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Abstract
Solar energy plays a significant role in creating ionospheric layers through photoio-

nization. However, when a solar eclipse occurs, the ionizing radiation from the sun will be 
obstructed by the moon, resulting in a decrease in ionization processes and a depletion of 
ionospheric plasma density. Our research examines the effects of two partial solar eclipse 
events that occurred on December 26, 2019 (Eclipse 1) and April 20, 2023 (Eclipse 2) over 
Pontianak. We observed changes in foF2 and TEC during these events. Our observations 
show that foF2 and TEC decreased at the start of a partial eclipse but returned to normal 
once the eclipse ended. The maximum decrease in foF2 observed was 1.88 MHz for Eclipse 
1 and 1.26 MHz for Eclipse 2, while the decreases in TEC were 5.68 and 12.81 TECU for 
Eclipse 1 and 2 respectively. We noted that geomagnetic activity was quiet during both 
eclipses, indicating that the reduction in ionospheric parameters (TEC and foF2) is affected 
by the solar eclipse. During a solar eclipse, the decrease in ionization intensity results in 
a reduction in electron numbers in the ionospheric layers, leading to a reduction in TEC 
and foF2.

Keywords: Partial solar eclipse, Critical frequency, Total electron content, Declining phase, 
Recovery phase. 

1. Introduction
The Sun is the primary source of energy in the solar system. The Sun is constantly 

emanating electromagnetic radiation and high energy particles, with Sun or solar activities 
such as sunspots, solar wind, solar flares, and CMEs affecting the intensity of the radia-
tion. The solar radiation and particles then interact with the interplanetary medium, the 
planet’s magnetosphere, and even the planet’s atmosphere. The fluctuation and dynamic 
nature of the space environment caused by solar activities is called space weather, espe-
cially around the Earth.

Space weather studies the effect of solar activities and radiation on the space environ-
ment around the Earth, including the magnetosphere, ionosphere, and thermosphere. The 
dynamic in those environments could cause disturbance in many technological aspects, 
such as satellites, communication, and navigation signals, and in some extreme cases, the 
electrical grid on the Earth’s surface. With so many life aspects now heavily dependent on 
technology, it become important to understand the dynamics and effects of space weather 
and develop safety measures to mitigate the impact on life on Earth. 

The ionosphere is one of the Earth’s atmospheric layers and plays an important part 
in communication and navigation technology. The ionosphere layer has an altitude of 60 
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km to 1000 km. The ionosphere layer acts as a medium for propagating radio waves. The ion-
ospheric layer is formed by solar radiation, including X-rays and EUV. The radiation converts 
neutral molecules in the ionospheric layer into charged particles that are dynamic. A large 
influx of X-rays and EUV from the Sun can increase the ionization, dissociation, and heating 
in the ionosphere, causing disturbances in the electron and plasma temperature, density, and 
dynamics (Maodong Yan et. al, 2022). This dynamic nature of the ionosphere layer can affect 
the performance of space-based technologies, which in turn impact life on Earth. To obtain 
information about the characteristics of ionospheric changes, continuous ionospheric obser-
vations are needed. These observations monitor changes in ions and electrons, which indicate 
space weather changes. Some ionospheric parameters that can indicate changes in the iono-
spheric layer include Total Electron Content (TEC) and critical frequency of the F2 layer (foF2). 
These parameters are highly dependent on solar radiation intensity.

A solar eclipse is a phenomenon that occurs when the Moon is between the Sun and the 
Earth. Solar energy plays a significant role in creating ionospheric layers through photoion-
ization, so its variations depend on solar activity. During a solar eclipse, the Moon’s shadow 
in the eclipse region covers the ionospheric layer, temporarily halting the solar radiation that 
ionizes the ionospheric layer. At that time, the photoionization process decreases (Rishbeth, 
1970), ultimately reducing ionospheric conductivity and affecting the values of ionospheric 
layer parameters.

