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Abstract This work studies variations of ionospheric total electron content (TEC) during four distinct solar
eclipse events over the Ethiopia region. Dual-frequency global positioning system (GPS) data obtained from
UNAVCO over Addis Ababa (9.036°N, 38.76°E) and Bahir Dar (11.6°N, 37.34°E) stations are used to examine
the ionospheric variability during two annular solar eclipses on 15 January 2010 and 1 September 2016, a partial
solar eclipse on 4 January 2011, and a hybrid solar eclipse (the eclipse path starts out as annular but later changes
to total) on 3 November 2013. The results show a significant decrease in TEC values during the occurrence of
the solar eclipses. Specifically, the TEC values are reduced to —20% and —10% during the annular eclipse on 15
January 2010, —33% and —38% during the partial solar eclipse on 4 January 2011, —26% and —24% during the
annular solar eclipse on 1 September 2016, over the Addis Ababa and Bahir Dar stations, respectively. There is
only minimal change in TEC of —8% and —9% at Addis Ababa and Bahir stations, respectively, during the 3
November 2013 solar eclipse even if the obstruction rate is high over the study area. Furthermore, the study
shows that the spatial gradient of TEC reduction varies at different locations, which is attributed to the distinct
amount of reduction in solar radiation reaching the Earth's surface, resulting in reduced photo-ionization.
Overall, this study provides insightful information about the behavior of the ionospheric TEC during solar
eclipses over Ethiopia and emphasizes the use of dual-frequency GPS data in tracking the variations of the TEC.

1. Introduction

Solar eclipse is an interesting astronomical event where the Moon aligns with the Sun and the Earth, blocking the
Sun's light (Carter, 2015). A total solar eclipse occurs when the disc of the Moon completely blocks out the disc of
the Sun. However, only a portion of the sun is blocked out during partial and annular eclipses (Mollmann &
Vollmer, 2006; Reddy, 2012). During a total eclipse, the totality can last from a few seconds to about 7 min,
depending on various factors such as the Moon's distance from Earth and the Earth's rotation. The degree of
coverage during partial eclipse depends on the observer's location within the eclipse path (Silwal et al., 2021).

The ionosphere, a region of the Earth's upper atmosphere, is ionized by solar radiation, resulting in the presence of
free electrons. During a solar eclipse, the Earth's ionosphere experiences significant effects, including total
electron content (TEC), plasma frequency, and radio propagation (Ding et al., 2010; Miller, 2001; Sentiirk
et al., 2021; Silwal et al., 2021). TEC refers to the measurement of the number of free electrons present in a unit
cross-sectional area from the Earth's surface to the top of the ionosphere (Ghimire et al., 2022; Sharma
et al., 2010). The main effect of a solar eclipse on the ionospheric TEC is a reduction in electron density
(Krankowski et al., 2006; Le et al., 2020). As the Moon blocks the Sun's radiation, there is a decrease in the
ionization and subsequent electron production in the ionosphere (Vyas & Sunda, 2012). This reduction in electron
density leads to a decrease in TEC values during the eclipse period (Cherniak & Zakharenkova, 2018; Pradipta
et al., 2018; Sharma et al., 2010). This decrease in TEC during the eclipse period can have significant effects on
radio wave propagation and communication systems (Dear et al., 2020; Le et al., 2020). It leads to signal
attenuation, causing a decrease in signal strength, as well as signal delay, impacting accurate timing applications
(Uryadov et al., 2016). Communication systems relying on ionospheric propagation may experience disruptions,
increased noise, and signal degradation (Dear et al., 2020; Evans, 1965; Ryba & Taylor, 1991). Ionospheric
scintillation, characterized by rapid fluctuations in signal amplitude and phase, can also occur (Ya'acob
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etal., 2014). Thus, the decrease in TEC and the effects of TEC changes during eclipses is important for improving
communication system resilience and advancing our knowledge of ionospheric dynamics.

In the past, various studies have been conducted on the impact of solar eclipses on ionospheric TEC over different
locations of the Earth (e.g., Dear et al., 2020; Eisenbeis & Occhipinti, 2021; Evans, 1965; Ghimire et al., 2022;
Idosa Uga & Beshir Seba, 2023; Le et al., 2020; Reddy, 2012; Ryba & Taylor, 1991; Sharma et al., 2010; Silwal
etal., 2021, and references therewith). Eisenbeis and Occhipinti (2021) used data of ~110 GNSS stations to study
ionospheric irregularity during the 2 July 2019 solar eclipse. They found 25%-40% decrement in TEC during the
Eclipse period. Hoque et al. (2016) studied ionospheric changes during the 20 March 2015 solar eclipse over
European region and found the reduction of up to 6 TEC units. Sentiirk et al. (2021) observed decrement of
ionospheric TEC up to 50% during the 21 June 2020 solar eclipse over Northern Europe. Sharma et al. (2010)
observed reduction in ionospheric TEC even during the morning eclipse over Indian region. Observations during
the total solar eclipse on 21 August 2017, by Pradipta et al. (2018), over North America using global positioning
system (GPS) TEC and ionosonde data showed substantial reductions (33%—45%) in TEC and ionospheric plasma
densities due to the eclipse. Ghimire et al. (2022) studied the ionospheric responses to the solar eclipse on 22 July
2009 over Nepal region. They found that the TEC deviated between 1 and 5 TECU from the mean vertical total
electron content (VTEC) value of the five quietest days. Silwal et al. (2021) studied 15 January 2010 and 21 June
2020 solar eclipses and finds that the measure of the decrease in TEC is proportional to the obscuration of the
lunar disc. Vyas and Sunda (2012) investigated the solar eclipse and related ionospheric TEC fluctuations across
Indian stations on 15 January 2010. They observed that all of the stations in the path of the eclipse showed signs of
the eclipse's impact on the diurnal changes of TEC. By causing localized counter-electrojets, atmospheric gravity
waves, and a reduction in the intensity of solar radiation, the solar eclipse changed the ionospheric behavior along
its route. Krankowski et al. (2008) studied the variation in TEC during the total solar eclipse on 3 October 2005 in
Europe. They found that the eclipse's effects could be clearly seen in TEC fluctuations for certain satellite passes
as well as daily variations. Across a wide area, the steady TEC fall and subsequent rise of the trough-like os-
cillations were seen during the eclipse, with the decrement rate of 3—4 TEC unit over the study region.

