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This paper presents forecast and investigation of the variation in ionospheric Total Electron Content (TEC) during the solar
eclipses (SEs) of December 2019 and June 2020 using three different methods: Deep Autoregressive model (DeepAR), Feed-
Forward Neural Network (FFNN), and Ordinary Kriging-based Surrogate Model (OKSM), and the TEC data predicted by
DeepAR, FENN, and OKSM were compared with the actual TEC during the observation days. The study was conducted based on
GPS data taken from the IISC receiver located in Bangalore, India, during the SEs which happened on 26.12.2019 and 21.06.2020.
The TEC data were examined to assess the effect of solar eclipses on TEC values. Eighty-day prior TEC data for the IISC station are
gathered from IONOLAB servers along with the other parameter data like Dst, Ap, F10.7, and Kp taken from OMNIWEB servers
which were used to predict TEC. The reliability of the forecasted results is evaluated using numerical factors like Normalized Root
Mean Square Error (NRMSE), Correlation Coefficient (CC), Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and
R-squared. The study demonstrates the usefulness of combining multiple methods for analyzing TEC variations during SEs and
highlights the potential of OKSM, FFNN, and DeepAR models for studying TEC variation in the same context. The findings may
be useful for satellite broadcasting and navigational services and for further research into the influence of solar eclipses on the TEC
changes.

1. Introduction

A solar eclipse appears while the Moon moves between the
Earth and the Sun, which creates a shadow on the Earth.
During SE, the Moon’s shadow is routed across the surface
of the Earth, creating a path of totality, where the Sun is
completely blocked, and a partial eclipse, where the Sun is
only partially obscured. The path of totality is relatively

narrow, and only those in the direct path are able to witness
the full eclipse. However, even those outside the path of
totality can witness a partial eclipse. In recent times, SEs have
become a subject of scientific study and observation. As-
tronomers and researchers use SEs to study the Sun’s corona
(Sun’s outer layer), which is normally obscured by the
brightness of the Sun. The impact of SE on the Earth’s
ionosphere and satellite signal is given in Figure 1.
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FIGURE 1: GNSS signal variation during solar eclipse.

