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Abstract

Solar eclipses provide a distinctive opportunity to study the interactions between solar radiation and the Earth’s ionosphere. This study focuses
on the ionospheric response, particularly Total Electron Content (TEC) variations, during the annular solar eclipse on December 26, 2019.
TEC from four GNSS stations, YIBL (22.186 °N, 56.112 °E), IISC (13.021 °N, 77.570 °E), HYDE (17.417 °N, 78.551 °E), and GUUG (13.433 °N,
144.803 °E) was analyzed using dual-frequency GPS receiver data. During the solar eclipse, TEC decreased at all four stations; the maximum
reductions were observed at IISC (33.12%), HYDE (32.01%), GUUG (29.73%), and YIBL (26.33%). To observe the influence of the geomagnetic
storm on TEC during the eclipse, the study analyses the Dst index, Kp index, interplanetary magnetic field (Bz), and electric field (Ey). The study
showed that storm activity did not influence TEC during the solar eclipse and that the observed change in TEC was due solely to the eclipse
on December 26, 2019. The study compares IRI-2020 model TEC data and observed TEC data during storm days. The results also showed a
good correlation between them at IISC, HYDE, and GUUG, whereas there was a moderate correlation at YIBL. The findings provide essential
understanding of ionospheric behaviour during eclipses and elucidate the need to improve ionospheric models with real events to improve space

weather forecasting and reliability of satellite communications.
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1. Introduction

The ionosphere is a major layer of the upper atmosphere that
undergoes some dynamic changes during these events as well
as the Total Electron Content (TEC) [1, 2]. The ionospheric
Total Electron Content (TEC)is measured by the number of
free electrons along a path through the ionosphere and is an
important parameter in the study of ionospheric density and
its variability [3, 4]. TEC is also sensitive to the solar radiation
and this affects the ion production directly by photoionization
[5]. During a solar eclipse, the temporary obstruction of solar
radiation by the Moon significantly reduces photoionization
in the ionosphere. Since ionospheric plasma is primarily sus-
tained by solar ultraviolet and extreme ultraviolet radiation,
a sudden decrease in solar radiation reduces the production
of free electrons and thus decreases TEC. Solar eclipses cause
changes in the incoming solar radiation to the ionosphere, re-
sulting in modifications to the ionization and electron density

of the ionosphere [6]. The partial obstruction or total obstruc-
tion of the moon to the incoming solar radiation causes a tem-
porary reduction in ionospheric electron density known as a
solar eclipse [7, 8]. Many researchers have studied the effect of
different solar eclipses on the ionosphere TEC measurements
[9-12]. Solar eclipses provide a unique natural laboratory for
studying transient changes in ionospheric TEC, because they
cast a temporary shadow that modulates the solar radiation
reaching the ionosphere. Sudden fall in ionization during an
eclipse with a rapid recovery provides information about the
dynamics of ionospheric reaction to rapid variations in solar
flux [13].

