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Abstract: The influence of solar activity on the ionosphere, a critical area of investigation due
to its relevance to the Sun–Earth relationship, has been extensively examined through various
methodologies. The ability of solar events to induce disturbances in both the ionosphere and the
geomagnetic field is widely acknowledged. This specific study focused on sporadic incidents resulting
from X-class solar flares that occurred between 2021 and 2022. Utilizing a methodology that involved
analyzing data at 5Hz intervals using wavelet algorithms, the data from the GNSS stations of the
National Autonomous University of Mexico (UNAM) were investigated. The primary emphasis was
on deducing the Total Electron Content (TEC) within the ionosphere. Subsequently, this parameter
for each satellite during instances of solar flares was analyzed. The approach uncovered disruptions
in the ionosphere triggered by solar flares, even in cases where events transpired at the periphery of
the solar disk and were of magnitudes smaller than X2.

Keywords: ionosphere; GNSS; wavelets; solar flare; total electron content

1. Introduction

The ionosphere, situated in the upper region of Earth’s atmosphere, maintains a
continuous state of ionization primarily caused by solar radiation. This layer spans from
approximately 60 km to 1000 km above the Earth’s surface [1]. The Earth’s ionosphere plays
a crucial role in facilitating high-frequency communication and navigation systems, serving
as a critical medium for the propagation of radio waves. It exhibits complicated spatial and
temporal changes that can disrupt the transmission of radio signals, adversely impacting
satellites, communication, navigation, and geographic location [2–6]. The ionosphere’s
Total Electron Content (TEC) is a key parameter that characterizes the integrated electron
density along the signal’s path. The TEC is the total number of electrons in the path from the
satellite to the receiver, in a column with a 1 m2 cross-section. Its unit is the TECU, where
1TECU = 1016 e/m−2 is a parameter that describes the behavior of the ionosphere [7].
During radio wave propagation, the electron density in the Earth’s atmosphere is expected
to vary over a nominal range of 1016 e/m−2 to 1019 e/m−2, being the minimum and
maximum values reached around midnight and mid-afternoon, respectively [8], and is
obtained from the signals L1 (1.57542 GHz) and L2 (1.2276 GHz) of the Global Positioning
Systems [9]. However, this region is not impervious to the influence of solar activity,
particularly solar flares—intense bursts of radiation and energy released from the Sun’s
surface. Solar flares can lead to significant disturbances in the ionosphere, impacting
TEC and affecting the reliability and performance of high-frequency communication and
navigation systems.

A solar flare, also referred to as a chromospheric burst, is a significant release of
high-energy radiation frequently observed from the Sun. It holds immense importance
in the realm of space weather due to its powerful and energetic nature [10,11]. Solar
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flares stem from the active region of the Sun, typically near a cluster of sunspots, and can
endure anywhere from minutes to hours. These solar flares represent the most powerful
and abrupt explosive events during which a substantial number of high-energy protons,
electrons, and intense radiation spanning the entire electromagnetic spectrum are emitted.
Consequently, there is a notable surge in extreme ultraviolet (EUV) and X-ray emissions,
leading to additional ionization in the dayside ionosphere [12].

Numerous studies have indicated a complex relationship between solar flares and
ionospheric perturbations, with the potential to cause disruptions in TEC. Variations in
electron density during solar flares can affect the phase and amplitude of radio signals
propagating through the ionosphere, leading to signal fading, scintillation, and navigation
inaccuracies [13–17]. Such effects can have substantial consequences for global navigation
satellite systems (GNSS), satellite-based communication links, and other applications that
rely on ionospheric propagation. Yasyukevich et al. [13] investigated the influence of
X-class solar flares on GNSS signals during the solar maximum of Cycle 24. Their study
utilized GNSS data to analyze the TEC variations caused by solar flares and assess the
impact on positioning accuracy. Sreeja [14] reviewed the space weather effects on high-
accuracy GNSS-based navigation, discussing the implications of solar flares on GNSS signal
propagation, TEC estimation, and navigation performance. Yadav et al. [15] analyzed
the impacts of the St. Patrick’s Day storm on the high-latitude ionosphere using GPS and
CHAMP data. Their study investigated the TEC variations induced by solar flares during
this geomagnetic storm. Reddybattula et al. [16] examined the ionospheric response to the
solar flare of 10 September 2017 and its impact on GNSS positioning in the Asia–Oceania
region. Their research highlighted the regional variability of TEC disturbances caused by
solar flares. Currently, much research is being carried out using GPS technology, because the
impact of the ionosphere on GPS signals provides the information necessary to understand
how the ionosphere varies temporally and spatially, and how this affects navigation and
navigation. satellite communication systems [18].

