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Abstract—The ionosphere is a very complex and variable part of the atmosphere and it is controlled by solar
activity. A solar eclipse is one of the phenomena which depicts a major impact on the ionosphere. In this
study, we have analyzed the TEC data of 11 IGS-TEC stations (including one GPS station namely Agra) cor-
responding to a solar eclipse of June 21, 2020 for the duration of June 7—21, 2020. The TEC variations show
lower values on the eclipse’s day in comparison to the other days from the mean of each station except some
of the stations like Agra (=2 TECU), BHR4 (=1TECU), 1ISC (=0.5TECU) have shown the enhanced TEC
variations. These results are examined by applying wavelet transform techniques such as continuous wavelet
transforms (CWTSs), and wavelet decomposition over the average, addition, and multiplication of TEC data
of 11 stations for the duration of 9:30 AM to 3:30 PM on the eclipse’s day. These results match very well with
our statistical results and depict a better representation of the TEC variations during the solar eclipse. The
wavelet decomposition of TEC variation has provided that TEC is affected by solar eclipse globally. These

TEC variations are interpreted in terms of the mechanisms available in the literature.
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1. INTRODUCTION

The ionosphere is a complex and highly variable
region of the atmosphere that is affected by a slight
change in any of its parameters [1]. The solar eclipse
is one of the important solar-terrestrial events which
directly controls the earth’s ionosphere as a result of
which the radio communication system is affected
[2, 3]. A solar eclipse occurs when the Moon lies in
between the Sun and the Earth and the sun’s radia-
tions are blocked by its shadow. The impact of the
solar eclipse can be observed on the ionosphere in dif-
ferent dimensions i.e. Geographic latitude and longi-
tude, geomagnetic activity, solar activity periods, local
time, etc [4, 5]. The first report of an ionospheric
study of the solar eclipse was provided in the early
20t century [6]. Later, numerous researchers exam-
ined the ionospheric response of solar eclipse using
GPS and satellite-based measurements [7—16]. These
studies have shown a reduction in electron density due

to solar eclipse and it is possible because of the fast
reduction in solar EUV flux. Additionally, the impact
of the December 26, 2019 annular solar eclipse (ASE)
on meteorological parameters and the land surface
temperature has also been investigated and found sig-
nificant effect in the southeastern Arabian Peninsula
region [16]. Researchers have also studied ionospheric
response to solar eclipse using different numerical
simulation and modeling techniques [12, 17, 18]. Dif-
ferent methods have been used to analyze ionospheric
TEC data and found significant results [4, 13—16].
Recently, researchers have reported the effect of the
annular solar eclipse of June 21, 2020 on ionospheric
TEC variations. [19] examined the impact of a solar
eclipse on August 21, 2017 in form of ionospheric bow
waves induced by the solar eclipse by using a dense
network of Global Navigation Satellite System receiv-
ers at ~2.000 sites in North America. They also
detected the large ionospheric perturbations moving
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at the supersonic speed of the maximum solar obscu-
ration which is too fast to be associated with known
gravity waves or large-scale traveling ionospheric dis-
turbance processes. [20] investigated the effect of a
total solar eclipse in the Southeast Asia-Pacific region
on March 9, 2016 on TEC data recorded at low lati-
tude 40 GPS stations in Indonesia and found a reduc-
tion in the data which is directly proportional to the
magnitude of the solar eclipse. More recently, [15]
examined the ionospheric effects of the same eclipse
on 9 March 2016 by using TEC and foF, data. They
have found a significant reduction in the data. How-
ever, a thorough study of the effect of the solar eclipse
on the ionosphere based on multiple station data and
statistical analysis has not been done yet.

In this paper, first time, we have analyzed TEC
data of 11 IGS stations including GPS station Agra
corresponding to the annular solar eclipse of June 21,
2020 for the period of June 7—21, 2020 by using well-
established statistical techniques as well as by using
wavelet tools like wavelet transform, wavelet decom-
position of the signal, etc. to highlight the nonlinear
features of the TEC data which characterize its impact
on latitudinal ionospheric variability. This solar
eclipse was first noticed at Congo in Africa which
passed through South Sudan, Ethiopia, Yemen,
Oman, Saudi Arabia, the Indian Ocean, and Pakistan,
before entering India over Rajasthan and then it
moved to Tibet, China, Taiwan, before ending at the
middle of the Pacific Ocean. To examine the effect of
this solar eclipse, TEC stations are selected in such a
manner that most of the stations lie on the path of the
eclipse, and further solar (F10.7cm and sunspot num-
bers) and geomagnetic (Y Kp and Dst Indices) activity
parameters and obscuration and magnitude of this
annular solar eclipse have also been investigated.