The ionospheric TEC changes during the solar eclipses
were examined by very few studies; some of them are briefly
discussed below. Li et al. [1] analyzed the monthly, daily,
and seasonal change of TEC based on the data taken from
the BJFS situated in China. IRI 2012 TEC data were cor-
related with the true TEC values. The results indicate that
the IRI model underestimates the TEC during night-time,
but the model performs well during the daytime, especially
during the low solar activity year. Swiatek and Stanislawska
[2] used data from two GPS receivers located at Warsaw
and Borowiec. They also considered the Warsaw Ionosonde
data to analyze the TEC variations during SE that occurred
on 11.08.1999. Along with the GPS data, the IRI data were
also used for TEC calculation, which was used for the
updation of IRI models during solar eclipse. In another
research, TEC variations on 21.6.2020 SE were analyzed
according to the data taken from 6 GPS stations available in
the regions of China and Taiwan. The outcome shows that
during eclipse day, the TEC values were decreased at all the
selected station areas [3]. The June 21, 2020, solar eclipse
effects of ionospheric TEC variations were analyzed based
on the data observed from 11 IGS network GPS data.
Wavelet transform techniques were used for analyzing the
results [4]. Chakraborty et al. [5] did investigation on the D
region ionospheric TEC variations over India during the SE
that occurred on 22.7.2009. They used the ion chemistry
model to analyze the ion density and found that their model
performed well. Kundu et al. [6] analyzed the ionospheric
plasma variations at various altitudes during the SE and
non-eclipse days based on the space and ground-oriented
instruments. GUUG, CNMR, IISC, and HYDE IGS stations
were chosen for this study. It is found that electron density
decreases when the altitude increases, and the TEC data
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reduced to 20-40% during the SE. Chen et al. [7] did an
extensive analysis on the TEC changes in the August 2017
SE happened over the North America region based on a 3D
tomography algorithm. The results show that 40% electron
density depletion occurred as compared to the previous
day. Chen et al. [8] used the TIEGCM model to investigate
the reaction of the ionosphere during the 21.8.2017 SE and
found that electron density decreased by 4TECU as
compared to the normal quiet day. Amalia et al. [9] ana-
lyzed the 2017 SE effects on ionospheric TEC variations
over North America with the help of GNSS and geo-
magnetic data. The TEC values during the SE were fed into
the Chapman model to predict the magnetic field com-
ponents and it was found to be matching well. Prabhakar
et al. [10] analyzed the ionospheric E layer variations
during July 2009 SE over the Indian region. They found that
ftEs values fluctuated and remained at increased levels for
a long duration during the total SE hours. The 1997 SE
influence on the ionosphere over Irkutsk was analyzed
using the data obtained from the GPS interferometer. The
results show that the TEC depletion varies from 10 to 50%
and is independent of longitude and latitude [11]. A neural
network model was constructed to forecast the TEC during
equinoxes and solstices by using the data taken from 3
South African stations. The predicted results were validated
with IRI 2001 model, and it was found that the IRI model
was not performing well [12]. Surabhi et al. [13] predicted
the daily and seasonal TEC using Neural Networks with the
help of data obtained from Bhopal GNSS receiver station.
IRI 2016 model was used for validation, and it was found
that NN model predicts well. In a recent research, LSTM
neural network model was developed to forecast the
spherical harmonic coefficients during storm and quiet
days. The developed model results were collated with the
IRI and NeQuick-2 models and it shows that the observed
LSTM model produces reliable results [14]. Reddybattula
et al. [15] developed a deep learning model to forecast the
TEC during the 24" solar cycle based on data from the low
latitude IISC station. The predicted TEC data were justified
with the IRI 2016 model and it was found that the deep
learning model results closely matched the true TEC values.
Iban and Senturk [16] applied regression, random forest,
and support vector machine models to forecast the fOF2,
hmF2, and TEC values using data collected from digisondes
and IGS stations during the period from 01.01.2012 to
31.12.2013. The results show that random forest model
performs better. Chakrabarti et al. [17] studied the varia-
tions of TEC during the total SE that occurred on 21.8.2017
over North America based on the data obtained from the
YADA and K5TD stations. Apart from that they also an-
alyzed the C class solar flare effects on TEC during the SE
and found that K5TD station data show the effect of solar
flare, but the YADA station data did not show the TEC
variations because the solar flare affected area was available
behind the lunar disk. After a complete study of the
aforesaid literature, this research tries to forecast and in-
vestigate the ionospheric TEC changes during 2019 and
2020 SEs that appeared over the Indian region.
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2. Methodology

The methodology used in the study is given in Figure 2. The
study was conducted using GPS data observed from the IISC
station in Bangalore, India (latitude: 13.0198°N; longitude:
77.5661°E). The TEC data were forecasted and examined to
assess the effect of SEs on ionospheric anomalies. The SE
occurred on 26.12.2019 and 21.06.2020. Three different
models, namely, OKSM, which is an interpolation tech-
nique, FFNN, and DeepAR, which are based on Artificial
Intelligence, are used in this research to predict TEC during
2019/2020 SEs. All the models utilize TEC data collected
from IONOLAB servers (https://www.ionolab.org) along
with solar parameters obtained from OMNIWEB servers
(https://omniweb.gsfc.nasa.gov).

In this paper, the constructed surrogate model (OKSM)
utilizes the preceding six days of TEC along with other data
such as Disturbance storm time index (Dst), Planetary K
index (Kp), Radio Flux at 10.7 cm (F10.7), and Planetary A
index (Ap) to forecast the next day TEC. The Kp index is
a value of the global geomagnetic activity level over a 3-hour
period. Generally, higher Kp values are associated with
increased ionospheric disturbances. The Ap index is a daily
averaged planetary geomagnetic activity index derived from
Kp values measured at 13 geomagnetic observatories
worldwide. It provides a long-term view of geomagnetic
activity compared to the Kp index. Elevated Ap values are
indicative of increased ionospheric disturbances, affecting
TEC accordingly. The F10.7 index denotes solar radio flux at
a wavelength of 10.7 cm. The Dst index measures the globally
averaged geomagnetic field disturbance caused by a geo-
magnetic storm. Geomagnetic storms, as indicated by the
Dst index, can significantly impact the ionosphere. During
a storm, TEC can experience both enhancements and de-
pletions, depending on the storm’s characteristics and the
location in the ionosphere. Space weather indices such as
Dst, Kp, F10.7, and Ap are critical for monitoring and
predicting ionospheric variations. Hence, we have consid-
ered those solar and geomagnetic parameters as input to our
model along with the true TEC values for TEC prediction.
The basic TEC forecast procedure adopted by OKSM is given
in the following equation [18, 19]:

?(xp) = Z,Yi (x;) f (x;)- (1)

The FFNN models use the previous seventy-nine days of
training data to forecast the next day’s TEC. The predicted
data are further validated with the one-day testing data. The
FFNN model utilized in this paper is given in Figure 3 [20].
A FENN is a simple form of neural networks. In FFNN, the
flow of information proceeds in the forward direction and
the model functionalities are given in (2) and (3) [21].