This study investigates the noteworthy influence of solar flares on TEC at high fre-
quencies, with a focus on their subsequent implications for space weather. Solar flares,
powerful bursts of high-energy radiation emitted by the Sun, have been recognized as
influential space weather events that disrupt the ionospheres electron density and cause
variations in TEC. This research methodically analyzes data from multiple Global Nav-
igation Satellite System (GNSS) stations during various solar flare events. By applying
wavelet analysis and careful consideration of sampling intervals, this study establishes the
optimal conditions for detecting and characterizing ionospheric disturbances induced by
solar flares. This research not only highlights the complex interplay between solar flares
and the ionosphere but also establishes a robust methodology for identifying and analyzing
these disturbances, contributing to our understanding of space weather impact on Earth’s
technological infrastructure.

2. Data and Methods
2.1. TEC Data

GNSS systems utilize two or three frequencies to assess the characteristics of the
ionosphere. These frequencies aid in the assessment of the ionosphere itself rather than
its influence on the signals. Having access to dual frequencies allows for a more accurate
examination of relative phase delays between signals, such as L1 and L2. A greater electron
density in the ionosphere results in a more pronounced difference between the signals,
as the impact of density on signals varies depending on their frequency [19]. Signals are
affected by the ionosphere in terms of both amplitude and phase [20]. The extent of the
dispersive effect is directly proportional to the total electron content [21].

In the conducted study, data from six GNSS stations affiliated with the Institute of
Geophysics at the National Autonomous University of Mexico were utilized (see Table 1).
The RINEX files were processed to exclusively retain the necessary parameters for the
calculation of Total Electron Content (TEC). For slant TEC, particularly in the case of TEC
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calculated from pseudorange, Equation (1) [22] was employed, characterized by noise yet
maintaining ambiguity-free characteristics [23]. To derive phase-based TEC, Equation (2)
was applied, yielding results with less noise albeit being ambiguous.

TECR = 9.52(R1 − R2) (1)

TECΦ = 9.52(λ1 ·Φ1 − λ2 ·Φ2) (2)

The values of slant TEC depend on the satellite’s elevation angle, making it necessary
to compute the vertical TEC. The vertical TEC is obtained using the mapping function
(Equation (3)), which assumes an ionospheric point of interest at a height of 350 km [24].

VTEC = STEC · cos
[

arcsin
Recos(θ)
Re + h

]
(3)

Here, Re represents the radius of the Earth (6371.2 km), h represents the height of
the ionosphere relative to the Earth’s surface (350 km), and θ denotes the elevation angle
between the satellite and the receiver, measured in degrees.

Table 1. GNSS station coordinates.

Station Latitude (N) Longitude (W) Height (m)

SPIG 31◦02′45.87′′ 115◦27′57.68′′ 2751.110
UCOE 19◦48′47.47′′ 101◦41′39.86′′ 1977.427
UNPM 20◦52′06.66′′ 86◦52′05.43′′ 1.800
OXUM 15◦39′44.09′′ 96◦29′56.50′′ 82.267
SSNX 19◦19′37.78′′ 99◦10′36.37′′ 2275.850
UTEO 19◦44′28.46” 99◦11′19.00′′ 2267.452

2.2. Wavelets

The Discrete Wavelet Transform (DWT) is a method that iteratively decomposes an
input signal, S0(n), into two lower resolution subsequences, known as approximation
and detail. The subsequences Si(n) and Wi(n) represent the approximation and detail,
respectively, of the signal at level i [25]. The calculation of the approximation of the signal
at level i + 1 is performed according to Equations (4) and (5).