2. EXPERIMENTAL

The IGS stations data have been downloaded from
the website http://garner.ucsd.edu/pub/rinex/ and
GPS data recorded at Agra station are considered. The
IGS stations data are available in the public domain
for research purposes under the observation of NASA.
These stations are located over the globe and provide
accurate and useful information on the impact of any
event which affects the atmosphere. These 11 datasets
(10 IGS and 1 GPS) are analyzed for the duration of
June 7—21, 2020 by using statistical techniques such as
mean, median, etc. and further TEC data have been
analyzed by using wavelet transformation to ascertain
the impact of the solar eclipse. To highlight the non-
linear features of the data, the average, addition, and
multiplication of TEC data of all the stations have
been computed on the eclipse’s day under its period
of occurrence i.e. 09:30 AM to 03:30 PM (Local
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Time) and wavelet transform (WT) has been per-
formed on the same by using the wavelet tool avail-
able in MATLAB. Wavelet transform is a contempo-
rary nonlinear data processing tool that is one of the
most useful methods to analyze the non-stationary
signals in the frequency domain [21]. Here, the signal
is analyzed in low and high-frequency parts. In the
high-frequency part, high time and low-frequency res-
olutions are used while in the low-frequency part, low
time and high-frequency resolutions are used. In brief,
the continuous wavelet transform (CWT) is the mea-
sure of resemblance between a signal and an analyzing
function. The CWT can compare the signal to shifted
and compressed or stretched versions of a wavelet which
provides a better representation of the signal and unhide
the useful information in the signal. The mathematical
details of wavelet transform are given by [22].

In the mathematics, a wavelet is a series of func-
tions ¥, ((#) which is computed from a function ¥(7)
by shifts in the translations and dilations parameters as
given below;

‘P“(t):L‘P(’_—u), s#0, u,se R, €))
' Js s
Where ¥ is known as a mother wavelet and s and u rep-
resent the dilation and translation parameters, respec-
tively.

If f(r) is an energy-limited signal then CWT is
written as

W (u,s) = ﬁif (1) W (“T”) dr. )

In general, signals which are considered for the
analysis should be in discrete forms. So, a discrete
form of CW and its transform is used [23, 24]. If 4,(n),
n € Z represents a discrete signal of ionospheric TEC
so its decomposition can be computed by the following
relations;

A (n) = WA (n=2""k), 3)
keZ

D,(n) = Z:ngj_l (n - 2Hk), 4)
keZ

where, 4; and D, represent the discrete approximation
and the discrete detail at the jth level or at the resolu-
tion of 2 with respect to A,, respectively. A;is called the
lower frequency part of signal 4, with a frequency
lower than 2~ and D; is called the higher frequency
part of the signal with a frequency lies in the range of
27and 27* 1,

3. RESULTS AND DISCUSSION

Figure 1 shows the variation of the magnitude and
obscuration of solar eclipse during its period of occur-
Vol. 58
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Fig. 1. Shows the variation of the magnitude and obscuration of solar eclipse during its period of occurrence i.e. 09:00—03:30 LT.

rence which are varying from 17.8° to 130.5° longi-
tudes. The maximum values of magnitude and obscu-
ration lie at 81.4° longitude. It can be seen from the
figure that all the stations which are considered here
(as mentioned in Table 1) lie well on the path of the
solar eclipse. The magnitude of the eclipse is defined
as the fraction of angular diameter of the celestial body
(Sun) which is eclipsed by the moon or it may also be
defined as the ratio of the diameter of the sun and the
diameter of the moon and its value lies between 0 and 1
for the partial and annular solar eclipse, respectively. It
is greater than 1 for the total solar eclipse. The obscu-
ration is the fraction of the Sun’s surface area covered
by the moon. The magnitude of solar eclipse and
obscuration both are different from each other. If the
obscuration is 50% then the eclipse magnitude is
around 60%. The study of these parameters is
extremely important to examine the effect of the solar
eclipse on the different observing stations.