1Y i i \2
Ep =5 (TECiye — TEC,ea) (2)

2 i=1

where TEC! _and TEC! _; are true and predicted TEC.

true pre:

J(w) = «E,, + BEp,

L& (3)
Ey = 5 Z w’is the weight decay,

where J (w) represents the Bayesian parameter, « and j are
hyperparameters, and Ej, represents the sum of squares
of error.

DeepAR is a supervised ML approach which can be
utilized for probabilistic forecasting. The DeepAR approach
is constructed using Autoregressive Recurrent Neural
Networks. The model is driven by a signal x(f) which is
specified by (4). The RNN component uses this equation to
model hidden layers. The DeepAR uses (5) to compute the
training data. The parameter y is applied by a multilayer
recurrent neural network with RNN cells parameterized by
© [22]. The DeepAR model uses previous seventy-nine days
of input data such as TEC, F10.7, SSN, Kp, and Ap. The
model is trained on a dataset comprising seventy-nine days
of TEC data and the eightieth day testing data reserved for
validation with the predicted data.

y(t) _ f(y(tfl))x(t);e)) (4)

Yie = h(yi,jfl’zhjfhxi)j’ 9)’ ()

where y® represents the system state and 0 represents the
transit function parameter.

Traditionally, for deep learning methods, the training
and test data are chosen as 70-30% or 80—-20%, depending
on the applications (Senturk et al. [23] and Saqib et al. [24]).
But in this research, since the DeepAR and FFNN models are
compared with OKSM and to have a similarity of com-
parison, the prediction interval of the AI/ML models is
developed in such a way that it utilizes seventy-nine days of
data to predict the next day TEC. Our goal is to measure and
demonstrate the accuracy of the model for a day ahead TEC
value prediction. To evaluate the precision of the model, we
need to have certain points which are not used in the model
training process and those kinds of set of points will be
predicted by the trained model and it will be compared with
the set of testing points which was not used for training.

3. Results and Discussion

Performance assessment estimation of the forecasted TEC
was done by using five metrics like, CC, RMSE, MAE,
NRMSE, and R-squared. The arithmetic forms of the sta-
tistical parameters are given in equations (6)-(10).

The comparison results of three models, DeepAR, FENN,
and OKSM, during the 2019 SE are provided in Table 1. The
results indicate that OKSM acts better when compared with
DeepAR and FFNN in terms of all metrics, especially MAE,
where OKSM shows the lowest error. The average RMSE,
CC, and NRMSE of OKSM are 1.38, 0.9833, and 1.06, re-
spectively, which are better than those of DeepAR and
FFNN. The comparison results of three models during the
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FIGURE 2: Methodology used in this research.
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Figure 3: FFNN framework used in the research.

2020 SE are given in Table 2. Table 2 results show that, on
average, OKSM and FFNN have similar performance, while
DeepAR has a slightly higher RMSE, MAE, and NRMSE but
a similar CC and R-squared. Additionally, the results imply
that the performance of all three methods changes across

different dates during the SE. For example, on some dates,
OKSM outperforms the other two methods, while on other
dates, FFNN performs better. Moreover, DeepAR has
a higher RMSE, MAE, and NRMSE than the other two
methods on most dates.
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RMSE = | > (TECrgug — TECpgep)™ (6)
i=1
RMSE
NRMSE = , 7
MEAN of TRUE TEC @)
MAE = Y1 1abs (TEC g — TECPRED)) (8)
N
cC = Tl (TECTRUE - TECTRUE)<TECPRED - TECPRED) )

where TEC g and TECpgpp represent mean values of true
and predicted TEC.
B SUM OF RESIDUAL SQUARES
TOTAL SUM OF SQUARES
(10)

R SQUARED (Rz) =1

3.1. Forecast of TEC during 2019 Solar Eclipse. Figures 4 and
5 represent true TEC values and other parameters consid-
ered in this research. The data are obtained on an hourly
basis in a continuous plot format from 21-11-2019 to 31-12-
2019. The data are structured as 24 observation points per
day, indicating that hourly readings were taken over the
course of the twenty-day period. The plot is constructed as
a five-layer stacked plot. The 5 layers named from the bottom
to the top represent Kp, Dst, Ap, F10.7, and true TEC.