The rate of the TEC reduction depends on various factors, including the duration and type of eclipse (partial or
total), the location of the observer, the ionospheric conditions, and the altitude of the ionospheric layers affected
by the eclipse. Thus, in the past, numerous works have been done for evaluating ionospheric TEC changes during
the eclipse events over different parts of the globe. In this paper, we examine the behavior of ionospheric TEC
during four solar eclipse events on 15 January 2010, 4 January 2011, 3 November 2013, and 1 September 2016,
over Ethiopia region for the first time. The paper is organized as follows. We describe data and methodology in
Section 2. We discuss our results in Section 3. Finally, we conclude our findings in Section 4.

2. Data and Methods
2.1. Events Information

We study ionospheric TEC variability during the four eclipse events over two stations, Addis Ababa (Oromia) and
Bahir Dar (Amhara) regions, of Ethopia. The geographical information of these stations are shown in Table 1. On
15 January 2010, an annular solar eclipse took place, reaching its maximum at 07:06:33 Universal Time (UT) with
a magnitude of 0.9190. Lasting 3 hr and 11 min and 8 s, it was predicted to be the longest annular eclipse of the
century. In Ethiopia, specifically in Addis Ababa, the eclipse was visible as a partial solar eclipse with 60.56%
coverage and a magnitude of 0.7018. It began at 7:14:32 LT (4:14:32 UT), reached its maximum at 8:38:53 LT
(5:38:53 UT), and ended around 10:26:11 LT (7:26:11 UT). In Bahir Dar, another Ethiopian station, the partial
solar eclipse had 54.29% coverage and a magnitude of 0.6474. It started at 7:16:56 LT (4:16:56 UT), reached its
maximum at 8:38:50 LT (5:38:50 UT), and finished at about 10:22:16 LT (7:22:16 UT). On 4 January 2011, a
partial solar eclipse occurred. In Addis Ababa, it was visible as a partial solar eclipse with 2.93% coverage and a
magnitude of 0.0856, starting at 7:43:25 a.m. (10:43:25 LT), reaching its maximum at 8:27:52 a.m. (11:27:52
LT), and ending around 9:13:30 p.m. (12:13:30 LT). Similarly, in Bahir Dar, it had 7.00% coverage and a
magnitude of 0.1541, commencing at 7:29:14 UT (10:29:14 LT), reaching its maximum at 8:27:02 UT (11:27:02
LT), and ending at about 9:27:08 UT (12:27:08 LT). On 3 November 2013, a hybrid solar eclipse occurred with a
magnitude of 1.0159, visible as a partial solar eclipse in Addis Ababa with 82.50% coverage and a magnitude of
0.8614. Itbegan at 1:14:13 UT (4:14:13 LT), reached its maximum at 2:24:12 UT (5:24:12 LT), and ended around
3:02:08 UT (6:02:08 LT). In Bahir Dar, it had 71.87% coverage and a magnitude of 0.7765, starting at 1:11:58 UT
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Table 2

Eclipse Information

Table 1
Geographical Information of the Stations

Stations Geogr. lat. Geogr. long. Geomag. lat. Geomag. long. Local time

Addis Ababa 9.036°N
Bahir Dar 11.6°N

38.76°E
37.34°E

—0.27°N
2.23°N

110.51°E UT+3
109.04°E UT+3

(4:11:58 LT), reaching its maximum at 2:24:12 UT (5:24:12 LT), and concluding at about 3:04:44 UT (6:04:44
LT). An annular solar eclipse occurred on 1 September 2016, visible in Addis Ababa as a partial solar eclipse with
33.85% coverage and a magnitude of 0.4539. It began at 7:05:12 UT (10:05:12 LT), reached its maximum at
8:35:37 UT (11:35:37 LT), and ended around 10:10:46 UT (13:10:46 LT). In Bahir Dar, it had 28.37% coverage
and a magnitude of 0.401, starting at 7:03:33 UT (10:03:33 LT), reaching its maximum at 8:28:16 (11:28:16 LT),
and ending at about 9:58:28 UT (12:58:28 LT) hours. The eclipse period information over the studied stations,
including the time period and magnitude, are presented in Table 2. The relationship between LT and UT for the
Ethiopian region is given by,

LT = UTC +3 (1)

The information of all eclipse are accessed from the websites: https://www.timeanddate.com/eclipse/solar/2010-
january-15, https://www.timeanddate.com/eclipse/solar/2011-january-4, https://www.timeanddate.com/eclipse/
map/2013-november-3, and the https://www.timeanddate.com/eclipse/solar/2016-september-1, respectively.

2.2. Data Set

In this study, we use GPS-TEC data over two stations of Ethiopia, Addis Ababa (ADIS) and Bahir Dar (BDAR).
We select four solar eclipse events, 15 January 2020; 4 January 2011; 3 November 2013; and 1 September 2016,
occurred during Solar Cycle 24. The ionospheric TEC data are downloaded from the UNAVCO (University
NAVSTAR Consortium) website (https://www.unavco.org/data/gps-gnss/data-access-methods/dail/dail.html).
We also use the Operating Mission as Nodes on the Internet website system (https://omniweb.gsfc.nasa.gov/) to
access the data of the solar wind parameters such as z-component of interplanetary magnetic field (IMF Bz) and
solar wind speed (Vsw), and geomagnetic indices, Kp, Ap, Dst, and AE, during the considered events. The change
in total electron content (DTEC) and spatial gradient TEC are calculated to evaluate the variation in TEC during
these events over the study area.