Figure 2 represents the diurnal variations of hourly
averaged TEC data at different IGS stations including
Agra for the period of June, 1—-21 2020. The details of
the stations under study are mentioned in Table 1. The
ranges of latitude and longitude are 9.03°—24.95° N
and 38.76°—139.49° E in which stations lie and are
covered by the path of the solar eclipse. The white
space in the data shows that nonavailability of data.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

The downward arrow represents the solar eclipse day
i.e. June 21. A rectangular box highlights the VTEC
variations of eclipse day. This contour plot provides
information on how VTEC is varying at all the stations
during the period under consideration. The VTEC
varies in the range between 2 TECU and 18 TECU.
The reductions and enhancements in the data are
observed on different days prior (June 9—18) and on the

Table 1. Details of IGS and GPS stations under consideration

S Locations
Station codeand country Type
no. Lat. | Long.
1 |ADIS, Ethiopia 9.03 | 38.76 |IGS
2 | DJIG, Djibouti 11.5 42.8 |IGS
3 | BHR4, Bahrain 26.20 | 50.6 |IGS
4 |1ISC, India 13.02 | 77.57 | IGS
5 |LCK3, India 26.91 | 80.95 |IGS
6 |AGRA, India 27.2 78 GPS
7 |LHAZ, China 29.65 | 91.1 |IGS
8 |BINM, China 40.25 | 116.22 | IGS
9 | GAMG, Republic of Korea| 35.59 | 127.92 [IGS
10 | KGNI, Japan 35.71 | 139.49 | IGS
11 | TWTF, Taiwan 24.95 | 121.16 |IGS
Vol.58 No.6 2022
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Fig. 2. The contour plot is shown a diurnal variation of TEC data over different IGS stations including GS station Agra during
the period of June 1-21, 2020. The downward arrow indicates the day of the solar eclipse, i.e., June 21, 2020.

day of the eclipse (June 21). So it is difficult to prove
that the reduction in VT EC variations on June 21 is due
to the solar eclipse only. To examine these enhance-
ments and reductions in VTEC variations, the daily
average VI EC is plotted for each station separately in
Fig. 3. The reductions are found at all the stations
except Agra (=2 TECU), BHR4 (=1 TECU), and
IISC (=0.5 TECU). The maximum reduction is found
at TWTF (=2 TECU). Although, reductions are also
observed on the other days before the solar eclipse i.e.
between the range of June 9 and 15, so still we are not
able to ascertain that the reduction of June 21 is due to
the solar eclipse considered in the present study or it is
due to some other factor. To ascertain that the reduc-
tion in VTEC variation of June 21 is the result of the
solar eclipse, we have investigated per minutes TEC
data of all the stations on the day of the solar eclipse for
the duration of 09:00 AM to 3:00 PM in which solar
eclipse occurred. These variations are shown in Fig. 4.
The reductions in the data were clearly observed
during the 9:00 AM—3:30 PM except at CKSV, TWTF
where relatively enhanced TEC values are observed.
Our results are consistent with the results of earlier
workers [15, 18, 25]. To examine the solar activity
during the period under consideration, solar flux F10.7
and sunspot numbers are plotted in Fig 5a. Sunspot
numbers are zero between June 16 and June 21 and
F10.7 variations are also decreased in the same period
except for a minor enhancement on June 19. On the
same front, foF, and electron density data of the Agra
station have been extracted from the IRI-2016 model
which also shows reductions between the period of
June 16 and June 21 as shown in Fig. 5b. To examine
geomagnetic activity in the period under consider-
ation, geomagnetic activity parameters i.e. Y Kp and
Dst indices are plotted in Fig. 5c. These variations are
quiet during the period under consideration which
confirms that there is no geomagnetic activity during
this period. Moreover, to ascertain the global impact
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of the eclipse on TEC data we averaged and multiplied
the TEC data of all the stations, and then we examined
it by using continuous wavelet transforms where two
segments of each are plotted. The first segment rep-
resents the analyzed signal and the other is the wavelet
coefficients. Nonlinear features of TEC data of all the
stations can be seen globally i.e. TEC decreases in
average and addition but TEC first, increases and
then decreases in case of multiplication which can
also be seen in the wavelet coefficients plot. These
results are shown in Figs. 6a, 6b, respectively. To
extract more features of TEC data and to strengthen
our results in Fig. 4, wavelet decomposition of the
same TEC data (average, addition, and multiplica-
tion) is plotted in Figs. 7a, 7b, respectively. The reduc-
tions and enhancements in time domain variation of
TEC on the eclipse’s day followed the same trend in
frequency components of the decomposed TEC sig-
nals are seen.