Figure 6 shows the comparison between previous five-
day median TEC values and TEC on 26-12-2019 (eclipse
day). The vertical lines in Figure 7 show the time interval of
the eclipse on the observed date. From Figure 7, it is spotted
that during the eclipse period, the TEC values show a large
TEC depletion during that period. The maximum depletion
during that maximum eclipse period is measured as 5.0964
TECU (31.4%) and this reduction in TEC is due to the
Moon’s obscuration of Sun’s disk.

Table 3 shows the TEC difference observed extent in the
IISC GPS station affected by solar eclipses. The difference in
TEC values was obtained by comparing the previous five-day
median TEC values with the TEC estimated during the SE
days. It is seen that during the eclipse event, the TEC de-
pletion % measured at the maximum eclipse time is 31.4%
and 0.99% for the 2019 and 2020 eclipse, respectively. TEC
depletion and TEC depletion % are calculated using (11) and
12).

dTEC = TEC perved — TEC peqian (11)
TEC — TEC, o4
dTEC % = ( observed medlan), ( 12)
TECmedian X100

where dTEC is the difference in TEC at that particular time
period.

) \/Z?I:I(TECTRUE - TECTRUE)Zzgl(TECPRED - TECPRED)2

Since the ionospheric environments during the eclipse
are generally not influenced by geomagnetic and solar ac-
tivities, both the observed TEC on the eclipse day and the
previous 5-day median TEC values did not exhibit any space
weather effects capable of altering the ionosphere’s per-
manent variations. This leads to a robust argument asserting
that the changes in the ionosphere are directly associated
with the SE [25]. The 2019 eclipse taken for observation
occurred during the winter solstice and the 2020 eclipse
occurred during the summer solstice. The solar eclipse
happened on 26-12-2019 which was four days after the
winter solstice. During the winter season eclipse, the TEC
varjation ranged from 3.09 to 20.13 TECU. Similarly, the
solar eclipse happened on 21-06-2020 and on the same day
itself the summer solstice also occurred. During the summer
season eclipse, the TEC variation ranged from 0.15 to 18.33
TECU. It is notable that during both the solar eclipse pe-
riods, the TEC values have been reduced considerably when
compared to the previous 5 days median value during both
day and night times. The solstice can influence some of the
input parameters, but it is notable that these changes are not
directly caused by the solstice itself. It is important to
consider that these parameters are influenced by various
solar and space weather phenomena that may not have
a direct correlation with the Earth’s location in its orbit
during the solstices.

During a total SE, the Moon moves between the Sun and
the Earth, causing the Sun to be completely obscured for
a less period of time. This astronomical event leads to
a substantial decrease in solar radiation influencing the
Earth’s surface. The reduced solar radiation decreases the
ionization in ionosphere which contains a concentration of
ions and free electrons. When a total SE occurs, the direct
solar radiation that normally ionizes the ionosphere is
blocked by the Moon. As a result, the ionization process
decreases, leading to a temporary reduction in the con-
centration of ions and free electrons available in the iono-
sphere. This decrease in ionization can have various effects
on radio wave propagation, communication systems, and
global navigation satellite systems. The reduction in ioni-
zation during a solar eclipse can introduce dynamic changes
in the Earth’s ionosphere, influencing radio wave
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CONTINUOUS PLOT FOR TRUE TEC AND SOLAR PARAMETERS FOR NOV/DEC 2019
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FIGURE 4: TEC and solar parameters from 21-11-2019 to 10-12-2019.

CONTINUOUS PLOT FOR TRUE TEC AND SOLAR PARAMETERS FOR NOV/DEC 2019
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FiGure 5: TEC and solar parameters from 11-12-2019 to 31-12-2019.

propagation, communication systems, and global navigation
satellite systems. These negative effects may manifest as
alterations in signal strength, signal delays, and disruptions
in communication and navigation signals, presenting
challenges for precise and reliable operations. However,
these changes also offer valuable opportunities for scientific
study and observation, providing insights into the

ionospheric response to celestial events and contributing to
our understanding of space weather dynamics. The solar
eclipse of 2019 marked an annular event with its central path
traversing the Saudi Arabian Peninsula, Sumatra, India,
Borneo, Guam, and the Philippines. The eclipse had
a magnitude of 0.96, spanning 164km in width and ad-
vancing eastward at an average speed of 1.1 km per second. It
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COMPARISON BETWEEN PREVIOUS FIVE DAYS
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FIGURE 6: Comparison between previous five-day median TEC values and TEC on 26-12-2019 (eclipse day).
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Figure 7: Comparison TEC plot of TRUE vs DeepAR, FFNN, and OKSM (2019).