In the case of the solar eclipse on January 26, 2009, there was a decrease in foF2 values 
over Kototabang, Pontianak, and Pameungpeuk, with a maximum decrease of ~0.5 MHz, ~2 
MHz, and ~0.5 MHz respectively (Perwitasari & Muslim, 2009). Ionosonde data in Australia 
and Antarctica (middle and high latitudes) showed a decrease in foF2 during the solar eclipse 
on April 29, 2014 (R. Atulkar, et al., 2015). The value of foF2 also decreased by 4 MHz over Biak 
during the solar eclipse on March 9, 2016 (Dear et al., 2020), and the Total Electron Content 
(TEC) experienced a decrease of approximately 12 TECU based on GPS data from Palu (Mus-
lim et al., 2016). Research on the ionospheric response to solar eclipses has been conducted, 
but it has not covered the entire Earth’s surface. Considering that solar eclipses are localized 
events and the ionospheric characteristics are regional, it is necessary to conduct more re-
search on them.

This study intends to investigate the ionospheric response to a partial solar eclipse over 
Pontianak, namely the Annular Solar Eclipse of 2019 and the Hybrid Solar Eclipse of 2023. 
The ionosphere’s response to a solar eclipse can be related to reduced ionization, resulting in 
the expected depletion of ionospheric plasma density. It will gradually recover as the Moon 
moves away from the sun-earth line. At that time, the photosphere of the sun slowly started to 
emit high radiation, and it is expected that there will be an increase in X-rays, resulting in an 
increase in ionization during the eclipse stage. This depletion is also influenced by the extent 
of solar radiation obscured by the moon.

2. Methodology
The data used in this study are Total Electron Content (TEC) and critical frequency of 

the F2 layer (foF2) from the Pontianak Station equipment (0.03°LS, 109.33°E longitude). The 
solar eclipse event data used in this paper are the Annular Solar Eclipse on December 26, 
2019 (eclipse 1) and the Hybrid Solar Eclipse on April 20, 2023 (eclipse 2). Eclipse 1 lasts from 
03:45 UT to 07:32 UT, with the maximum eclipse occurring at 05:44 UT with an obscuration 
of 93.24%. Meanwhile, eclipse 2 lasts from 02:49 UT to 05:20 UT, with the maximum eclipse 
occurring at 04:03 UT with an obscuration of 30.98%.
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Figure 2-1: The path of the annular solar eclipse on December 26, 2019 with the eclipse’s 

parameter for Pontianak (https://eclipse.gsfc.nasa.gov/SEpath).

 
Figure 2-2: The path of the annular solar eclipse (blue and pink line) on April 20, 2023 with 

the eclipse’s parameter for Pontianak (https://eclipse.gsfc.nasa.gov/SEpath).

In eclipse 2, we also use foF2 data from the Darwin Station (12.45°LS, 130.85°E longi-
tude), where the eclipse lasts from 02:47 UT to 05:55 UT, with the maximum eclipse occurring 
at 04:22 UT with an obscuration of 80.66%.
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Figure 2-3: The path of the annular solar eclipse (blue and pink line) on April 20, 2023 with 

the eclipse’s parameter for Darwin (https://eclipse.gsfc.nasa.gov/SEpath).

TEC data was obtained from recordings of GISTM (GPS Ionospheric TEC and Scintilla-
tion Monitor) in 2019 and Septentrio in 2023. The GISTM used has a sampling resolution of 
50Hz. TEC is stated in TEC Units (TECU), where one TECU equals electrons per square 
meter ( el/ ). The TEC ionosphere can be estimated using dual-frequency GPS, but 
these estimates still contain instrumental biases consisting of receiver Differential Code Bias 
(DCB) (Choi, 2010) and satellite DCB. To ensure that the observed TEC values approximate 
the true TEC values, instrumental biases need to be estimated during vertical Total Electron 
Content (VTEC) computation.

Assuming that Slant TEC (STEC), or TEC along the path of the GPS signal from the sat-
ellite to the GPS receiver, has the same influence on GPS signal propagation along the thin 
ionospheric layer at an altitude of 350 km from the Earth’s surface, the STEC value derived 
from GPS data can be converted to VTEC using an equation (Muslim, 2011).

  (2-1)

Where M(z) is a mapping function expressed as.