Si+1(n) = ∑
k

g(k)Si(2n− k) (4)

The detail of the signal at level i + 1 can be calculated as follows:

Wi+1(n) = ∑
k

h(k)Si(2n− k) (5)

This calculation process, known as the Mallat pyramid algorithm [26], is employed for
the DWT.

According to Osorio et al. [27], in certain cases, it is advantageous to limit the amount
of data for signal processing involving wavelet coefficients. Consequently, the number of
analyzed samples is reduced by half through compression. In our scenario, even though we
had time windows ranging from 2 to 4 h, it was feasible to detect ionospheric disturbances
using wavelets at levels 7 and 8, where levels 7 and 8 are the seventh and eighth application
of the wavelet algorithms, respectively. Figure 1 displays the results of the wavelet analysis
for one of the satellites, where it can be observed that levels 7 and 8 exhibit a noticeable
disturbance at the time of the event. In addition to this, we calculated the correlation
between each of the levels and TEC, aiming to have a more solid foundation for selecting
the wavelet levels to use. This led to the conclusion that the best levels are 7 and 8.
It is worth mentioning that the application of each wavelet level is similar to applying
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filtering for high and low frequencies, with one being implemented for detail and the other
for approximation.

Figure 1. The figure illustrates the differentiation of each level’s application from 1 to 8 in wavelet
algorithms used for solar flare detection. The green rectangle is the solar flare being more distinct in
level 7 and 8.

2.3. Analysis Methods

For over thirty years, the Geostationary Operational Environmental Satellite (GOES)
series from the National Oceanic and Atmospheric Administration (NOAA) has been
responsible for measuring meteorological and space weather phenomena. One of the
essential components of the GOES-R instrument suite is the EUV and X-Ray Irradiance
Sensor System (EXIS), which consists of two instruments designed to monitor solar spectral
irradiance: the Extreme Ultraviolet Sensor (EUVS) and the X-Ray Sensor (XRS) [28]. For
our study, we utilize data from the GOES 17 satellite to select and analyze six solar flare
events that occurred during the years 2021 and 2022 (details provided in Table 2).

Figure 2 displays the positions of these solar flares on the solar disk, revealing occur-
rences both in the central region and at the periphery. Recognizing the spatial distribution
of these solar eruptions is crucial as it offers pivotal insights into solar activity dynamics.
Additionally, it is important to note that, in accordance with the Dst index (Figure 3), the
Earth’s magnetic field remained calm during this period. This calm magnetic field condition
stands as an essential factor for our study, as it ensures that disturbances arising from mag-
netic field fluctuations are minimal. The data used from the dst index were obtained from
the Center for Geomagnetism and Space Magnetism Data Analysis at Kyoto University.
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Table 2. Event Features.

Date Day Start Time Peak Time End Time Flare
GPS (UT) (UT) (UT) Class

03 July 2021 184 14:18 14:29 14:34 X1.5
28 October 2021 301 15:17 15:35 15:48 X1
30 March 2022 89 17:21 17:37 17:46 X1.3
30 April 2022 120 13:37 13:47 13:52 X1.1
10 May 2022 130 13:50 13:55 13:59 X1.5

2 October 2022 275 19:53 20:25 20:34 X1.0

-100 -80 -60 -40 -20 0 20 40 60 80 100
-100

-80

-60

-40

-20

0

20

40

60

80

100

120

july 3 2021

October 28 2021

March 30 2022

April 30 2022

May 10 2022

October 2 2022

Figure 2. Location of the solar flare on the solar disk.

When investigating the Total Electron Content (TEC) on a per-station basis, we risk
overlooking significant insights offered by analyzing TEC data for individual satellites. The
computation of TEC for each station mandates the application of diverse filters to counter
temporal mean effects that arise as the number of visible satellites observed by the station
fluctuates. By individually scrutinizing TEC for each satellite, a more intricate evaluation of
TEC conditions becomes achievable. To further enhance our understanding of ionospheric
perturbations, we calculated TEC at 5 Hz intervals, allowing us to capture ionospheric
fluctuations every 1/5 of a second.