2.3. Estimation of STEC and VTEC

Slant TEC (STEC) is the integrated electron density along the signal path from a satellite to a receiver on the
ground. It is measured in terms of TEC, generally expressed in TEC units (TECu). The STEC between a GPS
satellite (S) and a ground-based receiver (R) can be expressed as (Sun et al., 2017),

Eclipse Station Obscuration Magnitude Duration Start time (UT) Maximum (UT) End time (UT)
15 January 2010 ADIS 60.56% 0.7018 3 hr 11 min 39 s 4:14:32 a.m. 5:38:53 am. 7:26:11 p.m.
BDAR 54.29% 0.6474 3 hr 5 min 20 s 4:16:56 a.m. 5:38:50 a.m. 7:22:16 p.m.
4 January 2011 ADIS 2.93% 0.0856 1hr30 min 5s 7:43:25 am. 8:27:52 a.m. 9:13:30 a.m.
BDAR 7.00% 0.1541 1 hr 57 min 54 s 7:29:14 am. 8:27:02 a.m. 9:27:02 a.m.
3 November 2013 ADIS 82.50% 0.8614 2 br 10 min 53 s 1:14:13 p.m. 2:24:12 p.m. 3:02:08 p.m.
BDAR 71.87% 0.7765 2 br 10 min 58 s 1:14:13 p.m. 2:24:12 p.m. 3:02:08 p.m.
1 September 2016 ADIS 33.85% 0.4539 3 hr 5 min 34 s 7:05:12 a.m. 8:35:37 a.m. 10:10:46 a.m.
BDAR 28.37% 0.401 2 hr 54 min 55 s 7:03:33 a.m. 8:28:16 a.m. 9:58:28 a.m.
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also can be computed using pseudo-range and phase data as (Bagiya
et al., 2009; Ghimire et al., 2022; Idosa et al., 2023),

1 1 1\
TEC=——x(—s——) x(Pl—P2)+TE
STEC 40.3X<L12 L22) x( )+ TECen ®)

where L1 and L2 are two L-band frequencies, having respective frequencies
of 1,575.42 MHz and 1,227.60 MHz, that are transmitted by each GPS sat-
ellite. A dual-frequency GPS receiver examines the difference in ionospheric
delay between the L1 and L2 signals as the GPS signal travels through the
ionosphere to estimate the TEC value (Bagiya et al., 2009). P1 is the Pseudo
range at L1, P2 is the Pseudo range at L2, and TEC,, is the bias error
correction (Fayose et al., 2012).

Earth center

An analogous vertical value of TEC (VTEC), which is independent of the
height of the wave path, is determined based on the geometry of the path of

Figure 1. Vertical value of total electron content obtained from slant total the wave through the ionosphere as shown in Figure 1. According to Klo-

electron content. (Source: Thai GNSS and Space Weather Information Data
Center, http://iono-gnss.kmitl.ac.th/).

buchar (1987), the VTEC can be calculated by projecting from the slant to the
vertical using the thin shell model and assuming a height of 350 km as,

VTEC = STEC x Cos(y) )
where,
Sin(y) = RER—T- A Cos6 5)
Ry .
=./1-
Cosy \/ ( R+ hCosG) (6)

Using Equation 5 in Equation 3, the VTEC takes the form,

7

VTEC = STEC % Cos[Sin_l <w)]

where; y is the Zenith angle (degree), 0 is an elevation angle of the satellite (degree), Ry is Earth's radius
(6,378.137 km), h is the height of the ionospheric layer (assuming that the height at 350 km).

2.4. Deviation in TEC (DTEC)

Using the observational data from the considered stations, during the event period and quiet period, the difference
in TEC (DTEC) is computed using the following equation (Idosa & Shogile, 2023),

TECevlipse - TECquiet

DTEC% =
TE Cquiet

x 100% ®

where, TEC, ;s

time TEC, similar to Silwal et al. (2021), we took a mean TEC of top five quietest days of the month, accessed
from the World Data Center for Geomagnetism, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/).

and TEC,

quier ar€ the TEC values during the eclipse and quiet period, respectively. For the quiet-
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Table 3 2.5. Spatial Gradient
Surmarylaf Variagonsiof Total Electron Content Qver Both Stations Durings spatial gradient, also known as “spatial derivatives,” is the rate at which a
Eclipse Day . . . . . .
particular scalar physical quantity changes in relation to the location co-
Eclipse day Stations DTEC % (Time) ordinates (Haupt, 2002). We employed a spatial gradient approach to un-
15 January 2010 ADIS -20 (06:30 UT) derstand the behavior of ionospheric TEC (the decrease in TEC) over two
BDAR ~10 (07:30 UT) selected stations using their longitudinal coordinate separations. In this
A Ty 2001 ADIS 33 (06:30 UT) m'ethod, if the spatial grad%ent Val}le (TI?C in TE(?U/long) is low, the station
BDAR _38 (07:00 UT) w1tb the greater ge.ograp.hlc longitude is more_hlghly_ affected ?y the sol.ar
eclipse than the station with the lower geographic longitude. But if the spatial
3 November 2013 ADIS -8 (1425 UD) gradient value (TEC in TECU/long) is high, the station with the greater
DAL £ Lezb i geographic longitude is less affected by the solar eclipse than the station with
1 September 2016 ADIS —-26 (08:32UT)  the lower geographic longitude. The spatial gradient TEC is calculated using
BDAR —24 (08:40 UT)  the formula expressed as (Idosa & Shogile, 2022),
Spatial Gradient = 7TECAA_LTECB ©)]

where TEC, and TECy are TEC over Addis Ababa and Bahir Dar stations, respectively. AL is the geographic
longitudinal difference between the two stations.

