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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel investigation into the distinct ionospheric variations observed over China and
Ionosphere Uzbekistan during the annular solar eclipse on June 21, 2020. For the first time, we demonstrate the influence
Solar eclipse of this celestial event on Total Electron Content (TEC) measurements obtained from GPS satellites. We analyzed
GNSS

fluctuations in TEC and the Ionospheric Scintillation Index (S4) across six strategically selected sites—three in

,?:Z Uzbekistan (MTAL, KIT3, MADK) and three in China (JFNG, LHAZ, BJFS) located near the eclipse path, with

Scintillation obscuration levels of 52%, 57%, 58%, in Uzbekistan and 92%, 94% and 95% in China. Our study involved

continuous monitoring of ionospheric parameters over three days, from June 20 to June 22, 2020. Results

indicated a significant TEC depletion ranging from 10% to 30% on the day of the eclipse. The analysis reveals

that both TEC levels and the S4 scintillation index experienced notable reductions during the event, attributed

to the decreased ionizing radiation. These findings enhance our understanding of ionospheric dynamics in

response to solar eclipses and have important implications for satellite communication and navigation systems.

1. Introduction crucial role. Over the past years, many studies have extensively ex-

plored the relationship between solar eclipses and total electron content

Similar studies have previously been examined by [1-5], and [6]. (TEC) variations. Many studies have been extensively studied over the

We express our deepest gratitude for these contributions. One of the past years on the relationship between solar eclipses and total electron
most significant topics extensively investigated in the literature is content variations [1,3-5].

the impact of solar eclipses on key ionospheric parameters (see, e.g., The total number of electrons provides an accurate reflection of

[7-10D.

the condition and dynamics of the ionosphere’s F-region. By mon-
itoring Total Electron Content (TEC), it is possible to examine the
ionosphere’s dynamics during a solar eclipse. Satellite data have been

During a solar eclipse, the ionosphere is affected due to the complete
or partial obstruction of solar radiation. This results in a decrease in
the number of electrons and ions in the ionosphere’s F-layer. Various
factors, including the degree of solar and geomagnetic disturbances,
latitude, longitude, and local time, contribute to disturbances in the F-
layer. During a solar eclipse, these factors cause a decrease in ionization
in the F-region of the ionosphere, where dynamic processes play a

utilized to investigate the dynamic impacts of the ionosphere during a
solar eclipse [11-13].

As a result of changes in altitude within the neutral composition of
the atmosphere and variations in the rate of production with altitude,
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Table 1

GPS stations information for TEC measurements made in this research.

Physics of the Dark Universe 48 (2025) 101892

Station Longitude Latitude Eclipse mag(Area)
MTAL, Maidantal, Tashkent, Uzbekistan 70° 38’ 41° 59’ 0.6119 (52%)
KIT3, Kitab, Kashkadarya, Uzbekistan 66° 53’ 39° 08’ 0.6545 (57%)
MADK, Maidanak, Kashkadarya, Uzbekistan 66° 53’ 38° 40 0.6668 (58%)
JENG, Jiufeng, Fujion, China 114° 29 30° 30 0.9434 (92%)
LHAZ, Lhasa, China 91° 06’ 29° 39 0.9527 (94%)
BJFS, Fangshan, China 115° 53/ 39° 36’ 0.9663 (95%)

the plasma density in the ionosphere forms vertical layer structures
known as the D, E, and F layers. These layers are governed by different
physical and chemical processes and have distinct ion compositions.
Various solar flares, solar eclipses, and extraterrestrial events can dis-
rupt the physical and chemical properties of the ionospheric layers (see,
e.g., [14-16]). Such distortions can modulate radio signals accordingly.
The D and E layers are also reported to be associated with sporadic
metal layers [17,18].

During a new moon, the Moon can pass between the Earth and the
Sun, resulting in a solar eclipse. If the Moon’s shadow falls on the
Earth’s surface, part of the solar disk will be covered or “eclipsed”
by the Moon. This alignment occurs at least twice a year, allowing a
portion of the Moon’s shadow to fall on the Earth’s surface, making
the solar eclipse visible from specific locations. The TEC values used
in this investigation are derived from GPS data [19-23] and are part
of a study examining the ionospheric effects of solar eclipses through
GPS amplitude scintillations. The Moon’s shadow consists of two parts:
the penumbra (semi-shadow) and the umbra, as shown in Fig. 1. Fig.
2 illustrates a map of the visibility of the annular solar eclipse on June
21, 2020.