(2-2)

With z as the zenith angle of the GPS satellite, Re as the radius of the Earth, and H as 
the height of the ionospheric layer (assumed to be 350 km), bp and Bp are the respective bias-
es of the satellite and receiver DCB. Olla et al. (2022) asserts, “Vertical TEC can be calculated 
using the equation provided by Rothacher and Mervart”

(2-3)

with E as the inclination angle formed between the satellite and the receiving station (°).
foF2 data is obtained from the observations of ionosonde, specifically the Canadian Ad-

vanced Digital Ionosonde (CADI). The Ionosonde emits radio wave signals in the frequency 
range of 1.6–24 MHz. Signal transmission is repeated every 15 minutes. The received signals 
from the ionospheric layer are recorded as an ionogram. The ionogram is scaled every 5 min-
utes during a solar eclipse to obtain foF2.

To determine the changes that occur in TEC, foF2, and the geomagnetic Sq field during 
a solar eclipse, each of these parameters is compared with reference values. VTEC was com-
pared to the average variation of VTEC on five quiet geomagnetic days, and foF2 was compared 
to its monthly median value. The selection of five quiet days is based on international regula-
tions that determine the five most quiet days in the eclipse month.

The quiet geomagnetic day pattern has been established by international rules, divided 
into two parts within a month: a total of 10 days most disturbed and 5 days most quiet. Those 
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rules are used by world experts as the basis for analyzing the daily variations of the H-com-
ponent in the quiet day pattern. The empirical model of daily variation of H-component quiet 
days (Mamat., 2006) is determined based on the average daily variation of the H-component 
over five quiet days using Harmonic analysis method. Information on the five international 
quiet days is obtained from the World Data Center (WDC). The reference value we use to ana-
lyze VTEC changes is obtained by calculating the Mean of the five quietest days’ VTEC Sq (H) 
within one month. The VTEC data of the five quietest days are averaged at the same minute to 
obtain a daily VTEC value in minute intervals, which is used as the reference day.

3. Result and Analysis
During a Solar Eclipse, the moon fully or partially blocks the sun. This results in the in-

tensity of solar radiation reaching the Earth’s atmosphere or ionosphere layer being reduced. 
As a consequence, there is a reduced ionization in the ionospheric layer, where the photoion-
ization process produces ions and electrons. The electron concentration in the ionosphere can 
be expressed by the TEC value.

The response of TEC to the solar eclipse event on December 26, 2019, has been reported 
by Aa et al. (2020) based on observations in the Indian equatorial latitudes and Asian longi-
tude sectors. Their analysis results indicated a depletion of TEC by up to 6 TECu (50%) above 
equatorial stations. Similar depletion was also found in our study results. The results of TEC 
data analysis during the solar eclipse on December 26, 2019, and April 20, 2023, over Pon-
tianak are shown in Figure 3-1. In the figure, the black curve represents the average VTEC 
during the five days of quiet geomagnetic activity. In comparison, the blue curve represents 
daily VTEC data. It appears that on the eclipse day, December 26, 2019, a decrease in VTEC 
values relative to the average VTEC was observed from 04:35 UT to 09:38 UT. This period 
coincides with the time range of the eclipse event. The decrease in VTEC began at 04:35 UT 
with a value of 22 TECU, or approximately 50 minutes after the partial solar eclipse began. 
The decrease in VTEC continues alongside the level of eclipse obscuration reduces. The maxi-
mum VTEC decrease occurs around 06:09 UT, with a decrease of 5.68 TECU (23%) relative to 
the average VTEC simultaneously. The maximum decrease occurs approximately 25 minutes 
after the peak of the solar eclipse. After that, the VTEC value experienced a recovery where it 
gradually increased until 09:38 UT, along with the increase in the level of eclipse shadow with 
a VTEC value of 23 TECU.

 
Figure 3-1: VTEC values (blue line) relative to the average variation of VTEC (black line) on 

December 26, 2019 (top) and April 20, 2023 (bottom).

VTEC values also decreased during the Partial Solar Eclipse on April 20, 2023, shown 
in Figure 3.  It is observed that the decrease in VTEC begins at 03:35 UT with a VTEC value = 
71 TECU, or approximately 47 minutes after the partial solar eclipse began. The decrease of 
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VTEC is relatively smooth, with the maximum decrease occurring around 07:51 UT at 12.81 
TECU (15%) relative to the average VTEC simultaneously. The VTEC recovery phase lasted 
until 13:24 UT with a VTEC value of 52 TECU.