Annular solar eclipses, where the moon covers the sun’s center,
leaving a ring-like appearance, have been observed to cause
significant changes in the ionospheric TEC [14]. Several stud-
ies have examined the ionospheric TEC fluctuation during
December 26, 2019 annular solar eclipse [14-19]. Senapathi et
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al., (2020) investigated the spatiotemporal variations in ionospheric
TEC over the Southeast Asian region during the solar eclipse on De-
cember 26, 2019. The simulations using their SAMI3 model closely
resembled real TEC variations and showed significant TEC deple-
tion. Surprisingly, they also observed that the eclipse caused iono-
sphere dynamics that led to high TEC in both northern Japan and
the adjacent Pacific Ocean [15]. The article by Shagimuratov et al.,
(2021) explored the TEC response towards the annular solar eclipse
on June 21, 2020, using GPS observations. They analysed the results
and found that a TEC depression had reached a minimum around
the eclipse maximum, and this demonstrates that the ionospheric
behaviour is uniform during periods of eclipses [14]. By conducting
multi-instrument observations in India and South Asia, Barad et al.,
(2022) studied how the ionosphere responded to the solar eclipse
on December 26, 2019. Their findings proved the complicated char-
acter of the ionospheric disturbances such events cause since they
showed a strong sporadic E-layer formation throughout the eclipse
and pointed out a 30-40% drop in TEC [16]. In the same eclipse,
Harjosuwito et al., (2023) studied the time changes in TEC across
Indonesia, revealing that the percentage changes in foF2 in Koto-
tabang and Pontianak were 24.0% and 27.5% reduced, respectively.
This analysis revealed electrodynamic mechanisms manipulated by
the ionosphere reactions to solar eclipses [17]. Choudhary et al,
(2024) investigated the effects of equatorial Indian pre-noon annu-
lar solar eclipses. Based on their study, the ionospheric F-layer ex-
hibited some upward and downward motions following the eclipse
implying that there were complicated vertical plasma motions, and
the Equatorial Electrojet (EE]J) was weakened during and after the
eclipse [18]. In the eclipse of December 26, 2019 Khamdan et al.,
(2024) identified variation in ionospheric TEC in various GNSS
stations in Asia. They noted that recombination and photochemical
processes influenced time delays in TEC response, and they found a
30% depletion of TEC in most of the stations [19].

The ionosphere undergoes complex dynamics related to reduced
photoionization, recombination, and possible wave-like chains
arising from rapid variations in solar illumination. The temporary
shadowing effect has effects on the F-region electron density with
TEC reductions highest just after the eclipse maximum [20]. These
effects are also influenced by local geomagnetic conditions and
pre-existing ionospheric structures, such as the equatorial anomaly.
Multiple studies have investigated the ionospheric response to so-
lar eclipses using both observational data and models such as the
International Reference Ionosphere (IRI). Lin et al.,, (2012) com-
pared observed TEC with IRI-2007 and discovered that the MAGIC
model performed better with observations during the eclipse on July
22, 2009, while the IRI model was unable to effectively reproduce
eclipse-induced TEC depletion [21]. Atic1 et al., (2021) investigated
ionospheric electron density variations during partial solar eclipses
on March 29, 2006, and March 20, 2015, and compared the results to
IRI-2016 forecasts, showing inconsistencies between modelled and
observed values [22].

Nevertheless, a multi-station analysis across low-latitude regions is
still needed relative to previous research, particularly one that direct-
ly compares actual TEC variations with forecasts from the IRI-2020
model. This research seeks to contribute to the body of knowledge
on ionospheric dynamics during an eclipse at equatorial latitudes.
The present experiment examines changes in TEC during the solar
eclipse of 26 December 2019. It is anticipated that the findings will
improve TEC model predictions during sudden changes in solar
flux, thereby improving space weather forecasting. This will enhance
the reliability of GNSS-based navigation, positioning, and satellite
communication systems in the event of a similar solar eclipse.

2. Data and methodology

TEC variations can be studied in many ways, and one of them is the
Global Navigation Satellite System (GNSS) network, which provides
dynamics of the Earth’s ionosphere coupled process [23]. The study
uses the TEC data from the International GNSS network stations
YIBL (22.186 °N, 56.112 °E), IISC (13.021 °N, 77.570 °E), HYDE
(17.417 °N, 78.551 °E), and GUUG (13.433 °N, 144.803 °E), whose
locations are shown in Figure 1. The four GNSS stations were select-
ed for their geographic locations to provide representative coverage
of the low-latitude ionosphere, focusing on regions influenced by
the Equatorial Ionization Anomaly (EIA) and by varying eclipse
obscuration rates. Table 1 provides the GNSS stations used in the
study, the eclipse duration, and the obscuration rate. The eclipse’s
influence extends beyond its path to nearby locations. Therefore,
it is important to examine the spatial distribution of these effects.
Figure 2 shows the path of the annular solar eclipse that occurred on
December 26, 2019. When points P1 and P4 are in external contact
with the penumbra, points P3 and P4 are in internal contact with the
penumbra. The external part of the penumbral time of contact refers
to the beginning of the eclipse, which occurred at 02:29:43.5 UT
(P1), and its end, at 08:05:36.1 UT (P4), on December 26, 2019. The
total duration of the greatest eclipse is 03 min 39.5 sec. The width of
the eclipse path is 119.9 km. The magnitude of the eclipse is 0.9701.

