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Abstract

Previous studies have mainly examined
the ionospheric effects of intense M- and
X-class solar flares, while the influence of
weaker B-class and sub-B-class nanoflares
remains insufficiently understood. This
study investigates changes in electron den-
sity within the ionospheric D-region dur-
ing nanoflares occurring near the maxi-
mum of Solar Cycle 25. Solar X-ray flux
was obtained from GOES satellite observa-
tions, while electron density was estimated
through mathematical modelling that con-
sidered X-ray intensity, solar zenith angle,
atmospheric composition, ionization, and
recombination processes. Statistical anal-
ysis revealed a strong relationship between

X-ray intensity and D-region electron den-
sity, with a coefficient of determination of
approximately R?> = 0.97. The results
show that even weak B-class nanoflares
can produce measurable ionospheric dis-
turbances and increase electron concentra-
tion. The cumulative influence of repeated
nanoflares may also contribute to iono-
spheric variability. These findings improve
understanding of weak solar events and
may support more accurate ionospheric,
communication, and navigation models.

Keywords: solar activity, solar flares, mag-
netic reconnection, coronal heating, space
weather
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1. INTRODUCTION

The D layer is the lowest region of the Earth’s ionosphere, extending approximately 60—-90 km above the Earth’s surface.
Although itis less ionized and has a lower electron density than the E and F layers, it experiences frequent collisions between
free electrons and neutral atmospheric molecules [[1]. These collisions result in considerable non-deviative absorption of
high-frequency (HF) radio waves, commonly referred to as anomalous absorption. Consequently, the D layer plays an
important role in attenuating radio signals and can affect communication and navigation systems during daylight hours.

Solar ultraviolet (UV) and X-ray radiation are the primary sources of ionization responsible for the formation of the
D layer, making it most prominent during the daytime [2]. As dusk approaches, recombination begins to dominate over
ionization, causing the layer to almost completely disappear within 2-3 hours. Because of the high collision frequency,
the D layer generally does not reflect radio waves but instead absorbs their energy, particularly at frequencies between 1
and 30 MHz. This process differs substantially from the deviative absorption observed in the higher ionospheric layers,
where wave deflection near the reflection point is the dominant mechanism [3|.

During a solar flare, which is a rapid and powerful release of energy from the Sun, the intensity of X-ray and extreme
ultraviolet (EUV) radiation can increase substantially within a few minutes. This enhanced radiation penetrates the D layer
and rapidly increases its electron density. The resulting sudden ionization produces a phenomenon known as a Sudden
Ionospheric Disturbance (SID), which may be observed as enhanced radio-wave absorption or a shortwave fadeout [4].

Previous studies have mainly focused on intense M- and X-class solar flares because their high energy levels are
sufficient to produce clearly detectable disturbances in the D layer. However, the effects of weaker B-class and sub-B-class
flares, sometimes described as nanoflares or microflares, remain poorly understood, particularly near the maximum of
Solar Cycle 25. These weaker events occur more frequently, yet it remains unclear whether they can produce measurable
changes in D-layer electron density, either individually or through their cumulative effects. Moreover, no comparative
study has comprehensively examined the combined influence of such minor solar events and their associated coronal mass
ejections (CMEs) on D-layer ionization [5]].

To address this research gap, the present study investigates the effects of B-class and sub-B-class solar eruptions,
together with their associated CMEs, on D-layer electron density during the solar-maximum phase of Solar Cycle 25
[6]. The investigation of these low-intensity events is intended to determine whether relatively weak solar flares can still
produce statistically significant ionospheric disturbances. The findings may challenge the conventional assumption that
the geoeffectiveness of solar flares in the D layer is limited exclusively to large-scale events [7].

2. METHODOLOGY

2.1. DATA ACQUISITION AND ELECTRON-DENSITY MODELLING

This study examines the relationship between solar-flare intensity and ionospheric electron density during the maximum
phase of Solar Cycle 25. The adopted methodology comprised data acquisition, data processing, mathematical modelling,
and statistical analysis.

Information on solar flares was obtained from the Space Weather Live database [8]. Solar events belonging to the B,
M, and X classes were considered. The collected data included the start time, peak time, end time, and X-ray flux of each
flare. The flare intensities were classified according to the Geostationary Operational Environmental Satellite (GOES)
classification system and were expressed in W m~2.