It is well known that the effects of a solar eclipse vary depending
on location, season, atmospheric region, time of occurrence, duration,
and type (partial, annular, or total) of the eclipse. This topic has become
increasingly attractive to the radio and ionosphere science community.
In the study by [24], it was observed that the Total Electron Content
(TEC) in the F-layer, derived from ground-based Global Navigation
Satellite System (GNSS) receivers, experienced a significant electron
density (N,) enhancement over the continental United States (CONUS)
near the first contact of the solar eclipse on August 21, 2017.

Several visible effects result from the reduction in solar radiation
flux in the ionosphere during a solar eclipse, including a decrease in
electron density in the E and F1 layers due to plasma transport and the
dynamics of chemical reactions. The associated changes in the height
of ionospheric layer boundaries and the appearance and propagation
of gravity waves, along with other related phenomena during solar
eclipses, have been studied (e.g., [25-30]). A solar eclipse provides
a unique opportunity to study the response of the thermosphere and
ionosphere to the sharp decrease in ionizing solar radiation caused by
the partial occlusion of the solar disk by the Moon.

In [6], a quantitative forecast of the impact of the upcoming
solar eclipse on the I-T system is described using Thermosphere—
Ionosphere-Electrodynamics General Circulation Model simulations. A
significant enhancement in total electron content (TEC) of approxi-
mately 2 TEC units was observed in the equatorial ionization anomaly
region, even while this region remained in the eclipse’s shadow. These
processes lead to the formation of plasma, which interacts chemically
with neutrals, disperses due to gravity and pressure gradients, and is
transported by neutral winds and electric fields under the influence of
the magnetic field. Based on the simulated ray propagation paths of the
reflected and dispersed waves, [31] found that anomalous echoes were
propagated by field-aligned irregularities (FAIs) in the E-region.

When the Moon and Earth align perfectly, an annular solar eclipse
occurs, where the Moon’s apparent size is smaller than that of the Sun.
As a result, the Sun appears as a bright ring surrounding the dark disk
of the Moon. Numerous researchers have studied the effects of solar
eclipses on the ionosphere (see, e.g., [32-41]).

Sun

antumbra
C

Fig. 1. Categories of solar eclipses: A is a total solar eclipse, B is an annular solar
eclipse, and C is a partial solar eclipse. https://eclipse.gsfc.nasa.gov/.

A B

Fig. 2. The annular solar eclipse that took place on June 21, 2020, as seen from
around the world (https://eclipse.gsfc.nasa.gov/).

Ionospheric disturbances at low latitudes can disrupt the amplitude
and phase of radio signal propagation, an effect known as scintilla-
tion. Scintillation depends on various factors, including the roughness
strength and layer thickness, the satellite’s zenith angle, the angle
between the radiation path and Earth’s magnetic field, local time,
season, solar and magnetic activity, and signal frequency. Scintillation
typically occurs when the Fresnel scale of the propagating radio wave
matches the scale of irregularities in the ionosphere [42].

The Maidanak and Maidantal GPS stations are part of the regional
research network Water in Central Asia (CAWa), coordinated by the
German Research Centre for Geosciences (GFZ-Potsdam) in collabo-
ration with the Ulugh Beg Astronomical Institute and UzHydromet,
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Viewing archive of Sunday, 21 June 2020
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Fig. 3. Variations of (a) Kp index for 21 June 2022, (b) Dst index for the geomagnetic
storms during June 2020.

Uzbekistan. Maidanak is an internationally recognized observatory
known for its excellent atmospheric conditions, making it ideal for
optical astronomical observations [43,44]. By studying ionospheric
changes during a solar eclipse, it is possible to predict the timing of
the eclipse and analyze the resulting data distortions. This paper is
organized as follows: Section 2 focuses on the data and methods of
analysis used (see Table 1).