The ionospheric TEC data are obtained from CDDIS, which is in
Rinex format [24]. Ionospheric TEC is estimated from dual-frequen-
cy GNSS measurements using the GPS-TEC software developed by
Gopi Seemala. It uses the RINEX observation and navigation files
to compute slant TEC from L1 and L2 signals. The software then
assumes a thin-shell model of the ionosphere and uses a mapping
function to convert Slant TEC to Vertical TEC. Additionally, it
applies modifications from international GNSS stations for receiv-
er and satellite differential code biases [25]. This software helps to
obtain Vertical Total Electron Content (VTEC), which is measured
in TECU, where one TECU = 10" electrons/m” [26]. Geomagnetic
data such as the Disturbed storm time (Dst) index is obtained from
Kyoto webserver [27], Planetary-K (Kp) index, Interplanetary Mag-
netic field (IMF-Bz), and Interplanetary Electric field (IEF-Ey) are
obtained from the Omniweb data explorer. The Observed TEC data
were compared with the IRI-2020 model data during the annular so-
lar eclipse on December 26, 2019. The IRI-2020 model is an update
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to the previous version, IRI-2016. It improves accuracy and provides
a deeper understanding of the ionosphere by including more recent
data and updated algorithms. Table 2 lists the parameters used in
the study and their data sources. The percentage change in VTEC is

ChangeinVTEC(AVTEC)%

_ EclipsedayVTEC - NoneclipsedayVTEC

calculated using the following relation. This equation quantifies the
relative change in VTEC between the eclipse day and a control (non-
eclipse) day, following the approach used in previous studies [13]:
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Figure 1. Geographical locations of the GNSS receiver

Figure 2. Path of the annular solar eclipse that occurred on December 26, 2019

Table 1. List of GNSS stations and duration of solar eclipse over each station

Station code  Geographic latitude Geographic longitude Start of eclipse (UT)  Maximum  End of eclipse (UT)  Obscuration rate
YIBL 22.186 °N 56.112 °E 02:30:34.1 03:37:27.8 04:55:06.9 91.90%
IISC 13.021 °N 77.570 °E 02:36:30.0 04:00:00.6 05:41:49.9 89.02%
HYDE 17.417 °N 78.551 °E 02:38:06.5 04:00:40.1 05:40:35.1 73.94%
GUUG 13.433 °N 144.803 °E 05:33:41.9 06:56:02.1 08:05:25.4 91.89%

Table 2. Data source for the parameters used in the present study

Parameters
Solar Eclipse path
Tonospheric TEC

Dst index
Kp, IMF-Bz, IEF-Ey
IRI-TEC

Data source
https://eclipse.gsfc.nasa.gov/
https://cddis.nasa.gov/

https://wdc kugi.kyoto-u.ac.jp/wdc/Sec3.html
https://omniweb.gsfc.nasa.gov/form/dx1.html

https://kauai.ccme.gsfc.nasa.gov/instantrun/iri/
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3. Results and discussion