Variations in ionospheric electron density, V., were estimated using a mathematical model describing ionization caused
by solar X-ray radiation [9]]. The model incorporated several important parameters, including the solar zenith angle, the
altitude of the ionospheric layer, and the geographical latitude of the study location in Nasiriyah. The solar zenith angle
was calculated as a function of time and location and was subsequently used to determine the effective intensity of solar
radiation.

The ionization processes in the ionosphere were represented using empirical relationships describing the dependence
of ionization on X-ray flux. Changes in [N, were evaluated for each solar event, with particular attention given to short
periods of enhanced electron density. The electron density was calculated as

_[nIzon(h)
Ne = ”W’ ey

where 7) is the ionization efficiency, which ranges from 0.3 to 0.4, depending on the type of atmospheric gas; I, is the
incident X-ray intensity, measured in W m~2; ¢ is the ionization cross-section; n(h) is the density of neutral particles at
altitude h; and B(h) is the recombination coeflicient at altitude h.

The incident X-ray intensity was adjusted according to the solar zenith angle using
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I on = I, cos(x), (2)

where y represents the solar zenith angle. The ionization cross-section was taken as
o=2x10""m"
The solar zenith angle was calculated according to the geographical location and local time using

cos(x) = sin(¢) sin(d) + cos(¢) cos(d) cos(H), (3)

where ¢ is the geographical latitude, ¢ is the solar declination angle, and H is the hour angle. The solar declination angle
was determined using

360
0 =2344sin | —— |, 4
o {365(65— 81)] @
where d represents the day of the year. The hour angle was calculated as
H =15 (tlocal - 12) ) (5

where ¢, 1S the local time expressed in hours.

2.2. SOLAR-FLARE EVENTS AND RELATIONSHIP ANALYSIS

Table [T] presents the selected B-class microflare events during Solar Cycle 25, together with their start, peak, and end
times, estimated electron densities, and corresponding X-ray fluxes.

Table 1. B-class microflare events during Solar Cycle 25 and the corresponding electron densities and X-ray fluxes.

Event Date Solar-flare class Time Electron density, N, (cm™3) X-ray flux (W m~2)
Year/Month/Day Start | Peak | End
1 2024/04/09 B6.7 05:53 | 06:01 | 06:05 0.003521016 1.79076E-08
2 2024/04/09 B6.4 08:41 | 08:45 | 08:50 0.016374683 3.87299E-07
3 2024/04/09 B7.9 08:54 | 09:05 | 09:18 0.018732445 5.06862E-07
4 2024/04/10 B6.8 05:21 | 05:27 | 05:31 0.018108926 9.09912E-08
5 2024/04/10 B8.1 08:33 | 08:42 | 08:50 0.018108926 4.73681E-07
6 2024/04/10 B7.3 08:50 | 08:54 | 08:58 0.017892511 4.62427E-07
7 2024/03/08 B9.1 15:23 | 15:36 | 15:55 0.017834281 4.59422E-07
8 2024/03/13 B8.4 08:10 | 08:22 | 08:33 0.01559583 3.51332E-07

Figure|[I|represents the experimental relationship between electron density in the Earth’s ionosphere and the X-ray flux
measured during microflare events in Solar Cycle 25. Each point represents a successive measurement associated with an
event of a different intensity, demonstrating the response of the ionosphere to sudden variations in solar radiation.

The figure shows an overall increasing trend between X-ray flux and V.. As the X-ray flux increases, the number of
free electrons in the ionosphere also increases [10]. At relatively low values of electron density, N, < 0.005cm 3, the
radiation intensity is approximately 1 x 107 W m~2. As IV, increases to approximately 0.015-0.020 cm 3, the radiation
intensity increases to approximately 5—6 x 10~7 W m~2. This trend indicates that ionospheric ionization increases with
increasing solar-flare intensity [11]].

The observed relationship is not perfectly linear. At electron-density values greater than 0.015 cm ™3, the X-ray flux
increases more rapidly, indicating a possible transition from a linear to a nonlinear response in the ionization process. This
behaviour is attributed to the enhancement of secondary ionization processes within the ionospheric layers as the X-ray
flux increases. These processes may produce a rapid and nearly twofold increase in the number of free electrons over a
short period [12].