TaBLE 3: TEC depletion observed extent in the IISC GPS station affected by solar eclipses.

Time of eclipse

Eclipse date in India (UTC)

TEC depletion (TECU) TEC depletion (%)

04:27
02:33

26-12-2019
21-06-2020

31.4
0.99

5.0964
0.1247

made its way to India, near Kannur, Kerala, casting its
shadow over the southeast coast of India. The 2019 solar
eclipse is an annular or partial eclipse which depends upon
the location in India and for the considered IISC station, the
SE had a maximum obscuration function of 89.4% [17]. The
term obscuration function typically refers to the fraction of

the solar disk which was masked by the Moon during an
eclipse. The obscuration function is a measure of how much
of the solar disk is blocked by the Moon at a specific point in
time during the eclipse. The effect of the obscuration
function on ionospheric conditions can be significant. The
obscuration function, representing the degree of solar disk
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coverage, influences the amount of solar radiation affecting
the Earth’s atmosphere, which in turn affects the ionospheric
TEC variations. Figure 7 shows the comparison diagram of
true TEC and TEC predicted by DeepAR, FFNN, and
OKSM. Figure 8 shows the comparison of TEC on the
Annular Eclipse of 26.12.2019. The start of the partial eclipse
over India occurred at 2:33 AM (UTC) followed by the start
of annularity at 3:54 AM (UTC). The end of the annularity
and the partial eclipse is recorded at 4:04 AM (UTC) and 6:
42 AM (UTC), respectively. From Figure 8, we can see that
the true TEC varies in an abrupt manner during the start of
the eclipse as its values gradually increase with the pro-
gression of time. All three models captured the trend of TEC
increase with slight variations of range at specific sample
points. It is notable that the variation in the predicted TEC
during the eclipse period is within 3 TECU. The true TEC
values tend to be lowest during the early day hours (between
2:00 AM and 5:00 AM) and highest during the afternoon
hours (between 12:00 PM and 5:00 PM). This suggests that
TEC measurement is vastly affected by solar effects during
different times of the day. The predicted TEC follows the
same low-high-low pattern of TEC throughout the day. The
values predicted are different for the three models consid-
ered. The TEC values predicted by DeepAR appear to be
more stable over time, with relatively small fluctuations. The
OKSM forecasted TEC data also seems to be relatively stable,
with marginally high values in the midafternoon and
evening hours indicating that the factors influencing this
type of TEC measurement are consistent but may be slightly
more pronounced during certain times of the day. Finally,
the FENN forecasted TEC data show a clear diurnal pattern,
with the least values during early morning hours and the
high values during the afternoon hours. This suggests that
the factors that influence TEC values are strongly tied to the
Sun’s cycle. Upon examining forecasted TEC values by the
DeepAR, FFNN, and OKSM models and comparing them
with the true TEC values, it is evident that there are dif-
ferences in their accuracy. The OKSM’s TEC values are close
to the actual TEC, with only minor variations. The FFNN
TEC data are more distributed, revealing a higher degree of
variability compared to the true TEC. In contrast, the
DeepAR model’s TEC data are consistent with the true TEC
values, exhibiting a similar pattern and amplitude.

3.2. Regression Analysis for OKSM, FFNN, and DeepAR
during 2019 Solar Eclipse. A linear regression plot would
show a scatterplot of the true values vs the predicted values
with a line of best fit over the data. A linear regression plot
can give valuable insights into the accuracy of a regression
model’s predictions and can help identify areas for im-
provement. Since the goal here is to see how well the
forecasted TEC data match the true ones, the fitted linear
regression model should ideally be close to the identity
function, that is, with slope one and intercept zero. The
performance assessment of the models used in this research
using linear regression for the 2019 solar eclipse event is
provided in Table 4. From the comparison of true and
forecasted TEC values plotted as linear regression scatter
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Annular Eclipse - 26th December 2019
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FiGgure 8: Comparison TEC plot of TRUE vs DeepAR, FENN, and
OKSM during 2019 SE.

plots in Figures 9-11 during the 2019 SE event, the OKSM
TEC data show a higher level of accurateness as compared to
the other two models. This can be attributed to the model’s
ability to obtain the temporal dependencies and patterns in
the data, allowing it to make more accurate predictions. On
the other hand, the FFNN TEC values show a good cor-
relation with the true TEC values, indicating that it is also
a competent model for TEC prediction. However, the
DeepAR model’s TEC values show a high variability, sug-
gesting that it may not be the most reliable model for TEC
prediction.