3. Results and Discussions

In this section, we discuss the ionospheric TEC variation over two stations of Ethiopia during the four solar
eclipse events of Solar Cycle 24. Table 3 summarizes the observed TEC decrement rates.

3.1. Geomagnetic Activity Levels

The ionospheric irregularities are mainly caused due to the solar activities. We aim to estimate accurate depletion
level of TEC over Ethopia due to the Eclipse events. We want our events do not influence by major geomagnetic
activities. From Figures 2 and 3, we see no significant disturbances before, during, and after the Eclipse events of
15 January 2010, 4 January 2011, and 3 November 2013. For these events, the interplanetary magnetic field data
ranging between —5 and 5 nT. Solar wind speed lies between the 400-500 km/s. The Kp index is settled below 30.
The SYM-H value is no less than —20. The maximum AE index is reached up to 400 nT only. However, for the
eclipse event of 1 September 2016, we observe some disturbances. The IMF-Bz fluctuates between —5 and 5. The
solar wind speed started to increase from the 12:00 UT in 1 September and reached to around 650 km/s on 2
September. SYM-H value cross the value of —50 nT indicating the moderate storm. The increment of AE index
more than 1,000 nT, indicating this event was disturbed by the geomagnetic activity. The calculated TEC
depletion for this event also may have contribution of TEC variation due to the moderate storm. The contribution
in TEC fluctuations due to these separate phenomenon is very complex, we still considered this event to examine
the TEC responses for such type of events.

3.2. TEC Variation Before, During, and After the Eclipse Day

Figures 3a—3h shows the diurnal variations of ionospheric TEC over Addis Ababa and Bahir Dar before, during,
and after the solar eclipse day. The values of ionospheric TEC before and after the eclipse day over both station
show larger values than the TEC during the Eclipse day. The ionospheric TEC values during the eclipse day
shows a clear signature of decrement of it over both stations. The eclipse takes longer to pass over Addis Abeba
than Bahir Dar station at different eclipse events. Thus we see slight difference in TEC decrement trend. A trough-
like depression in the TEC curve over the two GPS stations, which is indicative of the eclipse effect, shows the
impact of a rapid reduction in the sun's ultra-violet irradiation on the dissipated electron content in the ionosphere
over the sector (Airapetian et al., 2020). The effects of a solar eclipse on TEC is due to the reduction in solar
radiation, which lowers the ionospheric TEC, the decreased total electron concentration is consequently observed
over both stations. Our plots show similar trend in TEC variation as in the previous studies (Cherniak &
Zakharenkova, 2018; Jenan et al., 2021).
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The TEC during the quiet day is compared with the TEC during the Eclipse
day, using Equation 7, to find the deviation in TEC (DTEC). We observe the
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TEC values reduces during the eclipse period in comparison to the mean
quietest days. During a solar eclipse, TEC fluctuations in the Earth's iono-
sphere are governed by intricate physical processes. The primary factor is the

momentary occlusion of solar radiation when the Moon comes between the

., Dstindex (nT)

Earth and the Sun. This eclipse-induced reduction in solar radiation leads to

2o decreased ionization within the ionosphere, resulting in a reduction in TEC

(Dear et al., 2020; Silwal et al., 2021). Additionally, the diminishing solar
Extreme Ultraviolet (EUV) radiation and changes in ionospheric absorption
contribute to TEC variability (Ghimire et al., 2022; Le et al., 2020).
Concurrently, alterations in temperature and ionospheric dynamics due to the
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eclipse can impact electron densities and ion-electron recombination rates,
further influencing TEC (Senapati et al., 2020). Local geographical factors

U T e W 3 and diurnal ionospheric variations can modulate these effects (Bagiya
“mww et al., 2009; Reddy, 2012; Sharma et al., 2010). Figure 4 depicts the DTEC
5 31082016 or02016ll (© 02092016

f | ‘ over Addis Ababa and Bahir Dar stations during all four eclipse events.
” ; | Figures 4a and 4b shows that on 15 January 2010 annular solar eclipse event,
™ : o ] the DTEC is about —20% and —10% around the end of the eclipse over Addis

Lo i : Ababa and Bahir Dar station, respectively. Figures 4c and 4d depicts the
lmm i DTEC during 4 January 2011, partial eclipse. —33% TEC over Addis Ababa
L ] i and —38% TEC over Bahir Dar station is reduced during this event. We notice

‘ that the TEC started decreasing before the eclipse at both stations for this
event. Since this eclipse was occurred during early morning hours, solar ra-

diation is just starting to reach the Earth's ionosphere, and the ionization levels
may be lower compared to later in the day. This can lead to a decrease in TEC.
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o wwa s wwow s we o EaEy R We found minimal change in TEC at both stations during the total solar
B e eclipse event of 3 November 2013 as shown in Figures 4e and 4f. The TEC

Figure 2. Variations of solar wind parameters before, during, and after the decrement rate are 8% and 9% at Addis Ababa and Bahir Dar, respectively.
solar eclipse days on 14—16 January 2010 (upper left), 3-5 January 2011 Although it was one of the powerful eclipse worldwide, the obstruction rate
(upper right), 2—4 November 2013 (lower left), and 31 October-2 September over the selected stations are small. The result shows that the degree of the

2016 (lower right).