The deployment of multiple monitoring stations played a pivotal role in mitigating
distortions arising solely from the peculiarities of a single station’s receiver. Employing
wavelet analysis for TEC examination enabled us to distinctly and concisely pinpoint
the influence of solar flares on TEC while simultaneously highlighting distinct frequency
components evident over time.



Remote Sens. 2023, 15, 4626 6 of 17

Figure 3. Variations of the Dst index during the events.

3. Results and Discussion
3.1. Event 1 (3 July 2021)

The event on 3 July 2021 took place in region AR12838, located in zone N24 W88,
reaching a higher intensity in the X1.59 type flare, starting at 14:18 UTC and reaching
its maximum intensity at 14:29 UTC, ending at 14:34 UTC. Although the event occurred
in a location that was not favorable for its study, alterations in the ionosphere can still
be found due to the implemented methodology. During the event time period, we have
information from six GNSS stations (UTEO, UNPM, OXUM, SPIG, SSNX and UCOE), with
an average of five satellites’ information for each station during the event hour, with a
window from 13:00 UTC to 15:00 UTC. Figure 4 shows the results of the event for only
OXPE station (PRN 14), including X-ray irradiance measurements, vTEC, and wavelet
details at different levels over a 2-hour period in UTC time. On the other hand, Figure 5
shows the wavelet results for the same event utilizing all six stations. In these, it is possible
to identify the event in question; however, at the SSNX station, despite identifying the
event, there are signal alterations that are not shown in other receivers, even though they
interact with the same satellites. Therefore, for this station, it could be said that this is due
to disturbances independent of the solar flare, or even noise from the receiver. Satellite
30 presented alterations at the beginning of the time window for all receivers; nevertheless,
it is possible to identify the alterations that occurred due to the solar flare. Satellites 15 and
19 of the SPIG station had a poorer response, making it difficult to clearly identify the event.
A possible cause of this could be the location of the station, which is further north than the
other stations studied.

The solar flare occurred on 3 July 2021, but according to the magnetic field and GOES
17 satellite data, the previous day (2 July 2021) was calm (without external disturbances in
the ionosphere). Therefore, for comparative purposes, we applied the same algorithms to
this quiet day, yielding random and nonsensical alterations as results. This is in contrast
to when a solar flare occurs, resulting in disturbances across all stations at a specific time
(during the solar flare event). For each of the events, we followed the same procedure,
generating a graph for a calm day and another for the event day. In the case of Event 1,
Figure 6 presents the obtained results.
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Figure 4. Results from the X1.59 solar flare event that occurred on 3 July 2021, in Region AR12838
(Zone N24 W88) for the OXPE station (PRN 14). The upper graph shows two irradiance measure-
ments within the X-ray part of the electromagnetic spectrum, which were obtained through solar
observations. These measurements originate from the XRS-A and XRS-B channels. The XRS-A
channels detect wavelengths ranging from 0.05 to 0.4 nm, represented by the solid blue line, while
the XRS-B channels cover wavelengths from 0.1 to 0.8 nm, represented by the solid red line. In the
middle graph, the vTEC (vertical total electron content) is depicted as a solid red line measured in
TECU, and it is accompanied by wavelet details at level 8 (WD8), represented by blue column bars.
The last graph displays the wavelet details at all levels (WD D1-D8) together. The X-axis represents
the time in UTC for a 2-hour period, with each grid corresponding to 30 min.

3.2. Event 2 (28 October 2021)

On 28 October 2021, there were two intense solar flares observed. One of these flares
was categorized as type M with an intensity level of M8.77, while the other was of type
X with an intensity of X1.06. The M-type flare was observed during the nighttime hours.
As a result, the focus of the study is directed towards the X-type flare, which attained its
peak intensity at 15:35 UTC. The initiation of this flare took place at 15:17 UTC, and its
conclusion was marked at 15:48 UTC. The origin of this X-type flare was traced back to the
solar region known as AR12887, situated at coordinates S28 E10.

