new Moon day show decrease with refer-
ence to the full Moon day. These are the similar feature as
seen during lunar eclipse day, where JJI signal show
increase and NWC signal show decrease during eclipse
time. As mentioned in the introduction, similar observa-
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tions were also reported by Stetson 1944, who reported
change in WBBM Chicago signal at 770 kHz frequency
associated with changing phases of the Moon.

Further, VLF signal modeling of normal nighttime and
eclipse time showed an increase in the Wait’s lower iono-
spheric parameters H’ and f for both NWC and JJI as
compared to normal nighttime values. Previous observa-
tions during the total solar eclipse, also show a similar
increase in the Wait’s parameters (Clilverd et al., 2001;
Maurya et al., 2014). The increase in Wait parameters sig-
nifies a decrease in lower D-region ionosphere electron den-
sity. We also see a similar decrease in D-region electron
density but for the total lunar eclipse which are essentially
associated with the nighttime.

The estimated N, profile during total lunar eclipse using
modeled Wait’s parameters showed a maximum decrease in
NWC path, while less decrease for JJI path. This is possibly
due to the facts that NWC TRGCP is exposed to a higher
duration of the total lunar eclipse as compared to JJI
TRGCP. The N, profiles from the IRI model do not show
any eclipse effect and also N, values are very small compare
to N, values obtained using the Wait’s equation. This indi-
cates further improvements are needed in the IRI model to
account for the nighttime D-region N, values. Overall,
observations clearly show a change in signal amplitude
indicating a decrease in the nighttime electron density.
Though the magnitude of decrease in N, is very small but
could be useful to understand changes in the dynamical
processes of the lower ionosphere during the lunar eclipses.

The nighttime lower ionosphere is very weakly ionized
plasma due to the absence of main ionizing radiation from
the Sun. As discussed by Ohya et al. (2011) and Maurya
et al. (2012), in the absence of the main source of ioniza-
tion, various minor source such as geocorona emission,
reflected X-rays, galactic cosmic rays, particle precipita-
tion, reflected lunar light produces observed ionization dur-
ing the nighttime. Each source produces ionization to
different extent, which is not yet exactly quantified, thus,
we see a highly variable nighttime VLF signal. Therefore,
unlike the solar eclipse, a smooth drop in VLF signal
amplitude following the lunar eclipse variations could not
be observed. Interestingly, we have observed higher drop
in NWC signal during penumbra compare to during the
total eclipse. The most probable reason could be related
to the dominant source of ionization during that time. It
is possible that other sources are dominating during eclipse
totality time, and we do observe smaller change. Further,
as suggested by Thomson et al. (2007) and Ohya et al.
(2011), the Lyman-o from geocorona remains the major
source of ionization for nighttime lower ionosphere ioniz-
ing NO and O, As reported in many previous works
(e.g., Carver et al., 1974; Lucke et al., 1976; Taguchi
et al., 2000) the spectrum of Lunar albedo also contains
Lyman-o radiation that might also be contributing to the
nighttime D-region ionization. Lucke et al. (1976), mea-
sured the geometrical albedo of the Moon in the far-
ultraviolet (FUV) between 121.6 nm and 168 nm. They
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compared the Moon brightness, from far-ultraviolet spec-
trometer onboard the Apollo17 mission to the solar bright-
ness from a sounding rocket. The observed albedo at
Lyman-a was found to be ~0.063 (~6.3%). Taguchi et al.
(2000), also estimated geometric albedo of the
Moon ~5.2% at Lyman o wavelength using an imaging
observation by the ultraviolet imaging spectrometer
(UVS) during the lunar encounter of the NOZOMI space-
craft. Thus, the observations suggest that a significant
amount of Lyman-a (albedo varies from 3 to 6% depending
on the lunar surface) is present in the reflected lunar light.