From both observation results, it can be inferred that the decrease in TEC during eclipse 
1 (23%) is greater than the decrease in TEC during eclipse 2 (15%). However, the duration of 
TEC decrease during Eclipse 2 is longer than Eclipse 1. The decrease in TEC during eclipse 
1 lasted approximately 5 hours and 3 minutes, while the decrease in TEC during eclipse 2 
lasted about 9 hours and 49 minutes. In addition, from Figure 3, we can observe different 
characteristics of the TEC curve decreasing. For Eclipse 1, the decrease in TEC occurs dras-
tically in a relatively short time. Meanwhile, for Eclipse 2, the decrease in TEC occurs mono-
tonically but remains below average values. When a solar eclipse occurs in the morning, the 
Total Electron Content (TEC) has a longer recovery period (Chen et al, 2023). According to 
them, one contributing factor to this behavior is that geomagnetic conditions in the morning 
are not so quiet. Similar observations have been reported by Deshpande et al. (1977) regard-
ing the Equatorial Electrojet (EEJ) effects on TEC over the Indian sector. They speculate that 
the electron density returns to reference values after several hours due to the delaying factor 
of recombination during a solar eclipse.

Observations of foF2 during the solar eclipse on December 26, 2019, and April 20, 2023, 
are shown in Figure 3-2. In the figure 3-2, the black curve represents the monthly median of 
foF2. While the blue curve represents daily foF2 data. It appears that on the eclipse day, Decem-
ber 26, 2019, and April 20, 2023, a decrease was observed. It seems that the foF2 value in the 
case of eclipse 1 begins to decrease after 02:45 UT or about 60 minutes before the eclipse be-
gins, with a foF2 value of 6.47 MHz. The foF2 value continued to decrease as the level of eclipse 
shadow decreased, reaching the lowest value of foF2 = 4.97 MHz at 07.30 UT or approximately 
106 minutes after the eclipse peak (at 05.44 UT). The foF2 value at this time decreased by 1.88 
MHz (27%) relative to the monthly median value. After that, the foF2 value recovered, where it 
increased again as the eclipse shadow increased until 09.00 UT with a foF2 value of 6.86 MHz.

 
Figure 3-2: foF2 values (blue line) relative to monthly median of foF2 (black line) on December 

26, 2019 (top) and April 20, 2023 (bottom).

From Figure 3-2, observe that the foF2 value began to decrease after 01:15 UT or approx-
imately 93 minutes before the first contact of the solar eclipse, with a foF2 value of 13.4 MHz. 
As the level of eclipse shadow decreases, the foF2 value decreases until it reaches its lowest 
value, foF2 = 10.69 MHz at 04:00 UT or about 3 minutes before the eclipse peak time. The 
maximum decrease of foF2 during this eclipse event is 1.26 MHz (10%) relative to the monthly 
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median value. The foF2 value continued to fluctuate and lasted until 14:15 UT, with foF2 values 
still below its median value. The duration of the foF2 decrease from eclipse 2 to the recovery 
phase is approximately 13 hours. This duration is longer than the duration of the foF2 de-
crease during Eclipse 1, which only lasts about 6 hours and 15 minutes.

In eclipse 2, the changes in TEC and foF2 are not significant based on observations at 
the Pontianak station. Possibly because the eclipse path was far from Pontianak, resulting in 
relatively small obscuration at that time. Therefore, as a comparison, we used data from the 
Darwin station, which is closer to the eclipse path. However, we can only display foF2 data, 
due to limitations in obtaining TEC data at that location. The change in foF2 values during the 
solar eclipse on April 20, 2023, based on observations from the Darwin station, is presented 
in Figure 3-3.

 
Figure 3-3: foF2 values (blue line) relative to monthly median of foF2 (black line) on April 20, 

2023 based on observations from the Darwin station.

From Figure 3-3, observe that the foF2 value began to decrease after 03:30 UT or about 
30 minutes after the first contact of the solar eclipse, with a foF2 value of 13.84 MHz. The 
decrease in foF2 values was relatively constant, lasting for approximately 5 hours and 15 min-
utes. The maximum decrease of foF2 occurred at 05:15 UT or about 53 minutes after the max-
imum eclipse phase, with a maximum decrease of approximately 14.11% (2.18 MHz). After 
08:45 UT, the foF2 value recovered, where it increased again as the eclipse shadow increased 
with a foF2 value of 13.35 MHz.