On the eclipse day (26.12.2019), we can compare the
actual TEC with the forecasted TEC data obtained from the
three models: DeepAR, FFNN, and OKSM. By observing the
difference between the true TEC data and the forecasted
TEC values, we can see that at 00:00:00 UTC, the true TEC
value was 23.46 TEC units, while the OKSM forecasted
a value of 24.07 TEC units, resulting in a difference of 0.61
TEC units. Similarly, the FFNN model predicted a TEC
value of 21.57 TEC units, which resulted in a difference of
1.89 TEC units from the true value. But, the DeepAR model
predicted a TEC value of 24.78 TEC units, resulting in
a difference of 1.32 TEC units from the true value. As we
move through the day, the variation between the models
increases. Therefore, it is vital to consider the performance of
different models during the prediction of TEC values under
different circumstances. For all the models, the difference
between the forecasted and true data ranges from 0.036 to
4.346, indicating that the chosen models are appropriate for
ionospheric TEC anomaly studies. Looking at the linear
regression fit parameters of the three models in Table 4, we
see that OKSM predictions gave rise to a linear regression
line that is closest to the identity function compared to
DeepAR and FFNN. Hence, OKSM seems to provide closer
correlation when related to the other two approaches.
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TABLE 4: Performance assessment using linear regression (2019).
Model Intercept Slope Pearson’s R R?
OKSM 0.2941 +£0.19 0.9891 +0.01 0.97575 0.95208
FFNN 0.6758 £0.24 0.9028 £0.01 0.96444 0.93015
DeepAR 0.8859 £0.29 0.8896 £ 0.02 0.94753 0.89782
True TEC vs OKSM Predicted TEC Linear
Regression Scatter Plot
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FIGURE 9: Linear regression scatter plot of TRUE vs OKSM predicted TEC (2019).
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FIGURE 10: Linear regression scatter plot of TRUE vs FENN predicted TEC (2019).

3.3. Forecast of TEC during 2020 Solar Eclipse. Figures 12
and 13 represent true TEC data along with the other pa-
rameters considered in this research on an hourly basis in
continuous plot format from 22-5-2020 to 30-6-2020. The
data are structured in 24 data points per day, indicating that
hourly readings were taken over the course of the twenty-day

period. The plot is constructed as a five-layer stacked plot.
Each layer from the bottom represents Kp, Dst, Ap, F10.7,
and true TEC.

The trajectory of the 2020 annular eclipse spanned across
portions of Central and Eastern Africa and the Southern
Arabian Peninsula, encompassing Oman, Yemen, and
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True TEC vs DEEPAR Predicted TEC Linear
Regression Scatter Plot
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FIGURE 11: Linear regression scatter plot of TRUE vs DeepAR predicted TEC (2019).

CONTINUOUS PLOT FOR TRUE TEC AND SOLAR PARAMETERS FOR MAY/JUNE 2020
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FiGure 12: TEC and solar parameters from 22-5-2020 to 10-6-2020.

Southern Saudi Arabia. It extended through various regions,
including Southern Pakistan, Northern India, and Nepal
within South Asia and the Himalayas, as well as parts of East
Asia, covering South China and Taiwan. Additionally, the
path touched parts of Micronesia, specifically Guam. During
the 2020 annular solar eclipse, the Moon was not able to fully
cover the solar disk and the Sun looks like a bright ring. For
the 2020 solar eclipse, the maximum obscuration is observed
in India at Uttarakhand with a maximum obscuration of
98.6%, and over IISC, Bangalore, the obscuration function is

measured as 36.5%. Figure 14 shows a comparison between
previous five-day median TEC values and TEC on 21-06-
2020 (eclipse day). The vertical lines in Figure 15 show the
time period of the eclipse on the observed date. From
Figure 15, it can be seen that during the eclipse period, the
TEC values show a small TEC depletion during that period.
The maximum depletion during that maximum eclipse
period is measured as 0.1247 TECU (0.99%) and this is due
to the less obscuration function happened over the IISC
station. Figure 15 shows the comparison plot between true
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CONTINUOUS PLOT FOR TRUE TEC AND SOLAR PARAMETERS FOR JUNE 2020
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FiGure 13: TEC and solar parameters from 11-6-2020 to 30-6-2020.