Figure 3 shows the ionospheric TEC variations at the stations
IISC, HYDE, GUUG, and YIBL. The study uses VTEC data from
December 25-27, 2019. Here, 25 and 27 December 2019 refers to
non-eclipse days, whereas December 26, 2019, refers to the eclipse
day. The eclipse over IISC begins at 02:36:30.0 UT, ends at 05:41:49.9
UT, and its rate of obscuration is 89.02%. During the eclipse period,
VTEC decreases by 5.109 TECU compared to non-eclipse day over
IISC. The eclipse at HYDE begins at 02:38:06.5 UT, ends at 5:40:35.1
UT, and has an obscuration rate of 73.94%. During the eclipse peri-
od, VTEC decreased by 5.82 TECU compared to non-eclipse days
over HYDE. The beginning of the eclipse over GUUG is 05:33:41.9
UT, the end of the eclipse is 08:05:25.4 UT and the rate of obscura-
tion is 91.89%. During the eclipse period, VITEC decreased by 4.505
TECU compared with non-eclipse days at GUUG. The beginning
of the eclipse over YIBL is 02:30:34.1 UT, the end of the eclipse is
04:55:06.9 UT and the rate of obscuration is 91.90%. During the
eclipse period, VTEC decreased by 5.109 TECU compared to non-
eclipse days over YIBL. Observations show that VTEC decreases
during eclipse hours and, after the end of those hours, enters a re-
covery phase.

25

Precise observations are made by finding the deviation in VTEC
(AVTEC) during eclipse hours as shown in figure 4. A clear dip in
AVTEC at all four stations was observed during the Moon’s umbral
shadow on Earth. The percentage decrease in VIEC over IISC is
33.12%, HYDE is 32.01%, GUUG is 29.73% and YIBL is 26.33%.
The smaller decrease in TEC at YIBL compared to other stations
can be attributed to its geographic location and to the weaker in-
fluence of the Equatorial Ionization Anomaly (EIA). Other studies
revealed in the previous research have found that the fountain effect
influences the instability of TEC over solar eclipses significantly,
particularly in the region of the EIA crest [18]. YIBL is further along
the magnetic equator; hence, the ionospheric reaction to the eclipse
is weaker compared to those farther along, near the EIA. Similar
results were found by Barad et al.,, (2022), who also described large
TEC-reductions in spots that were highly affected by the dynamics
of the EIA and smaller in magnitude in an area outside the anomaly
[16]. Harjosuwito et al., (2023) have also highlighted the relevance
of recombination mechanisms in limiting TEC depletion. They
observed that recombination and photochemical effects greatly in-
fluence TEC changes during eclipses, which may explain why TEC
depletion at YIBL was not as intense [17].
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Figure 3. VTEC variations over IISC, HYDE, GUUG, and YIBL during December 25 - 27, 2019. Time is given in Universal Time (UT)
hours, and VTEC values are expressed in TEC Units (TECU)

Figure 5 shows Dst, Kp, and interplanetary electric and magnetic
field variations from 25 to 27 December 2019. The shaded area rep-
resents the duration of the solar eclipse. The literature shows that the
occurrence of the geomagnetic storm will be noticed if the Dst index
is less than -30 nT [28]. It was observed that the Dst index did not
reach the threshold level of a geomagnetic storm, confirming that no
geomagnetic storm occurred during the annular solar eclipse; this
is also supported by the interplanetary magnetic field (Bz) varying

from -4 to 6 nT, the interplanetary electric field (Ey) varying from
-2 to 2 mV/m, and a maximum Kp index of 2. This confirms that
changes in ionospheric TEC are mainly attributable to the annular
solar eclipse that occurred on December 26, 2019.

The study analyzes the correlation between observed and IRI 2020
model VTEC data, as shown in Figure 6. The correlation coefficient
(R*) between observed and modelled VTEC was calculated using
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Pearson’s correlation method, based on a linear regression analysis.
The coefficients of determination (R?) and the associated p-values
were computed for four GNSS stations to evaluate the agreement
between the observed VTEC and the IRI-2020 model during the
annular solar eclipse. The observed and modeled TEC showed sig-
nificant agreement, with very strong correlations at IISC (R* = 0.93,
p=7.09 x 107*) and GUUG (R* = 0.96, p = 3.15 x 107"7). A strong
and statistically significant relationship was observed at HYDE (R?
=0.81, p =2.24 x 107°). At the YIBL station, the correlation between
the observed and modeled TEC was moderate, with an R* value of
0.60 and a statistically significant p-value of 8.20 x 107°. The lower
level of agreement may be due to regional ionospheric characteristics
or to the model’s limited performance over YIBL during the eclipse
period. However, the significance of the p-value confirms that the
correlation is meaningful and not a result of random variation. Such