The anomalous variations in the TEC data during
the solar eclipse explained in terms of different mech-
anisms are available in the literature [26, 27]. First is
the northward magnetic field (B) and eastward electric
field (E) results in E x B drift in the upward direction
which drifts the plasma during daytime and is called
the equatorial fountain effect [28, 29]. The com-
pressed force is higher at certain altitudes due to the
significant influence of gravity which is responsible for
the migration of electrons up to 20 deg to the north
and south of the equator along with the magnetic field
lines. This process results in a decrease in the transport
of electrons from the magnetic equator to low latitudes
which causes a decrease in TEC variation at the low
latitudes and it is greater at middle and high latitudes.
[30] explained that the electrons in the crest in the
Indonesian region, are controlled by the transporta-
tion of electrons from the magnetic equator and also
the strength of the fountain effect which is weak
during a solar eclipse and results in a decrease in TEC
Vol. 58
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variations a few hours to just before the occurrence of
the solar eclipse. It may be because of the solar corona
obscuration which occurred before the optical disk
obscuration. Moreover, the occurrence of early inter-
action at ionospheric altitudes leads to early interac-
tion on the ground as well. However, a decrement in
TEC variation also occurs simultaneously or before

1ZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

the event of the solar eclipse. The decrease in TEC
variation is relative to the obscuration of the lunar disc
and it is controlled by the electrons which are pro-
duced by photoionization [31]. Second is the genera-
tion of atmospheric gravity waves (AGWs) during the
period of the solar eclipse. The solar eclipse also gen-
erates the internal gravity waves in the ionosphere
No. 6
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which is verified experimentally by many earlier work-
ers [32, 33] and some researchers have done the mod-
eling-based study of the generation of AGWs due to
solar eclipse [19, 34]. Now the question arises that
how these waves are generated during the event of the
f solar eclipse. [35] have shown a schematic represen-
tation of how an electric field generates plasma struc-
ture by a gravity-wave induced neutral wind and fur-
ther, they suggested that a wave-induced electric field
results in an increase in the drift of ions and electrons
in the E, -layer by E X B drift and it is considered to be
the mechanism of low latitude ionosphere.

Our results are also supported by the studies of pre-
vious researchers [15, 18, 30, 31]. For example, Ding
et al. (2010) have examined the electron density and
found a 60% depletion in the F, region in central
China (26°-36° N, 108°—118° E) during eclipse total
obscuration. [36] recorded the variations of hmF, and
foF, by using an ionogram and a 68% depletion was
observed in the data in regions adjacent to the dip
equator. [37] also detected a significant depletion of
TEC (50—60%) along the path of eclipse totality
during the great American solar eclipse of August 2017.
Recently, [38] examined the behaviour of equatorial
ionization anomaly during the solar eclipse of July 2,
2019. They have observed depletion of 35% in TEC in
the sub-EIA region along the path of the eclipse
totality between ~20:00—21:20 UT and suggested
that it is caused by a drastic decrease in photoioniza-
tion along the solar eclipse totality path within the
moon’s shadow.

The enhancements in TEC variations during the solar
eclipse at AGRA, BHR4, and IISC may be explained in
terms of the solar extreme ultraviolet (EUV) which is
coupled with the upward vertical E X B drift. The ion-
ization across the magnetic equator is blown by the
tidal winds and then TEC is enhanced during night-
time while TEC is depleted because of the small extent
of the magnetic flux tubes which stuck the electrons
content rapidly after sunset with relation to the lower
values of temperatures in the thermosphere during
night time [25].

CONCLUSIONS

In the present study, we have analyzed the TEC
data recorded at 11 IGS-TEC stations including one
GPS station namely Agra corresponding to a solar
eclipse of June 21, 2020 for the duration of June 7—21,
2020. The stations are so chosen that all of them lie on
the path of eclipse from the beginning to the end. The
data have been processed by using statistical and wave-
let transform-based techniques. The reductions in the
TEC variations are recorded at all the stations except
AGRA, BHR4, and IISC. The global impact of the
eclipse has been examined over the average, addition,
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and multiplied TEC data of all the stations by using
CWTs and decomposition techniques on the eclipse’s
day. Our statistical results are well-matched with the
wavelet analysis results. The average of TEC variations
shows the reduction but in multiplication first, it
increases and then decreases. Our results are strength-
ened by the earlier studies also.
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