The impact of this event was visible at the three designated stations, namely, UNPM,
SPIG, and UCOE. These stations encountered notable disturbances during the time of the
flare. It is worth noting that Satellite 24 displayed an unusual noise pattern at 17:48 UTC.
This occurrence is potentially linked to noise originating from the mentioned satellite,
especially considering the considerable geographical separation between the stations where
the noise was detected.

Event 2 exhibited comparable features to the previous one, even though, in this
instance, we had fewer satellites accessible across all stations. Nonetheless, a pronounced
disturbance was evident, coinciding with the solar flare’s occurrence. However, during
the calm day, the alterations appeared random, lacking a consistent pattern attributable to
flare-induced disruptions (Figure 7).
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Figure 5. The wavelet results for the same event with accordance to all the six stations (OXPE, SPIG,
SSNX, UCOE, UNPM, UTEO), each with three PRNs. The specific details for each station align with
those depicted in Figure 4.
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Figure 6. Visualization of Total Electron Content Wavelet Analysis from GNSS Signals for the Event
on 3 July 2021
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Figure 7. Visualization of Total Electron Content Wavelet Analysis from GNSS Signals for the Event
on 28 October 2021.

3.3. Event 3 (30 March 2022)

On 30 March 2022, the Sun emitted a solar flare in the AR12975 region, which reached
an X1.38 type intensity. This flare originated at location N16 W38, starting at 17:21 UTC,
reaching its maximum intensity at 17:37 UTC, and ending at 17:46 UTC. This event caused
disturbances in the ionosphere that were visible at all analyzed stations (UNPM, OXUM,
SPIG, SSNX, and UCOE). In addition, for satellites 7 and 30, signal noise increased after
the event.

In this instance, the alterations were also noticeable, although not as pronounced as
the previous ones. Nonetheless, it remains possible to identify the moment of the solar
flare. The results from the calm day display alterations that would not be associated with
the flare but rather with the daily ionospheric cycle (Figure 8).
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Figure 8. Visualization of Total Electron Content Wavelet Analysis from GNSS Signals for the Event
on 30 March 2022.

3.4. Event 4 (30 April 2022)

The event of 30 April 2022 occurred in the solar spot region AR12994, located on
the solar disk at N19 W90. Despite being in this location, it is possible to analyze the
impact of this flare on the Earth’s ionosphere, which was generated at 13:37 UTC, reached
its maximum at 13:47 UTC, and ended at 13:52 UTC. The results of this event show a
considerable increase in the wavelets after the event (Figure 9). This is a visible pattern
where the flare did not have much impact. In this case, it is mainly noticeable in satellite
4. Additionally, it is possible to appreciate that there is not as much impact for the SPIG
station as in the others, because this station is further north. The same happened in the
other case where the location of the flare on the solar disk was very close to the edge.

During this event, we observed more distinct patterns of the diurnal cycle during the
calm day. As the ionosphere began to charge, frequencies that impact the wavelet results
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were detected. Once the increase subsided, the wavelets also decreased. However, con-
cerning the event detection, the day of the event was clearly and concisely distinguishable
(Figure 9).

Figure 9. Visualization of Total Electron Content Wavelet Analysis from GNSS Signals for the Event
on 30 April 2022.

3.5. Event 5 (10 May 2022)

On 10 May 2022, a solar flare of X1.5 type occurred in the AR13006 region located at
S31 W10. The peak intensity was reached at 13:55 UTC, while the onset and end of the flare
were recorded at 13:50 UTC and 13:59 UTC, respectively. During this event, all stations
(UNPM, OXUM, SPIG, SSNX, and UCOE) experienced disturbances in the ionosphere, and
the disturbances could also be observed in all satellites.

This event exhibited the most significant alterations in the wavelet results (Figure 10),
displaying a pronounced disturbance with values nearing 0.05 at the level of detail 8.
Considering that the average for the other events is around 0.02, this event experienced
a more substantial alteration according to the wavelets. One possible reason for such
pronounced disturbances in this event could be its solar flare’s location on the solar disk,
originating from the central part of the Sun. It is worth mentioning that, in the case of
the calm day, we obtained maximum wavelet values less than 0.01, demonstrating the
correlation between flare-induced disturbances and wavelet outcomes.
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Figure 10. Visualization of Total Electron Content Wavelet Analysis from GNSS Signals for the Event
on 10 May 2022.