lunar disc's obscuration, which is strongly related to the creation of electrons

through the photo-ionization process, is proportional to the decline in the
vertical value of the TEC. During the 1 September 2016 solar eclipse, as shown in Figures 4g and 4h, we observe
the DTEC of about —26% and —24% over Addis Ababa and Bahir Dar stations, respectively. The apparent
fluctuation throughout the eclipse period showed the consistent trends with previous works on ionospheric ir-
regularities due to the solar eclipse (Silwal et al., 2021; Tripathi et al., 2022). It is also observe that during 4
January 2011, and 1 September 2016, eclipse periods, the region of drop in TEC is not symmetric in latitude, but
the area of highest decline has a greater obstruction magnitude in the range of 0.0856-0.4539. Notably, during the
event of 1 September 2016, there is a substantial decrease in TEC following the eclipse period. This decrease is
attributed to a moderate storm, occurred around 09:30 UT on 1 September 2016, which is expected to have caused
negative ionospheric disturbances leading to the reduction in TEC during daytime as shown in Figures 4g and 4h.
On 1 September 2016, moderate storm occurred during the end hours of the eclipse; thus, we expect
some contribution of this storm on the TEC decrement due to eclipse over Ethiopia region. Furthermore, when
closely examining DTEC in %, we observe periods in which there are significant increases/decreases in TEC
during non-eclipse period compared to eclipse periods. The day-to-day variability of TEC is a complex and
intriguing area of ongoing research. Thus, in this work, our primary focus is on the eclipse period only.

3.4. Spatial Gradient TEC During the Solar Eclipses

The distance between Addis Ababa and Bahir Dar is approximately 322 km (200 miles), with a longitudinal
separation of about 1.41°E between the two stations. Although obstruction rate is one of the major factors, other
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Figure 3. Diurnal variations of total electron content before, during, and after the solar eclipse days on 14-16 January 2010,
3-5 January 2011, 24 November 2013, and 31 October—2 September 2016, over Addis Ababa and Bahir Dar stations. The
pink dashed lines represent the eclipse start and end times. The black solid line represents the maximum eclipse time.

parameters such as geographical location, LT, etc., also plays and important role for the rate of reduction in TEC
during eclipse time. Spatial Gradient TEC refers to the rate at which TEC changes with respect to spatial location.
It is a parameter used to describe how the electron density varies across different locations in the ionosphere
(Hoque et al., 2016). It is calculated by determining the change in TEC over a given distance. A positive spatial
gradient indicates an increase in TEC with increasing distance, while a negative spatial gradient indicates a
decrease in TEC with increasing distance. We calculate the spatial gradient of TEC during eclipse events using
Equation 9. The data for vertical TEC measurements at one-minute resolution for both stations are averaged to
estimate the spatial gradient of TEC (Cesaroni et al., 2015; Chandra et al., 2009). Figure 5a—5d illustrates the
variations in TEC spatial gradients over Addis Ababa and Bahir Dar during the eclipse days. In Figure Sa, the
spatial gradient TEC variations is shown during the solar eclipse day on 15 January 2010. Particularly, during
eclipse time, we see significant difference in TEC, with gradient TEC value of —1.3 TECU/long. This indicates
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Figure 4. Deviation in total electron content over Addis Ababa and Bahir Dar stations during 15 January 2010, 4 January
2011, 3 November 2013, and 1 September 2016 eclipse events.

that the TEC rates at these two stations are dissimilar, and they are not equally affected by the eclipse event. On 4
January 2011 (Figure 5b), during a partial solar eclipse event, Addis Ababa station is significantly more affected
compared to Bahir Dar station, as evidenced by the gradient TEC variation ranging from 1.3 to 2.5 TECU/long
during the eclipse period, attributed to the event occurring during the daytime. We notice this value more
increased to 3 TECU/long after the eclipse end, indicating the effect is more stronger during post-eclipse period.
On 3 November 2013 (Figure 5c), during a hybrid solar eclipse, the difference in TEC change at both stations is
very less pronounced compared to the eclipse on 4 January 2011. The value of gradient TEC is ranging between
—0.3 and —0.9 TECU/long during the eclipse time. Note that, as there is no significant DTEC during this event,
this value of gradient TEC is might not be associated with TEC change due to eclipse rather it is a normal day-to-
day gradient TEC. During the September 2016 eclipse, the gradient TEC during the eclipse period is in a range of
very high value, indicating a larger difference in TEC change over these stations. A significant dip in gradient
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Figure 5. Spatial gradient total electron content between Addis Ababa and Bahir Dar before, during, and after the solar eclipse
day on (a) 14-16 January 2010, (b) 3-5 January 2011, (c) 2-4 November 2013, and (d) 31 October—2 September 2016.

TEC was observed after noon on the eclipse day, attributed to a moderate storm that occurred at that time,
highlighting the dissimilarity in TEC variation between these two locations. Overall, there is a significant dif-
ference in TEC during normal time as well as event time as the TEC change depend on geographical locations.
Also, we noticed that as the eclipse path for these stations are varying, there is dissimilarity on DTEC as well as
gradient TEC for both stations, supporting the common understanding that the solar eclipse's impact is weaker at a
station outside the path of totality.