correlations support the viability of the IRI 2020 model in predicting
changes in VTEC throughout the eclipse. The correlation analysis of
IISC, HYDE, and GUUG indicates that the IRI-2020 model is useful
for describing the impact of the eclipse on ionospheric changes in
these areas. This finding differs from earlier versions of the model,
such as the IRI-2007 and IRI-2016 models, which were shown to
underrepresent the ionospheric changes associated with eclipses in
the earlier studies [21, 22]. Unlike earlier research, which found that
electron density and TEC profiles showed significant differences, es-
pecially during and after eclipse maxima, current data indicate that
IRI2020 provides more consistent predictions of eclipse impacts.
Recent findings using IRI-2020 show that the model has become
substantially more effective at describing TEC variations during
solar eclipses.
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Figure 4. Changes in VTEC(AVTEC) over IISC, HYDE, GUUG, and YIBL on the day of the annular solar eclipse (December 26, 2019).
Time is shown in Universal Time (UT) hours, and AVTEC is in TEC Units (TECU)

The moderate correlation at YIBL (R2=0.60) may not just be due
to its geomagnetic position being outside the EIA area, but also
due to other geophysical and electrodynamic factors. These might
include local electrodynamic-drift, neutral-wind, and ionospher-
ic-composition variations that are not adequately represented by
empirical models such as IRI-2020. The IRI-2020 model is based on
the average of the climatology without fully explaining short-term
variations due to local electrodynamic processes [29]. The YIBL
results suggest that additional modification may still be necessary
for some locations, although this finding confirms the applicabili-
ty of the IRI-2020 model to equatorial and low-latitude regions. A
comparative presentation across four stations reveals varying VTEC
reactions to the eclipse. Both the IISC and HYDE stations, located
on the EIA crest, exhibited the largest percentage changes in VTEC

(33.12% and 32.01%, respectively), indicating a strong effect of
EIA dynamics during the period of solar obstruction. GUUG, an
international station, is also located close to the EIA area and has
revealed a significant decrease in VTEC of 29.73%, which is consis-
tent with its high rate of obscuration (91.89%). Conversely, YIBL,
which is not within the main range of influence of the EIA, had the
smallest VTEC reduction (26.33%) and weakest correlation (R* =
0.60) with the IRI-2020 model, suggesting more complicated local
electrodynamic behaviour. This comparison across stations high-
lights the importance of latitude and regional ionospheric processes
in moderating changes in TEC during eclipses.
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Figure 5. Variation of Disturbed storm time (Dst), Planetary K (Kp) index, Interplanetary Electric field (Ey), and Interplanetary magnetic
field (Bz) during December 25-27, 2019

Other latitude-related factors, such as geomagnetic latitude, back-
ground ionospheric conditions, and local electrodynamic processes,
can also contribute to the variations in eclipse impact observed
among stations, in addition to proximity to the Equatorial Ionization
Anomaly (EIA). The EIA remains dominant in the low-latitude ion-
osphere. Our results have significant implications for GNSS-based
navigation and satellite communications systems, which require
proper ionospheric delay modeling. Knowledge of TEC dynamics
during solar eclipses, which lead to rapid and localized ionospheric