The obtained results and analyses are summarized in Section 3. In
Section 4, detailed explanations and discussions are given, and, finally,
a summary of conclusions is provided in Section 5.

2. Data and methods
2.1. The TEC and VTEC measurements

We monitored total electron content (TEC) in the F-layer and GPS
amplitude scintillations using six GPS receivers located in Uzbekistan
and China. The GPS stations MADK, MTAL, KIT3, JFNG, LHAZ, and
BJFS provide real-time data for calculating ionospheric parameters such
as TEC and the .S, index, using the full temporal resolution of the
selected receivers. TEC is derived from the pseudo-range and carrier
phase measurements at the L, (1.575 GHz) and L, (1.228 GHz) fre-
quencies [45], along the path from the receiver to the satellite. The TEC
measured along the line of sight of a satellite signal is known as slant
TEC (STEC). Receiver Independent Exchange (RINEX) tracking files
processed using Gopi Seemala’s RINEX software (version 3.0.2) provide
the required (.CMN) and (.STD) output files [46]. STEC measures
the total number of free electrons in a column of unit cross-section
along the path of an electromagnetic wave between a satellite and a
receiver. STEC and T EC,, are typically obtained from dual-frequency
code readings.

STEC = ! L%XL% P, — P, TEC, 1
=03 % ﬁ X (P — Py)+ be » 1

where P, (L)) is the pseudo-range at the L, frequency, P, (L,) is the
pseudo-range at the L, frequency, and T EC,, is used to correct errors
in the line of sight between different satellite-receiver pairs. Vertical
TEC (VTEC) is derived by projecting the slant TEC onto the vertical line
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Fig. 4. Daily variation of slant TEC at MTAL GPS station on (a) 20th, (b) 21st, and
(c) 22nd June 2020. The square indicates where the solar eclipse was most extreme
at the MTAL GPS station in Uzbekistan. (The eclipse hours period has been indicated
with the black box in column (b)).

using a thin shell model positioned 350 km above sea level, following
the methodology outlined in [21,22,47-49].

. R,sinz
VTEC = STEC X cos |arcsin [ ———— s (@3]
Re + hmax

where the radius of the Earth, R, = 6378 km, the maximum height
to the pierce point, &,,,, = 350 km, and z is the angle of elevation at
the ground station. For a detailed analysis of the TEC response to a
Solar eclipse, we have studied the variation of the absolute TEC across
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the five satellite transitions. Regional TEC models were obtained using
regional baseline functions to analyze the spatial distribution of TEC
during a Solar eclipse. For regional modeling of TEC, we used GPS
measurements collected at about 10 IGS stations using pseudo-range
code and phase measurements.

2.2. Ionospheric S, index scintillations

Irregularly structured ionospheric regions can lead to diffraction
and propagation of trans-ionosphere radio signals. When received on
an antenna, these radio signals show random transient oscillations in
amplitude and phase. This is called ionosphere scintillation. Ionosphere
scintillation can cause problems such as signal strength loss, phase
cycle slip, loss of receiver block, etc., and deteriorate the quality
of satellite navigation systems. Ionosphere scintillation is a rapid os-
cillation of the phase or/and amplitude of a radio frequency signal
that is generated when a signal passes through the F- a layer of the
ionosphere. Scintillation occurs when a straight-wave radio frequency
signal crosses a region of small-scale irregularities in electron density.
Ionospheric scintillation is a well-known phenomenon that has been
extensively studied a lot in the past, see e.g. [50]. However, large-scale
prediction or modeling remains a difficult phenomenon. Scintillation
occurs as a result of small-scale oscillations of the susceptibility index
of the ionospheric environment, which in turn is the result of inhomo-
geneities. Ionospheric disturbances can affect satellite communication
and navigation by causing radio signals. Scintillations are routinely
measured using ground-based networks of receivers. For example, a
discussion of ionospheric disturbance observations by Langmuir probes
on Swarm satellites is published in the paper [51].