4. Conclusion

A study was conducted to analyze the impact of four solar eclipse events on ionospheric TEC over Addis Ababa
and Bahir Dar stations of Ethiopia region for the first time. The result shows that during the eclipse period, there
was a noticeable decrease in TEC values compared to the days preceding and following the eclipses. We
compared the TEC during eclipse day with the quiet day to find the rate of deduction in TEC over both stations in
Ethiopia during all four events. It shows that there was a reduction of TEC between —8% and —38% at both
stations during studied eclipse events. These changes were attributed to the reduction in photo-ionization caused
by the partial or complete blocking of the sun's radiation by the Earth during the eclipse. The deduction of TEC
values during the eclipse found to depend on eclipse path, sun coverage, and magnitude of the eclipse. In addition,
during the eclipse period, the variations in TEC exhibit a significant dependence on LT. In the context of early
morning eclipse events, TEC variations can be influenced by the transition from nighttime to daytime conditions.
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The ionosphere undergoes diurnal variations, and during the early morning hours, the onset of solar radiation is a
key factor. TEC may exhibit a decrease as the ionosphere transitions from its nighttime state to daytime ionization
levels. The magnitude and direction of TEC variations depend on the LT when the eclipse occurs. For regions
experiencing the eclipse during different times of the day, the impact on TEC will vary accordingly. Temperature
changes, which are often dependent on LT, can also contribute to TEC variations. The early morning hours may
experience lower temperatures, affecting the ionization processes and leading to specific patterns in TEC changes.
The LT dependence of TEC variations during an eclipse period adds a layer of complexity to the analysis. In the
future, carefully considering the specific LT of the eclipse event and its correlation with ionospheric changes can
be studied to provide a comprehensive understanding of TEC dynamics. The spatial gradient analysis shows that
the fall in TEC during eclipse is not same over the stations. The eclipse found to have less impact at the stations far
from the path of totality. As change in TEC vary at different locations, many researchers over the globe are trying
to understand ionospheric dynamics during eclipse events conducting similar types of research over different
regions of the Earth. Thus, it is crucial to understand its impact during the different events. In summary, the
practical implications of observed ionospheric irregularities during solar eclipses are wide-ranging. They offer
opportunities for better understanding the ionosphere's behavior and improving the robustness of technologies
that rely on it, from communication systems to navigation, scientific research, and space weather forecasting. This
knowledge ultimately enhances the resilience and reliability of systems operating in the ionosphere, benefiting
various industries and scientific endeavors. This is the first study ever conducted on eclipse events over Ethiopia
using the data from GNSS receiver stations. We believe this study will serve as a valuable reference for the study
of ionospheric dynamics during the eclipse period in this region.
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The data analyzed in this study have been obtained from the International GNSS Service (Estey & Meert-
ens, 1999) and the OMNIWeb data sets (King & Papitashvili, 2005) from https://omniweb.gsfc.nasa.gov/form/
dx1.html. TEC data was processed using GPS-TEC analysis application (G. K. Seemala, 2023; G. Seemala &
Valladares, 2011).

References

Airapetian, V., Barnes, R., Cohen, O., Collinson, G., Danchi, W., Dong, C., et al. (2020). Impact of space weather on climate and habitability of
terrestrial-type exoplanets. International Journal of Astrobiology, 19(2), 136—194. https://doi.org/10.1017/s1473550419000132

Bagiya, M. S., Joshi, H., Iyer, K., Aggarwal, M., Ravindran, S., & Pathan, B. (2009). Tec variations during low solar activity period (2005-2007)
near the equatorial ionospheric anomaly crest region in India. In Annales geophysicae (Vol. 27, pp. 1047-1057).

Carter, J. (2015). Eclipses and auroras. In A stargazing program for beginners (pp. 325-350). Springer.

Cesaroni, C., Spogli, L., Alfonsi, L., De Franceschi, G., Ciraolo, L., Monico, J. F. G., et al. (2015). L-band scintillations and calibrated total
electron content gradients over Brazil during the last solar maximum. Journal of Space Weather and Space Climate, 5, A36. https://doi.org/10.
1051/swsc/2015038

Chandra, K. R., Srinivas, V. S., & Sarma, A. (2009). Investigation of ionospheric gradients for GAGAN application. Earth Planets and Space,
61(5), 633-635. https://doi.org/10.1186/bf03352939

Cherniak, I., & Zakharenkova, I. (2018). Ionospheric total electron content response to the Great American solar eclipse of 21 August 2017.
Geophysical Research Letters, 45(3), 1199-1208. https://doi.org/10.1002/2017gl075989

Dear, V., Husin, A., Anggarani, S., Harjosuwito, J., & Pradipta, R. (2020). Ionospheric effects during the total solar eclipse over southeast Asia-
pacific on 9 March 2016: Part 1. Vertical movement of plasma layer and reduction in electron plasma density. Journal of Geophysical
Research: Space Physics, 125(5), €2019JA026708. https://doi.org/10.1029/2019ja026708

Ding, F., Wan, W., Ning, B., Liu, L., Le, H., Xu, G., et al. (2010). GPS TEC response to the 22 July 2009 total solar eclipse in East Asia. Journal of
Geophysical Research, 115(AT), A10313. https://doi.org/10.1029/2009ja015113

Eisenbeis, J., & Occhipinti, G. (2021). Tec depletion generated by the total solar eclipse of 2 July 2019. Journal of Geophysical Research: Space
Physics, 126(12), e2021JA029186. https://doi.org/10.1029/2021ja029186

Estey, L. H., & Meertens, C. M. (1999). TEQC: The multi-purpose toolkit for GPS/GLONASS data. GPS Solutions, 3(1), 42-49. https://doi.org/
10.1007/p100012778

Evans, J. (1965). An F region eclipse. Journal of Geophysical Research, 70(1), 131-142. https://doi.org/10.1029/jz070i001p00131

Fayose, R. S., Babatunde, R., Oladosu, O., & Groves, K. (2012). Variation of total electron content [TEC] and their effect on GNSS over Akure,
Nigeria. Applied Physics Research, 4(2), 105. https://doi.org/10.5539/apr.v4n2p105

Ghimire, B. D., Silwal, A., Chapagain, N. P., Gautam, S. P., Poudel, P., & Khadka, B. (2022). GPS observations of ionospheric TEC variations
over Nepal during 22 July 2009 solar eclipse. EUREKA: Physics and Engineering, 2, 3—14. https://doi.org/10.21303/2461-4262.2022.002340

Haupt, P. (2002). Continuum mechanics and theory of materials. Springer Science & Business Media.

Hoque, M. M., Wenzel, D., Jakowski, N., Gerzen, T., Berdermann, J., Wilken, V., et al. (2016). Ionospheric response over Europe during the solar
eclipse of March 20, 2015. Journal of Space Weather and Space Climate, 6, A36. https://doi.org/10.1051/swsc/2016032

Idosa, C., Adhikari, B., & Shogile, K. (2023). Features of ionospheric total electron content over high latitude regions during geomagnetic storm of
November 04, 2021. Indian Journal of Physics, 97, 1-13. https://doi.org/10.1007/s12648-023-02746-4

Idosa, C., & Shogile, K. (2022). Effects of solar flares on ionospheric TEC over Iceland before and during the geomagnetic storm of 8 September
2017. Physics of Plasmas, 29(9), 092902. https://doi.org/10.1063/5.0098971

UGA ET AL.