30

perturbations, enhances the reliability of GNSS signals and the ac-
curacy of space weather prediction tools. This would be critical for
aviation, maritime navigation, and emergency response systems that
require satellite positioning. Further studies are necessary, includ-
ing localized electrodynamic studies and coordinated observations
(ground-based radars, magnetometers, and GNSS networks). The
use of real-time GNSS TEC measurements in adaptive ionospheric
models will facilitate improved and timely forecasts of dynamic ion-
ospheric variations, such as solar eclipses and geomagnetic storms.
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4. Conclusion

With reference to the analysis of the ionospheric TEC variations
observed at the stations IISC, HYDE, GUUG, and YIBL, the study
reports important findings regarding the annular solar eclipse that
occurred on December 26, 2019. The findings show a notable de-
crease in VTEC during the eclipse hours and in the post-eclipse pe-
riod. The level of obscuration and the degree of VTEC decrease also
differed among the various stations, with IISC and GUUG recording
the highest obscuration rates of 89.02 and 91.89, respectively. The
study reports significant reductions in VTEC: IISC by 33.12, HYDE
by 32.01, GUUG by 29.73, and YIBL by 26.33. The TEC depletion
was most observed in the case of IISC and HYDE, which indicat-
ed that the effect of the eclipse was not effective in the areas that
were heavily affected due to the Equatorial Ionization Anomaly
(EIA). The minor decrease in VTEC at YIBL can be explained by
its geomagnetic latitude, relatively lower EIA impact, and possible
recombination processes.

The research also confirms that no geomagnetic storms occurred
during the eclipse, as indicated by the Dst and Kp indices and by
variations in the interplanetary magnetic field. The study also in-
dicates that the ionospheric TEC variations observed during the
annular solar eclipse on December 26, 2019, were mainly due to the
eclipse. A crucial contribution of this work is the comparison of ob-
served VTEC values to those anticipated by the IRI-2020 model. The
analysis shows strong correlations (R* = 0.93, 0.81, and 0.96 of TISC,
HYDE, and GUUG, respectively) and demonstrates that the IRI-
2020 model significantly outperformed earlier visions in simulating
ionospheric responses induced by eclipses. The moderate relation-
ship at YIBL (R” of 0.60) demonstrates the restriction of the model
on localized and short-term trends at other outside EIA regions. The
results serve as valuable data to enhance ionospheric modelling in
the future, particularly to forecast the temporary weather features
in space, such as the solar eclipses. This research provides the basis
for creating a more predictable tool to increase confidence in sat-
ellite-based positioning, navigation, and communication systems
by improving understanding of TEC variations at a more localized
scale. Science and everyday life also require investigation on the
short-timescale jonosphere and real-time data synthesis to enhance
global models, which are required in regional model changes. The
findings have not only offered additional scientific insights into the
behaviour of the ionosphere during solar eclipses but have also been
of practical relevance by supporting better TEC forecasting models.
These inventions can be effective in enhancing navigation, posi-
tioning, and confidence in satellite communications when there are
sudden changes in solar flux.

Nomenclature

CDDIS Crustal Dynamics Data Information System
Dst Disturbed storm time

EE] Equatorial Electro Jet

EIA Equatorial Ionization Anomaly

foF2 Frequency of F2 layer

GNSS Global Navigation Satellite System

GPS Global Positioning System

GUUG Mangilao GNSS station in United States of America

HYDE Hyderabad GNSS station in India

IEF-Ey Interplanetary Electric Field

11SC Indian Institute of Science GNSS station at
Bengaluru, India

IMF-Bz Interplanetary Magnetic Field

IRI International Reference Ionosphere

Kp index Planetary K index

MAGIC Model-based Assimilation of GPS-based
Ionospheric data

NASA National Aeronautics and Space Administration

RINEX Receiver Independent Exchange Format

SAMI3 Sami3 is seamless, 3-dimensional, physics-based
model of ionosphere

TEC Total Electron Content

TECU Total Electron Content Unit

UT Universal Time

VTEC Vertical Total Electron Content

AVTEC Deviation in Vertical Total Electron Content
YIBL Yibal GNSS station in Oman
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