Table 3-1: Parameter comparison between the December 26th, 2019 and April 20th, 2023 
eclipses

Parameter December 26th, 2019
April 20th, 2023

(Pontianak)

April 20th, 2023

(Darwin)
First eclipse contact 03.45 UT 02.48 UT 02.47 UT
Maximum 05.44 UT 04.03 UT 04.22 UT
Last eclipse contact 07.32 UT 05.20 UT 05.55 UT
Obscuration 93.244 % 31.040 % 80.66 %
foF2 -TEC decreases time difference 1 hr 50 min 2 hr 20 min -
foF2 -TEC recovery time difference 38 min (before TEC) 51 min (after TEC) -
VTEC relative decrease 23 % 15% -
foF2 relative decrease 27% 10% 14%

Electron density has a positive correlation with foF2 values, a decrease in TEC is accom-
panied by a decrease in foF2. Similar to TEC, the decrease in foF2 during eclipse 1 (27%) is also 
larger than the decrease in foF2 during eclipse 2 (10%). This could be due to the differences in 
obscuration within an eclipse zone. Obscuration can reduce solar radiation above the zone 
traversed by the eclipse (Bravo et al., 2020; Cherniak & Zakharenkova, 2018; Coster et al., 
2017; Eisenbeis & Occhipinti, 2021; Shrivastava et al., 2021). In the case of Eclipse 1 with 
an obscuration value of 93%, it has a greater impact compared to Eclipse 2 with an obscu-
ration level of 31%. The larger the obscuration, the lower the intensity of sunlight reaching 
the ionospheric layer. Chen et al. (2023) believe that the maximum obscuration of 16.6% at 
Jicamarca in the total solar eclipse causes significant attenuation of EUV solar irradiance, 
thereby impeding the equatorial electrodynamics processes.
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Table 3-2: Result comparison for TEC and foF2 decrease for several eclipses and locations

Parameter Obscuration TEC decrease foF2 decrease

December 26th, 2019:

Pontianak (this paper)

93.244% 23% 27%

April 20th, 2023:

Pontianak (this paper)

31.040% 15% 10%

April 20th, 2023:

Darwin (this paper)

80.66% - 14%

March 9th, 2016:

Biak (Dear et.al., 2020)

87.29% 33% ~40%

March 9th, 2016:

Guam (Dear et.al., 2020)

82.88% 22% 30%

In eclipse 1, the foF2 value begins to decrease 1 hour 50 minutes before the TEC value 
decreases. Similarly, the recovery time of foF2 is 38 minutes faster before the TEC value starts 
to recover. In the case of eclipse 2, the foF2 descent time is 2 hours and 20 minutes faster be-
fore the TEC value decreases. However, the recovery time of foF2 is 51 minutes slower after the 
TEC value recovers. The recovery time of TEC and foF2 values in eclipse 2 does not immediate-
ly occur several minutes after the eclipse ends, and the decrease in values also lasts longer. 
Even though the solar eclipse has ended, the values of TEC and foF2 continue to experience a 
prolonged decrease.

4. Conclusions
The partial solar eclipse effect on the ionosphere over Pontianak was analyzed using 

TEC (Total Electron Content) and foF2 (critical frequency of the F2 layer), namely the Annular 
Solar Eclipse on December 26, 2019, and the Hybrid Solar Eclipse on April 20, 2023. During 
both eclipses, geomagnetic activity was quiet. We observed that the ionospheric plasma densi-
ty changes as the solar eclipse passes. TEC and foF2 data show the impact of the Solar Eclipse 
on December 26, 2019, resulting in a decrease in VTEC relative to the average VTEC of 23% 
and a decrease in foF2 relative to the monthly median of 27%. Meanwhile, for the Solar Eclipse 
on April 20, 2023, there was a decrease in TEC and foF2 data by 15% and 10%, respectively. 
Based on observations from the Darwin station on April 20, 2023, foF2 also experienced a de-
crease of 14% relative to the monthly median value. From the results, we can conclude that 
both eclipses with different characteristics have different impacts. The impact depends on the 
obscuration of the eclipse and its path.
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