10 of 11

85UB01 7 SUOWIWIOD BAIER.D |eotjdde au Aq paueAob a8 S VO 8SN JO S3|NJ Joj ARIGITBUIIUO AS[IAA UO (SUONPUOD-PUE-SWIRYWI0D" A 1M ARe.q1[pUTUO//STIY) SUORIPUOD pue SULB | 8y} 88S " [1202/90/02] U0 ARiqiauljuo A8|IM ‘ol 8puse N - AU dS VN | AQ 0£8200SHEZ0Z/620T 0T/10p/uWod Ao 1M Ate.d 1 utjuo'sgndnBie//sdiy woj pepeojumod ' ‘v202 ‘X66.176T


https://omniweb.gsfc.nasa.gov/form/dx1.html
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://doi.org/10.1017/s1473550419000132
https://doi.org/10.1051/swsc/2015038
https://doi.org/10.1051/swsc/2015038
https://doi.org/10.1186/bf03352939
https://doi.org/10.1002/2017gl075989
https://doi.org/10.1029/2019ja026708
https://doi.org/10.1029/2009ja015113
https://doi.org/10.1029/2021ja029186
https://doi.org/10.1007/pl00012778
https://doi.org/10.1007/pl00012778
https://doi.org/10.1029/jz070i001p00131
https://doi.org/10.5539/apr.v4n2p105
https://doi.org/10.21303/2461-4262.2022.002340
https://doi.org/10.1051/swsc/2016032
https://doi.org/10.1007/s12648-023-02746-4
https://doi.org/10.1063/5.0098971

ADVANCING EARTH
AND SPACE SCIENCES

Radio Science 10.1029/2023RS007830

Idosa, C., & Shogile, K. (2023). Variations of ionospheric TEC due to coronal mass ejections and geomagnetic storm over New Zealand. New
Astronomy, 99, 101961. https://doi.org/10.1016/j.newast.2022.101961

Idosa Uga, C., & Beshir Seba, E. (2023). Ionospheric response to a moderate geomagnetic storm on 14 April 2022 and a partial solar eclipse 30
April 2022. Indian Journal of Physics, 98, 1-11. https://doi.org/10.1007/s12648-023-02813-w

Jenan, R., Dammalage, T. L., & Panda, S. K. (2021). Ionospheric total electron content response to September-2017 geomagnetic storm and
December-2019 annular solar eclipse over Sri Lankan region. Acta Astronautica, 180, 575-587. https://doi.org/10.1016/j.actaastro.2021.
01.006

King, J., & Papitashvili, N. (2005). Solar wind spatial scales in and comparisons of hourly wind and ace plasma and magnetic field data. Journal of

Geophysical Research, 110(A2), A02104. https://doi.org/10.1029/2004ja010649

Klobuchar, J. A. (1987). Ionospheric time-delay algorithm for single-frequency GPS users. IEEE Transactions on Aerospace and Electronic
Systems, 3, 325-331. https://doi.org/10.1109/taes.1987.310829

Krankowski, A., Shagimuratov, 1., Baran, L., Ephishov, I., & Tepenitzyna, N. (2006). The occurrence of polar cap patches in TEC fluctuations
detected using GPS measurements in southern hemisphere. Advances in Space Research, 38(11), 2601-2609. https://doi.org/10.1016/j.asr.
2005.12.006

Krankowski, A., Shagimuratov, 1., Baran, L., & Yakimova, G. (2008). The effect of total solar eclipse of October 3, 2005, on the total electron
content over Europe. Advances in Space Research, 41(4), 628-638. https://doi.org/10.1016/j.asr.2007.11.002

Le, H., Liu, L., Ren, Z., Chen, Y., & Zhang, H. (2020). Effects of the 21 June 2020 solar eclipse on conjugate hemispheres: A modeling study.
Journal of Geophysical Research: Space Physics, 125(11), e2020JA028344. https://doi.org/10.1029/2020ja028344

Miller, S. (2001). Physical decoupling of the goes daytime 3.9 pm channel thermal emission and solar reflection components using total solar
eclipse data. International Journal of Remote Sensing, 22(1), 9-34. https://doi.org/10.1080/014311601750038820

Mollmann, K.-P., & Vollmer, M. (2006). Measurements and predictions of the illuminance during a solar eclipse. European Journal of Physics,
27(6), 1299-1314. https://doi.org/10.1088/0143-0807/27/6/004

Pradipta, R., Yizengaw, E., & Doherty, P. (2018). Ionospheric density irregularities, turbulence, and wave disturbances during the total solar
eclipse over north America on 21 August 2017. Geophysical Research Letters, 45(16), 7909-7917. https://doi.org/10.1029/2018g1079383

Reddy, F. (2012). Eclipses of the sun and moon. In Celestial delights (pp. 95-153). Springer.

Ryba, M., & Taylor, J. (1991). High-precision timing of millisecond pulsars. II-astrometry, orbital evolution, and eclipses of PSR 1957+ 20.
Astrophysical Journal, Part, 380, 557-563. https://doi.org/10.1086/170613

Seemala, G. K. (2023). Estimation of ionospheric total electron content (TEC) from GNSS observations. In Atmospheric remote sensing (pp.
63-84). Elsevier.