Further, it is well known that the solar X-rays in the
wavelength range of 0.2-0.8 nm (1.5-6 KeV energy) ionizes
neutral constituents along with the major constituents O,
and N, of the D-region ionosphere (Mitra, 1974). Several
past measurements show significant X-rays emission from
the Moon surface (e.g. Schmitt et al. 1991 and reference
therein; Kamata et al., 1999; Bhardwaj et al., 2007).
Schmitt et al. (1991), using observations from the PSPC
instrument onboard ROSAT satellite found the X-ray
emission above the Cosmic X-ray Background (CXB) by
the Moon, in the 0.1-2 keV energy band. Even the dark
side of the Moon shows an excess emission component ~2
orders of magnitude weaker than the bright side compo-
nent. They suggested that X-ray emissions results from
energetic solar wind electron striking Moon’s surface.
Kamata et al. (1999) analyzed the results obtained from
ASCA (Japanese X-ray astronomy satellite) observation
of the lunar surface, which shows significant observations
of fluorescence X-rays from the lunar surface. Hence
reflected X-rays from the Moon surface may also con-
tribute in the nighttime ionization of the lower ionosphere.

As discussed earlier, such a possibility of the lunar effect
on the ionosphere was hypothesized by Stetson (1944), who
suggested that the ionizing radiation from the Moon,
mainly emission of secondary X-ray radiation and reflected
ultra-violet radiation may cause the change in field inten-
sity of WBBM Chicago at 770 kHz frequency changes
the ionization of the E-layer (~100 km altitude). Such ion-
ization depends upon the amount of Moon’s surface direc-
ted towards the radio signal path. Therefore, results from
the above discussions of previous observations suggest that
reflected lunar radiation comprises significant portion of
Lyman-o and X-rays, major ionizing radiations of the D-
region. Hence, during the lunar eclipse when the earth is
in between the sun and the Moon thereby blocking the
solar radiation reaching Moon, and thus reflected lunar
Lyman-o and X-rays radiation, leading to further decrease
in the nighttime lower ionospheric electron density, below
the ambient level. It should be noted that quantitative esti-
mation of the lunar reflected radiation is not yet available,
therefore, at present it is difficult to quantify and attribute
the observed changes in the VLF signal amplitude is due to
the changes in the reflected radiation from the Moon dur-
ing the lunar eclipse. More study and modeling work is
required to clearly understand lunar contribution in the
nighttime lower ionosphere. Further, such information
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would be very useful in the future radio wave propagation
models that may be utilized to produce effective radio com-
munication and navigation.

5. Summary

The results presented here are first of its kind observa-
tions and modeling work is done to understand the effect
of the total lunar eclipse on the lower ionosphere using
VLF waves from low latitude region. The VLF signals
from two navigational transmitters NWC from Australia
and JJI from Japan was recorded at VLF receiving station
Prayagraj (formally Allahabad) in India. The total lunar
eclipse of 27 July 2018 was the longest lunar eclipse of
the 21st century, thus provides an obvious interest to study
its effect on the lower ionosphere. Our analysis of VLF sig-
nal amplitude showed an anomalous decrease in NWC
amplitude, and an increase in JJI amplitude. It is observed
that magnitude of increase for JJI signal was less compared
to magnitude of decrease in NWC amplitude. The TRGCP
of JJI was in partial eclipse region. Whereas TRGCP of
NWC was mostly in the total lunar eclipse region. These
observations were also supported by variations of VLF sig-
nals during new Moon days with reference to full Moon
days. The JJI signal for most of the time show increase
whereas NWC signal show decrease on new Moon day
compare to full Moon day similar to the observed lunar
eclipse effect in both signals. A coarse method of modeling
is being used and estimate Wait parameters H' and f
showed an increase for both NWC and JJI signals when
compared to normal control nighttime values. The N, val-
ues for the NWC path showed a relatively higher decrease
compared to JJI path. Though the decrease in N, during
the lunar eclipse is small, but could be useful to understand
nighttime D-region dynamical processes during the total
lunar eclipse. Our analysis further suggests that the likely
possibility for such decrease in N, could be due to reflected
lunar Lyman-o and X-rays radiation which is blocked dur-
ing the lunar eclipse, thereby decreasing the nighttime
lower ionospheric density with reference to ambient night-
time value. The work also signifies important role of VLF
signals in detecting even smallest change (due to lunar
eclipse) in lower ionosphere monitoring.
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