3.6. Event 6 (2 October 2022)

The event of 2 October 2022 began at 19:53 UTC, reached its peak intensity at 20:25 UTC,
and ended at 20:34 UTC. The genesis of this event can be traced back to the coordinates
N16 W50, pinpointing the origin within the solar region AR13110. The impact of the solar
flare on each of the satellites for all stations can be observed in the wavelet results. While
some satellites show disturbances in the wavelets independent of the solar flare’s impact,
the maximum values of the wavelets occur precisely when the solar flare happens (see
Figure 11).

The wavelet outcomes for this event revealed subtle alterations during the solar flare.
Despite their subtlety, it was feasible to discern the moment when the flare impacted the
ionosphere and distinguish between the results of a calm day and a day affected by the
flare-induced disturbances (Figure 11).
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Figure 11. Visualization of Total Electron Content Wavelet Analysis from GNSS Signals for the Event
on 2 October 2022.

Conducting the methodology’s implementation on days characterized by tranquil
Total Electron Content (TEC) conditions, unaffected by storms or phenomena that atypically
disrupt the TEC, is pivotal. This approach allows for the comparison of results between
normal days and days influenced by solar flares, as seen in prior events. However, by
conducting an aggregation of wavelet results for each station, a coherent and distinctive
pattern emerges, revealing the solar flare’s consistent impact on the total electron content
within the ionosphere. This visual representation is showcased in Figure 12, where the
average wavelet trends per station are depicted. This illustration unmistakably underscores
that all events exhibit a discernible surge in wavelet values across all the stations employed
in the analysis.
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Figure 12. Averaging the wavelets per station of the analyzed events.

4. Conclusions

The comprehensive investigation into the interplay between solar flares and the iono-
sphere has yielded profound insights that hold vast implications for both scientific knowl-
edge and practical applications. Through meticulous data analysis, strategic methodology
selection, and rigorous validation, a nuanced understanding of the intricate relationship
between these space weather events has emerged. A pivotal discovery arising from this
study is the significant influence of sampling intervals on the detection and characterization
of ionospheric disturbances induced by solar flares. The identification of previously unno-
ticed variations at high frequencies within the Total Electron Content (TEC) during solar
flare events underscores the critical importance of selecting appropriate sampling intervals.
The establishment of a 5 Hz sampling interval as optimal not only enhances the capture
of sporadic events but also ensures efficient data processing. This choice was determined
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through comprehensive testing, which demonstrated that higher sampling rates led to
increased data volume without significantly improving event detection accuracy, while
lower rates risked missing important fluctuations in TEC during solar flare events.

Furthermore, the implementation of wavelet analysis, particularly at levels 7 and 8, has
provided unprecedented accuracy in portraying ionospheric perturbations caused by solar
flares. This refined methodology, capable of detecting minute anomalies at 0.1 TECU and
2 Hz intervals, reaffirms its effectiveness in unraveling even subtle ionospheric fluctuations.
The investigation reveals the influence of solar flares, specifically those of X-class intensity
up to X2, on the ionosphere. Disturbances originating from solar flares even at the solar
disk periphery emphasize the far-reaching consequences of these events. The convergence
of anomalies across multiple monitoring stations solidifies their authenticity and estab-
lishes them as significant events with substantial implications for ionospheric dynamics.
The study findings have been robustly validated through application to event-free days,
confirming their accuracy and reliability. The alignment of detected perturbations with
the onset and termination phases of solar flares further supports the causal link between
solar flares and ionospheric disturbances, reinforcing the importance of these findings in
the context of space weather phenomena.

In summary, this intricate study, involving thorough data analysis and accurate tech-
niques, provides a novel approach for detecting solar influences on the ionosphere. While it
represents an important step, further research is needed to deepen our comprehension of the
complex interaction between solar flares and the ionosphere. Examining the ionosphere at
these specific time points reveals certain frequencies that go unnoticed when investigating
Total Electron Content (TEC) through individual stations and at lower frequencies.
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