Inhomogeneities in the ionospheric medium are produced by a wide
range of phenomena (e.g. plasma bubbles) and those responsible for
scintillation occur mainly where the F-layer is located ionosphere at
altitudes of 200 to 1000 km. However, the primary is typically located
in zone F, which is 250 to 400 km. Electronic layer asymmetries such
as sporadic-E and auroral E can also cause scintillation, but their effect
on GPS signals in the L range is minimal and insignificant. Ionospheric
scintillation is primarily an equatorial and high-latitude ionosphere
phenomenon, although it can (and does) occur at lower intensities at
all latitudes. The irregularities lead to small-scale fluctuations in the
refractive index and subsequent differential diffraction (propagation)
of the plane wave, which causes phase changes along the phase front
of the signal. As the propagation of the signal continues after passing
through the zone of disturbances, phase and amplitude scintillation de-
velops through the interference of several scattered signals. The widely
used S, and o ionosphere scintillation indices show the amplitude
and intensity of phase scintillation affecting GPS receivers. The four
quantitative .S}, S,, .53, S, indices are as follows [52] :

1

$1 = 7l =D = 0425, 3
S, = (Tl> \/m =0.52S,, @
S5 = ﬁ(uz — (1)) = 0.735,, (5)
S, = % 2y — (12, 6

where I is the signal intensity [53]. The index .S, is the ratio of the
departure from the norm for the signal strength to the average signal
strength calculated over a period of time. S, is a dimensionless number
with a theoretical upper limit of 1.0, commonly estimated over an
interval of 60 s. There are two defined modes of amplitude scintillation:
weak and strong, which roughly correspond to the type of associated
scattering.

Strong scintillation is typically observed when the S, index exceeds
0.6, indicating significant signal propagation effects in the ionosphere.
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Fig. 5. Daily variation of slant TEC at LHAZ GPS station on (a) 20th, (b) 21st, and
(c) 22nd June 2020. The square depicts the greatest phase of the solar eclipse at the
LHAZ GPS location in China. (The eclipse hours period has been indicated with the
black box in column (b)).

Conversely, if the .S, index is below 0.3, it is unlikely to have a notable
impact on GPS signals. An Ionosphere Scintillation Monitor (ISM) is a
specialized GPS receiver, either single or dual-frequency, designed to
monitor ionospheric scintillation levels in real-time. The ISM features
wide-bandwidth tracking loops that help maintain signal lock for longer
periods during strong scintillation events. It samples at a rate of 50 Hz
to calculate scintillation statistics, including the S, index and ¢. While
wide-bandwidth tracking enhances the receiver’s ability to track signals
during strong scintillation, loss of lock on one or more satellites can still
occur during extreme events, necessitating signal re-acquisition.
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KIT3 GPS station in Uzbekistan (PRN 02, 21.06.2020) LHAZ GPS station in China (PRN 02, 21.06.2020)
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on 21 June 2020 at the BJFS GPS station in China. The beginning and finish of the
eclipse are shown by vertical dashed lines.

3. Results and analyses

To study the effects of the solar eclipse on TEC variations, a method
based on daily TEC fluctuations has been employed. This approach
compares data from three days following the solar eclipse to examine
TEC variations at a single location. The variations of slant TEC, derived
from phase measurements, for the day of, during, and after the solar
eclipse along satellite passes are presented in Figs. 4 and 5. These fig-
ures show the daily slant TEC variations over the MTAL and LHAZ GPS
stations on June 20th, 21st, and 22nd, 2020. The time series includes
GPS measurements from all satellites over a 24-h period. The black
boxes indicate the time interval corresponding to the solar eclipse’s
date and timing over the selected stations. These figures represent the
similar behavior of slant TEC variations observed at other stations; for
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Fig. 9. The decrease of vertical and differential TEC during the Solar eclipse occurred
on 21 June 2020 at the LHAZ GPS station in China. The beginning and finish of the
eclipse are shown by vertical dashed lines.

example, the MADK and KIT3 data exhibit the same pattern as MTAL,
shown in Fig. 4, while the data from JFNG and BJFS follow a similar
trend to LHAZ, as shown in Fig. 5.