Each point in the figure represents a short-duration solar event, referred to as a microflare, with a duration that generally
does not exceed 10-15 minutes. The observations indicate that short-duration events with relatively high intensities
produce the greatest changes in V.. A sudden increase in X-ray flux causes rapid ionization of the ionospheric D region
and consequently produces an immediate change in the electrical conductivity of the atmosphere. The direct relationship
between X-ray flux and N, therefore represents the instantaneous response of the ionosphere to solar activity [13]].

Linear-regression analysis of similar data produced a coefficient of determination of approximately

R* ~0.97.

No. 24, January - December 2026 - ISSN 1657-463X - e-ISSN: 2389-9638
pp- 875 - 883



Significant D-Region Electron Density Enhancements Induced by B-Class Solar Nanoflares 879

This value indicates a strong statistical relationship between X-ray flux and electron density. Within the fitted regression
model, more than 97% of the variation in electron density is explained by variations in solar-radiation intensity [14]].

The strong positive relationship between X-ray flux and N, indicates that microflares contribute substantially to
the redistribution of electrons within the ionosphere. An increase in X-ray flux produces a considerable increase in
electron density because of the increased photon energy and ionization efficiency. Stronger flare events, particularly those
approaching the X-class range, produce the largest effects and may therefore contribute significantly to disruptions in
terrestrial communication and radar systems during periods of elevated solar activity [[15]].

As the X-ray flux increases from approximately 1 x 10~7 to 6 x 10~ W m~2, N, increases from approximately 0.003
to more than 0.018 cm 3. This relationship demonstrates the high sensitivity of the ionosphere to short-duration solar
disturbances and supports the importance of solar microflares in modifying the electron structure of the Earth’s atmosphere.

Overall, the adopted approach progresses from a general description of ionospheric phenomena to a detailed represen-
tation of the instrumental and physical mechanisms involved. It therefore provides an explanatory model of the sensitivity
of the ionospheric D region. The findings contribute to theoretical knowledge of plasma physics under specific solar
conditions and may support the development of more efficient practical applications for communication, navigation, and
radar systems [[16]].
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Figure 1. Relationship between electron density and X-ray flux for X- and M-class solar flares in 2014.

2.3. COMPARATIVE PHYSICAL AND STATISTICAL INTERPRETATION

The first diagram demonstrates an approximately linear relationship resulting from the relatively low photon density and
the corresponding quasi-stable ionospheric response. In the second diagram, the relationship becomes accelerated beyond
the threshold value N, = 0.1 cm~3. This accelerated response is attributed to secondary and tertiary ionization processes.
The first diagram therefore represents the initial stage of ionization, whereas the second represents the amplification and
saturation stages.

The ionospheric response shown in the first diagram is comparatively slow and limited, indicating that B-class events
produce only a small change in the electron structure. In contrast, the response shown in the second diagram is immediate
and substantial, reflecting the higher energy of M- and X-class flare events. These events can double the ionization level
within minutes. The comparison therefore represents the transition of the ionosphere from a quasi-stable state to a highly
disturbed state as the radiation intensity increases.

The linear-regression curve in the first diagram shows a strong positive correlation between X-ray flux and electron
density. The second diagram also demonstrates a positive relationship; however, this relationship is nonlinear. A linear

No. 24, January - December 2026 - ISSN 1657-463X - e-ISSN: 2389-9638
pp- 875 - 883



880 Cultura Cientifica

model may therefore be inadequate for representing the accelerated response observed at higher values. An exponential or
quadratic model may provide a more appropriate representation of this behaviour.

From a physical perspective, the first diagram represents the initial interaction between weak solar radiation and the
ionosphere, during which a limited number of electrons are excited. The second diagram represents a phase of enhanced
ionization activity, in which electron density increases substantially with each increase in X-ray flux. This enhanced
ionization may lead to disruptions in communication and radar systems.