Seemala, G. K., & Valladares, C. (2011). Statistics of total electron content depletions observed over the South American continent for the year
2008. Radio Science, 46(05), 1-14. https://doi.org/10.1029/201 1rs004722

Senapati, B., Huba, J., Kundu, B., Gahalaut, V. K., Panda, D., Mondal, S. K., & Catherine, J. K. (2020). Change in total electron content during the
26 December 2019 solar eclipse: Constraints from GNSS observations and comparison with SAMI3 model results. Journal of Geophysical
Research: Space Physics, 125(10), €2020JA028230. https://doi.org/10.1029/2020ja028230

Sentiirk, E., Adil, M. A., & Saqib, M. (2021). Ionospheric total electron content response to annular solar eclipse on June 21, 2020. Advances in
Space Research, 67(6), 1937-1947. https://doi.org/10.1016/j.asr.2020.12.024

Sharma, S., Dashora, N., Galav, P., & Pandey, R. (2010). Total solar eclipse of July 22, 2009: Its impact on the total electron content and
ionospheric electron density in the Indian zone. Journal of Atmospheric and Solar-Terrestrial Physics, 72(18), 1387-1392. https://doi.org/10.
1016/j.jastp.2010.10.006

Silwal, A., Gautam, S., Poudel, P., Karki, M., Adhikari, B., Chapagain, N., et al. (2021). Global positioning system observations of ionospheric
total electron content variations during the 15th January 2010 and 21st June 2020 solar eclipse. Radio Science, 56(5), 1-20. https://doi.org/10.
1029/2020rs007215

Sun, Y.-Y., Liu, J.-Y., Tsai, H.-F., & Krankowski, A. (2017). Global ionosphere map constructed by using total electron content from ground-
based GNSS receiver and formosat-3/cosmic GPS occultation experiment. GPS Solutions, 21(4), 1583-1591. https://doi.org/10.1007/s10291-
017-0635-4

Tripathi, G., Singh, S., Kumar, S., Singh, A. K., Singh, R., & Singh, A. (2022). Effect of 21 June 2020 solar eclipse on the ionosphere using VLF
and GPS observations and modeling. Advances in Space Research, 69(1), 254-265. https://doi.org/10.1016/j.asr.2021.11.007

Uryadov, V., Kolchev, A., Vybornov, F., Shumaev, V., Egoshin, A., & Chernov, A. (2016). Ionospheric effects of a solar eclipse of March 20,
2015 on oblique sounding paths in the Eurasian longitudinal sector. Radiophysics and Quantum Electronics, 59(6), 431-441. https://doi.org/10.
1007/s11141-016-9711-9

Vyas, B., & Sunda, S. (2012). The solar eclipse and its associated ionospheric TEC variations over Indian stations on January 15, 2010. Advances
in Space Research, 49(3), 546-555. https://doi.org/10.1016/j.asr.2011.11.009

Ya’acob, N., Hasbullah, W. M. F. W., Azmi, N. F., Yusof, A. L., & Jusoh, M. H. (2014). GPS ionospheric scintillation and total electron content
during partial solar eclipse in Malaysia. In 2014 IEEE 10th international colloquium on signal processing and its applications (pp. 276-281).

UGA ET AL.

11 of 11

85UB01 7 SUOWIWIOD BAIER.D |eotjdde au Aq paueAob a8 S VO 8SN JO S3|NJ Joj ARIGITBUIIUO AS[IAA UO (SUONPUOD-PUE-SWIRYWI0D" A 1M ARe.q1[pUTUO//STIY) SUORIPUOD pue SULB | 8y} 88S " [1202/90/02] U0 ARiqiauljuo A8|IM ‘ol 8puse N - AU dS VN | AQ 0£8200SHEZ0Z/620T 0T/10p/uWod Ao 1M Ate.d 1 utjuo'sgndnBie//sdiy woj pepeojumod ' ‘v202 ‘X66.176T


https://doi.org/10.1016/j.newast.2022.101961
https://doi.org/10.1007/s12648-023-02813-w
https://doi.org/10.1016/j.actaastro.2021.01.006
https://doi.org/10.1016/j.actaastro.2021.01.006
https://doi.org/10.1029/2004ja010649
https://doi.org/10.1109/taes.1987.310829
https://doi.org/10.1016/j.asr.2005.12.006
https://doi.org/10.1016/j.asr.2005.12.006
https://doi.org/10.1016/j.asr.2007.11.002
https://doi.org/10.1029/2020ja028344
https://doi.org/10.1080/014311601750038820
https://doi.org/10.1088/0143-0807/27/6/004
https://doi.org/10.1029/2018gl079383
https://doi.org/10.1086/170613
https://doi.org/10.1029/2011rs004722
https://doi.org/10.1029/2020ja028230
https://doi.org/10.1016/j.asr.2020.12.024
https://doi.org/10.1016/j.jastp.2010.10.006
https://doi.org/10.1016/j.jastp.2010.10.006
https://doi.org/10.1029/2020rs007215
https://doi.org/10.1029/2020rs007215
https://doi.org/10.1007/s10291-017-0635-4
https://doi.org/10.1007/s10291-017-0635-4
https://doi.org/10.1016/j.asr.2021.11.007
https://doi.org/10.1007/s11141-016-9711-9
https://doi.org/10.1007/s11141-016-9711-9
https://doi.org/10.1016/j.asr.2011.11.009

	description
	description뜰",
	Variation in Total Electron Content Over Ethiopia During the Solar Eclipse Events
	1. Introduction
	2. Data and Methods
	2.1. Events Information
	2.2. Data Set
	2.3. Estimation of STEC and VTEC
	2.4. Deviation in TEC (DTEC)
	2.5. Spatial Gradient

	3. Results and Discussions
	3.1. Geomagnetic Activity Levels
	3.2. TEC Variation Before, During, and After the Eclipse Day
	3.3. Deviation in TEC During the Eclipse Day (Comparison With the Quiet Day)
	3.4. Spatial Gradient TEC During the Solar Eclipses

	4. Conclusion
	Data Availability Statement