TEC and other three different predicted values for TEC.
Figure 16 shows the comparison of TEC during the Annular
Eclipse of June 21, 2020. The start of the partial eclipse over
India occurred at 4:27 AM (UTC) followed by the start of
annularity at 6:19 AM (UTC). The end of the annularity and
the partial eclipse is recorded at 6:42 AM (UTC) and 9:02
AM (UTCQ), respectively. It is worth noting that while total
solar eclipses do have measurable effects on ionization and
TEC, these changes are temporary and typically return to
their normal levels after the eclipse event has concluded and
the Sun’s radiation is once again reaching the Earth’s ion-
osphere. From Figure 16, we can see that the true TEC
during the 2020 SE is varying vastly in between the hours of
04:00 and 09:00 (UTC). All three models captured the
variation of TEC at the initial hours but gradually deviated
from the true TEC in the later part of the annularity. The
maximum deviation of the models is measured up to 3
TECU which signifies the areas of improvement. The TRUE
TEC value represents the actual TEC value measured on that
particular date and time. Upon comparing the different
predicted values with the TRUE TEC value, we can see that
there is a variation in the time pattern of the predictions.
Some predicted values are very close to the TRUE TEC value,
while others are quite far off. However, it is significant to
note that the accuracy of the predictions might vary and it
depends on the particular time and date being studied. On
the solar eclipse event date of June 21, 2020, the true TEC
values are lower when compared with the dates prior and
after the event. Out of the three models adapted in the
research, the DeepAR model predicted a relatively high
value, i.e., 22 TECU, on June 23, 2020. This is because all the

models are constructed based on sliding pattern and the true
TEC on the previous day is significantly high TECU com-
pared to the eclipse event date.

3.4. Regression Analysis for OKSM, FFNN, and DeepAR
during 2019 Solar Eclipse. The performance assessment of
the models used in this research using linear regression for
the 2020 solar eclipse event is provided in Table 5. From the
assessment of true and predicted values plotted as linear
regression scatter plots in Figures 17-19 during the 2020
solar eclipse event, the OKSM forecasted TEC values show
a higher level of accurateness compared to the other two
models, FENN and DeepAR. The OKSM’s forecasted TEC
values indicate that it is a competent model for TEC pre-
diction. However, the FFNN and DeepAR model’s fore-
casted TEC data show a high degree of residual, suggesting
that it needs more attention for TEC prediction. On the
eclipse event date of June 21, 2020, based on the predicted
TEC values, we can see that the FFNN model consistently
provides the highest predicted values, while the DeepAR
model tends to provide the lowest predicted values. The
OKSM model falls in between the two, but generally closer to
the FFNN predictions. Looking at specific time intervals, we
can see that the models provide different levels of accuracy at
different times of day. For example, in the early morning
hours (00:00-03:00), the DeepAR model is the most accu-
rate, while the OKSM model consistently overpredicts the
TEC values. In the early afternoon (10:00-14:00), the FFNN
model provides the most accurate predictions, while the
DeepAR model consistently underpredicts the TEC values. It
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COMPARISON BETWEEN PREVIOUS FIVE DAYS
MEDIAN TEC VALUES AND
TEC ON 21-06-2020 (ECLIPSE DAY)
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FiGure 14: Comparison between previous five-day median TEC values and TEC on 21-06-2020 (eclipse day).
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Figure 15: Comparison TEC plot of TRUE vs DeepAR, FENN, and OKSM (2020).
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FiGure 16: Comparison TEC plot of TRUE TEC vs DeepAR, FFNN, and OKSM during 2020 SE.