In addition, we investigate the Solar eclipse that occurred during
quiet geomagnetic conditions. The indices K, and A, are usually lower
than 3. In this study, the values of F10.7, K, A,, and Dst indices are
used to check the solar and geomagnetic activities. The World Data
Centre Kyoto (http://wdc.kugi.kyoto-u.ac.jp) and NASA OMNI Web
(https://omniweb.gsfc.nasa.gov) are where these indices are obtained.
as well as on June 21, 2020, the day of the annular Solar eclipse, we
queried geomagnetic data and analyzed some of these data to identify
the relationship between geomagnetic data and the ionosphere. The K,
index is usually lower than 3 for 21 June, 2020 and the Dst index is
usually greater than -20 nT are shown in Fig. 3a, b, respectively. [54]
found that a thermosphere composition and ionospheric total electron
content (TEC) variations during two geomagnetically quiet periods
(maximum K, = 1.7) at solar minimum.

It can be observed that the TEC values during the eclipse are lower
than they would be on any other day for the same time period. Fig.
4(b) illustrates how the eclipse effect manifests as a dip that resembles a
trough. at the time of the eclipse’s maximum phase for each station, the
TEC values reach their minimum. The minimum level of TEC persists
for around 20-50 min, and then it slowly recovers during the next
2-4 h. The data of other stations behave analogously.

Fig. 6 demonstrates vertical TEC (VTEC - slant TEC reduced to
zenith) for KIT3, MTAL, LHAZ, and BJFS stations during the annular
Solar eclipse. The onset and finish of the eclipse are shown by red ver-
tical lines. The TEC behavior at the other two locations is comparable to
these graphs. For all of the stations, there is a considerable drop in total
electron content. As may be observed during the solar eclipse the TEC
depression around 8 Universal Time (UT) is recognized for all satellites
(Fig. 5 - columns (b)). Each station has a distinct period when the TEC
value is at its lowest relative to the eclipse’s greatest phase, and each
satellite has a different amount of TEC depression. A decrease in the
total electron content with elevation angles was observed in several
satellites at the MADK GPS station during the annular Solar eclipse,
i.e., PRN 02, PRN 06, PRN 12, and PRN 25 are presented in Fig. 11
and Kitab GPS station satellites were observed, i.e. PRN 02, PRN 06,
PRN 12, PRN 25 are presented in Fig. 12. LHAZ GPS station several
satellites were observed, i.e. PRN 02, PRN 06, PRN 12, and PRN 25 are
presented in Fig. 13. BJFS GPS station several satellites were observed,
i.e. PRN 02, PRN 04, PRN 06, and PRN 25 are presented in Fig. 14.
Variations of TEC and S4 indices were in observed several satellites at
the MTAL GPS station during the annular Solar eclipse, i.e., PRN 02
and PRN 06 are presented in Fig. 19 and MADK GSP station during the
annular Solar eclipse, i.e., PRN 02 and PRN 06 are presented in Fig. 20
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Table 2
Tonospheric Scintillation Index S4 measurements for GPS stations during continuous three days.
GPS stations (2 h) S4aver S4std S4medi S4min S4max Eclipse mag (Area)
MTAL (June 20, 2020) 0.0880 0.0957 0.0620 0.0190 0.7830
MTAL (June 21, 2020) 0.0858 0.0890 0.0570 0.0240 0.7160 0.6119 (52%)
MTAL (June 22, 2020) 0.0965 0.0902 0.0820 0.0170 0.4610
BJFS (June 20, 2020) 0.0738 0.0289 0.0690 0.0260 0.1980
BJFS (June 21, 2020) 0.0646 0.0123 0.0680 0.0190 0.2150 0.9663 (95%)
BJFS (June 22, 2020) 0.0753 0.0381 0.0670 0.0150 0.3250
JFNG GPS station June 21, 2020 Solar eclipse Jiufeng, China
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solar eclipse. (The black box highlights the from 06:00 until after 09:00 UT hours).
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4. Discussion

Modern ionospheric research is greatly aided by the ionosphere and
the idea of ionospheric development that has been developed in the lit-
erature. The ionospheric steady state is formed on the combined action
of the light chemistry, thermodynamics, kinetics, electrodynamics, and
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Fig. 16. Variation of the amplitude scintillation index S, values based on data of MTAI
station during continuous two hours.

other processes [55,56]. It has not only a complex spatial distribution
structure but also has time-varying characteristics with different time
scales which are controlled by multiple mechanisms. In the begin-
ning pioneering stage of active studies of the ionosphere, an observed
ionospheric phenomenon that could not be explained by the Chapman
theory of solar photoionization of the neutral atmosphere [57] was
often called anomalous.