The comparative analysis therefore identifies an approximately linear relationship between the gradual increase in X-ray
flux and the limited increase in V., which is characteristic of weak B-class microflares. In contrast, strong M- and X-class
flare events demonstrate a nonlinear relationship between increasing X-ray flux and the sudden increase in N, [17]]. This
rapid increase in electron density indicates a transition of the ionosphere from a stable state to a highly disturbed state as
the incident radiative energy increases, as illustrated in Figure T] [18].

3. DISCUSSION

3.1. IONOSPHERIC RESPONSE TO M- AND X-CLASS SOLAR FLARES

Table [2] presents the selected M- and X-class solar-flare events during Solar Cycle 24, together with their occurrence
times, electron concentrations, and incident radiation intensities.

Table 2. Selected M- and X-class solar-flare events during Solar Cycle 24.

Event No. Date Flare class Time Electron concentration, N, (cm~3) | Incident radiation intensity (ergcm—2s~1)
YYYY/MM/DD Start Peak End
1 2012/01/06 MI1.13 10:08 | 10:12 | 10:15 0.070489076 7.17703E-06
2 2012/01/07 M2.14 07:49 | 07:54 | 07:56 0.069213004 6.91952E-06
3 2012/01/16 M1.34 11:30 | 11:36 | 11:39 0.089508832 1.15726E-05
4 2012/01/26 M1.27 07:45 | 07:50 | 07:52 0.055111966 4.38725E-06
5 2012/01/26 M1.92 17:19 | 17:23 | 17:26 0.040809040 2.40555E-06
6 2012/09/02 M1.02 17:45 | 17:49 | 17:52 0.043412543 2.72227E-06
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Figure 2. Relationship between electron concentration and X-ray flux for M- and X-class solar flares.

Figure [2] illustrates the relationship between incident radiation intensity and electron density in the D region of the
ionosphere during the winter of 2012 in association with M- and X-class solar flares. The data demonstrate a direct
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relationship between these two variables. This result indicates the strong influence of medium- and high-intensity solar
flares on the plasma properties of the lower ionosphere, particularly during winter, when the background radiation level is
lower than that observed during other seasons.

The results show that increasing electron density is accompanied by a substantial increase in incident radiation intensity.
This relationship indicates that the ionospheric D region responds effectively to radiative variations caused by M- and
X-class solar flares. Such behaviour can be explained by the high penetrating power of the X-ray and extreme-ultraviolet
radiation emitted during these events. This radiation enhances the direct ionization of neutral atmospheric molecules, even
under winter conditions, when ionization rates are generally lower.

The data further indicate that the ionospheric response is approximately linear within the investigated range. This
behaviour suggests that the plasma system in the D region did not reach ionization saturation despite the relatively high
intensity of some events, particularly the X-class flares. The result reflects the capacity of this layer to absorb radiative
disturbances and rapidly redistribute electrical charges. This response is associated with the short lifetime of free electrons
and the high recombination rates in the D region, distinguishing it physically from the higher ionospheric regions.

3.2. CHARACTERISTICS AND SPACE-WEATHER EFFECTS OF CORONAL MASS EJECTIONS

The analysis of 359 coronal mass ejections (CMEs) during the early phase of Solar Cycle 25 indicates that a substantial
number of these events had high velocities of at least 500 kms~! and large angular widths of at least 60°. These
characteristics indicate a high level of solar activity during the period under investigation.

The data also show that some CMEs were associated with C-, M-, and X-class solar flares. Several halo CMEs
were included in the dataset, indicating their potential to affect the Earth’s magnetosphere. The temporal distribution
of the events reveals considerable variation in solar activity. However, only a limited number of CMEs produced strong
geomagnetic storms, demonstrating that not every CME generates a substantial space-weather disturbance.

The geoeffectiveness of a CME depends on several parameters, including the orientation of the interplanetary magnetic
field (IMF), the velocity of the CME, its angular width, and the characteristics of the associated shock wave. These
findings are consistent with previous studies, including that of Lario et al., which identified CME velocity, angular width,
and the presence of shock waves as important factors controlling the capacity of solar events to accelerate high-energy
solar energetic particles (SEPs) and produce space-weather disturbances.