Advances in Astronomy 15
TABLE 5: Performance assessment using linear regression (2020).
Model Intercept Slope Pearson’s R R?
OKSM 0.2973+0.16 0.9773+0.01 0.97695 0.95444
FFNN 0.6667 +0.14 0.9468 +0.01 0.98057 0.96151
DeepAR —0.2548 +0.22 1.0153£0.01 0.9721 0.94498
True TEC vs OKSM Predicted TEC Linear
Regression Scatter Plot
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FIGURE 17: Linear regression scatter plot of TRUE vs OKSM predicted TEC (2020).
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FIGURE 18: Linear regression scatter plot of TRUE vs FFNN predicted TEC (2020).

is clear that each model has its strengths and weaknesses, and
the most accurate model will depend on the specific time and
location being predicted. It is important to evaluate and
compare the performance of multiple models to get a more
comprehensive understanding of TEC predictions. The
comparison of the predicted TEC values for June 21, 2020,
reveals that the three models used, namely, OKSM, FENN,
and DeepAR, have varying levels of accuracy in predicting

TEC. Looking at the data, it is evident that the OKSM model
has the best accuracy among the three models as it con-
sistently predicted the TEC values closer to the true TEC
throughout the day. On the other hand, the FFNN model
appears to have the next best accuracy in forecasting TEC
values for most hours of the day, although it slightly
overpredicted the TEC values in the early morning hours.
Meanwhile, the DeepAR model also showed good accuracy
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True TEC vs DEEPAR Predicted TEC Linear
Regression Scatter Plot
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FIGURE 19: Linear regression scatter plot of TRUE vs DeepAR predicted TEC (2020).

in predicting TEC values, although it appears to be less
accurate in the early morning hours than the FENN model.
Overall, the three models performed well in predicting TEC
values, with each model showing a different level of accuracy
depending on the time of day. It is important to note that
comparing the accuracy of these models is just one aspect of
evaluating their performance. Other factors such as the
complication of the model, the computational cost, re-
quirement of training data, and the ease of execution are also
valuable considerations when choosing a model for a specific
application. Table 5 indicates that OKSM and DeepAR
provide the closest matches between true and predicted TEC
values for this dataset.

4. Conclusion

This research primarily focuses on predicting ionospheric
TEC changes associated with the solar eclipses that occurred
in December 2019 and June 2020. Three different models,
namely, OKSM, FFNN, and DeepAR, are constructed to
forecast TEC before and after the solar eclipse days over the
IISC station, Bangalore, India. The OKSM is an interpolation
method which uses 6 days of input data such as TEC and
solar parameters to forecast the next day TEC, whereas the
DeepAR and FFNN models are AI/ML-based techniques
that use 79 days of input data to forecast the next day TEC
data. The results of the three models are estimated using
statistical parameters such as CC, RMSE, MAE, NRMSE,
and R-squared. The research addresses the distinct strengths
and adaptabilities of OKSM, FENN, and DeepAR in re-
sponse to annular solar eclipse scenarios.

Based on the results, it can be decided that during the
2019 SE, the OKSM generally performed well as compared
with the FEFNN and DeepAR models, as indicated by its
lower RMSE, higher CC, and higher R-squared values, as
well as the close match of the linear regression line. The MAE
was lowest for the FFNN model. From the results, we can see
that during the 2019 solar eclipse, the OKSM had the lowest

average RMSE of 1.38, followed by the FFNN model with an
average RMSE of 1.69, and DeepAR with an average RMSE
of 2.00. In terms of CC, which measures linear correlation
between the forecasted and actual values, OKSM also had the
highest average value of 0.9833, while DeepAR had the
lowest average value of 0.9639. However, during the 2020 SE,
the performance of the three models shows high diversity.
While the OKSM still had the lowest RMSE and highest CC
and R-squared values, the DeepAR model had the lowest
MAE. The FFNN model had similar performance to the
other models in terms of CC, RMSE, and R-squared values
but had a little higher MAE than the other models on av-
erage. The results show that in the assessment comparison of
the three models during the 2020 SE, the OKSM had a less
average RMSE of 1.08, followed by FENN with an average
RMSE of 1.13, and DeepAR with an average RMSE of 1.44.
In terms of CC, all three models had an approximate value of
0.98 with variation only in the third decimals. From the
results, it is identified that the performance of the three
models varied across the two SEs. The models were more
reliable during 2019 and were more variable during the 2020
eclipse. These results suggest that the performance of dif-
ferent models varies based on the particular context and
conditions in which they are used.

Overall, the results suggest that even with small datasets,
OKSM gives more accurate results. With the availability of
large volume of data, FENN is the most effective model for
predicting solar eclipse performance, while the DeepAR
model is a competitive alternative.
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