Later it was realized that at altitudes (heights of F region) where
these anomalies were observed, the plasma was no longer in photo-
chemical equilibrium and that transport processes due to diffusion,
neutral winds, and electromagnetic drifts played an important role [58,
59], and deviations from the simple Chapman theory could be ex-
pected. The F region is usually divided into three subregions. The
lowest region, where photochemistry dominates, is called the F1 region.
The topside ionosphere is the region in the upper F region where
diffusion dominates and where there is a change from chemical to
diffusion dominance, also known as the F2 region. In the F1 area, the
photochemistry is simplified because only one ion (O*) dominates. The
important reactions are photoionization of neutral atomic oxygen and
loss in reactions with N, and O,.

The Figs. 7, 8, 9 and 10 show the vertical and differential TEC vari-
ations in 21 June 2020 above MTAL, BJFS, LHAZ and JFNG stations,
respectively. Vertical red lines denote the duration of the Solar eclipse
i.e. beginning and end. Differential TEC is obtained by subtracting
monthly averaged diurnal vertical TEC from the values of observed

Physics of the Dark Universe 48 (2025) 101892

lonospheric Scintillation Index (June 20, 2020)- BJFS GPS station Fangshan, China
T T T T

T — 54§ 4 T T & 1 T T
¢ * PRN1-PRN32

y 'r' i %
. IR i e
L L 1 L 1 L L 1 L 1 L L
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
utT

lonospheric Scintillation Index (June 21, 2020)- BJFS GPS station Fangshan, China

T
*_PRN1-PRN32

vy Md—T—T—T T T T T T T T T T T T T T T T

lonospheric Scintillation Index (June 22, 2020) - BJFS GPS station Fangshan, China

o 04 —T T T T T T T T T T
+ PRN1-PRN32
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box).

vertical TEC at each epoch. Vertical and differential TEC fluctuations
show that differential TEC decreases during the solar eclipse.

Figs. 15 and 17 demonstrate this, as can be seen. Ionospheric Scin-
tillation Index S4 values show a slight reduction during the occurrence
of total solar eclipse, i.e. on 21st of June from around 07:00 until after
09:00 UT at the stations MTAL (Fig. 16.) and BJFS (Fig. 18).

5. Conclusions

Central and South-East Asia were able to see the annular solar
eclipse on June 21, 2020, which offered a great opportunity to study
ionospheric behavior under eclipse conditions.

In order to examine the ionospheric reaction to this event, GPS
measurements over Uzbekistan and China on the eclipse’s day, the day
before it occurred, and the day after it were processed. When a solar
eclipse occurs, variations in the .S, values, which represent variations
in the occurrence of ionospheric scintillation, have been examined (see
Table 2). Although the first two factors were carefully studied by a
number of writers, ionospheric scintillation caused by solar eclipses
has only recently been studied utilizing stations that are now located
in Central and Southeast Asia. In terms of TEC values, the results at
various stations and for each signal path from a satellite to a receiver
showed a drop between 1 and 5 TECU during the total solar eclipse,
which fits earlier research as well as theoretical assumptions [2,60].

The amplitude scintillation index S, values of data based on station
MTAL during the annular solar eclipse hours (values within the black
box in Fig. 15(b)) have been reduced by about 6.94% when compared
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station during continuous two hours.
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Fig. 19. Variations of TEC and S4 indices along satellite passes (PRN 02 and PRN
06 rows, respectively) for MTAL GPS station on June 21, 2020, the day of the solar
eclipse. (The black box highlights the from 06:00 until after 09:00 UT hours).

with similar time on the day before and the day after the annular solar
eclipse. A similar comparison is made using the data from station BJFS,
which revealed a reduction of 13.34% in the values of the amplitude
scintillation index S, (values within the black box in Fig. 17(b)).
It can be inferred that the ionospheric scintillation was significantly
reduced in two GPS stations during the occurrence of the annular solar
eclipse because the amplitude scintillation index S, values are directly
connected to the occurrence of ionospheric scintillation.
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