The findings are also consistent with the occurrence of SEP events accompanied by shock waves that continuously
accelerate particles as they propagate towards the Earth. Nevertheless, the interaction among solar-flare intensity, CME
characteristics, shock development, and planetary conditions remains complex. A high CME velocity or large angular
width alone may therefore be insufficient to produce a strong geomagnetic response.

3.3. LIMITATIONS AND FUTURE RESEARCH DIRECTIONS

Several limitations of the available data should be considered. These include incomplete observations at certain times,
possible uncertainties in the determination of CME velocity and radiation intensity, and the complex interaction between
solar and planetary factors. These limitations indicate the need for further research based on multi-instrument observations
and numerical simulations to improve understanding of CME dynamics and their influence on space weather.

The analytical scope should also be extended to include multiple solar cycles. Such an extension would make it possible
to identify potential long-term variations in CME behaviour and determine whether their dynamical properties change
between successive solar cycles. Addressing the current methodological and observational limitations may also reveal new
aspects of the relationship between CMEs, solar energetic particles, geomagnetic storms, and ionospheric disturbances.

Tracking CMEs through the interplanetary medium and identifying their associated shock waves remain major ob-
servational challenges. The lack of space-based sensors capable of providing continuous and comprehensive coverage
between the Sun and the Earth, a distance of approximately one astronomical unit (1 AU), restricts the ability to observe
their complete evolution.

Current satellite coverage is particularly limited in the region extending from approximately 70 solar radii to the Earth’s
magnetosphere, where white-light observations become difficult. To compensate for this limitation, previous studies have
combined radio observations with solar electron-density models to track changes in CME velocity and estimate their
acceleration during propagation.

These comparisons should be strengthened through more detailed investigations that integrate plane-of-sky measure-
ments with recent observational and modelling techniques. Such analyses are required to determine whether a CME
undergoes acceleration or deceleration while travelling through the interplanetary medium. More advanced methodologies
are therefore needed to describe the transition of CMEs from the solar corona to the interplanetary medium and subse-
quently to the near-Earth space environment. These improvements would reduce uncertainties in existing models and
enhance the predictive accuracy of space-weather disturbances.
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4. CONCLUSIONS

The study has analyzed the behavior of the D-layer region of the ionosphere in case of low-intensity solar activity
in relation to B-class and sub-B-class solar nanoflares. The obtained analysis showed that there is a direct relationship
between variations of solar X-ray flux and electron density variations in the D-layer of the ionosphere, proving that even
low-intensity solar activity can create disturbances in the ionosphere.

Statistical results have indicated that the investigated variables have a high correlation, meaning that fluctuations in
radiation of the Sun have a leading effect on ionization of the D-layer of the ionosphere. In contrast to the traditional
view about ionospheric disturbances being caused by major M- and X-class flares, the analysis has provided evidence for
small-scale solar events having substantial influence on the electron distribution in the lower part of the ionosphere.

Therefore, from a practical perspective, the obtained results provide valuable information about radio wave absorption
and communication system efficiency. Taking into account weak solar events when building forecasting models of the
ionosphere can improve forecasting accuracy and provide a more comprehensive description of solar influences on near-
Earth space. Future investigations should extend the analysis to multiple solar cycles, different geographical locations, and
real-time observational datasets to better quantify the cumulative effects of nanoflares on the Earth’s atmosphere

S.  SCIENTIFIC SIGNIFICANCE OF THE STUDY

The significance of this research for science is the contribution made to the study of the influence of weak solar flares on
the lower layers of the ionosphere of the planet Earth. This area, unfortunately, was not sufficiently studied, while studies
into the influence of powerful M- and X-class flares have attracted the attention of many scientists during recent decades.
Nevertheless, the present research proves the possibility of B- and sub-B-class nanoflares influencing the ionosphere as
well.

This research supports the hypothesis of the contribution of solar flares occurring frequently with low energy levels into
the creation of an ionization balance in the lower layers of the Earth’s ionosphere, namely in the D-region. The obtained
results add new information to the current state of knowledge about energy transfer from the Sun to the planet Earth’s
atmosphere.

In addition, the findings of the present research have practical importance as they can be used for further developing
forecasting models concerning possible solar activity. They may be helpful in making predictions about the behavior of
the lower ionosphere of the Earth. This information may prove valuable for radio communication technologies and other
navigation devices.
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