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Abstract

The X1.59 solar flare on 3 July 2021, was the first X-class flare of Solar Cycle 25 and the
first since the X-class flare on 10 September 2017. This event was notable for producing
a rare geomagnetic crochet, a temporary and localized perturbation in Earth’s magnetic
field during the flare’s peak. To the best of our knowledge, this study represents the
first VLF-based analysis of this event, as well as the first comprehensive multi-instrument
investigation of it. VLF observations from the NAA and DHO transmitters were used
to investigate the ionospheric response via amplitude and phase variations. Key low
ionosphere parameters, including the effective reflection height, sharpness factor, time
delay and electron density profiles were derived. The results reveal rapid ionospheric
responses closely correlated with X-ray flux peaks, including sudden phase and amplitude
perturbations indicative of increased low ionosphere ionization and the geomagnetic
crochet effect. Simultaneously, cosmic-ray measurements from ground detectors showed
negligible modulation and no significant Forbush decrease, consistent with the flare’s
weak and partially Earth-directed CME. Also, the spectrum of energetic protons measured
in-situ in near-Earth space shows little disturbance. This integrated study demonstrates the
sensitivity of the lower ionosphere to intense solar radiation and highlights the limited short-
term impact on cosmic-ray and solar energetic proton flux, providing a comprehensive
assessment of flare-driven space-weather effects during the early phase of Solar Cycle 25.

Keywords: solar flares; solar cycle 25; atmospheric ionization; sudden ionospheric
disturbances; ionospheric parameters; neutron monitor; muon detector; solar energetic
particles; cosmic ray flux; extreme radiation

1. Introduction

Solar wind plays a fundamental role in shaping the heliosphere and mediating the
interaction between solar activity and planetary environments. It is a continuous, super-
sonic outflow of plasma from the solar corona, composed primarily of electrons, protons,
and alpha particles, with embedded interplanetary magnetic fields carried outward from
the Sun. Superimposed on quasi-steady solar wind, transient solar events can produce sig-
nificant enhancements in the flux and energy of charged particles [1]. Among these events,
X-class flares, resulting from the rapid release of stored magnetic energy through magnetic
reconnection in active regions, can lead to intense electromagnetic radiation across the spec-
trum and efficient acceleration of charged particles. Following X-class flares, an additional
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flux of high energy charged particles, commonly referred to as solar energetic particles or
SEPs, is frequently observed. These particles, predominantly protons but also including
electrons and heavier ions, can be accelerated to relativistic energies either directly at flare
reconnection sites or at shock fronts when the flare is accompanied by a coronal mass
ejection. The resulting SEP events produce pronounced, time-dependent enhancements in
particle fluxes that propagate through the heliosphere along interplanetary magnetic field
lines, often reaching Earth within minutes to hours after flare onset. The injection of this
additional charged particle population significantly alters the local plasma environment
and enhances geomagnetic activity through interactions with planetary magnetospheres.

Solar flares (SFs) and coronal mass ejections (CMEs) have long been recognized as the
main drivers of space-weather disturbances that affect the ionosphere [2—4].

It is well established that CME is a large-scale eruption of hot, magnetized plasma
that is often closely associated with a solar flare. Unlike flare radiation, which reaches
Earth in minutes, the charged particles carried by a CME require one to several days to
arrive. Upon impact, the CME’s magnetic field and energetic particles can cause further
disturbances to radio communication, satellite operations, and electrical power systems
(e.g., [5-7]). These eruptions modify ionization in the upper atmosphere, where enhanced
X-ray and EUV radiation and CME-driven disturbances alter ionospheric conditions and
impact radio-wave propagation [8-12]. The resulting ionization changes depend on flare class
and temporal evolution [13,14], and are commonly diagnosed using Very Low Frequency
(VLF)-Low Frequency (LF) radio techniques [15-24]. These disturbances can disrupt GNSS
and HF communication and may induce short-lived magnetic responses such as geomagnetic
crochets [25-28]. Near solar-cycle maximum, SFs are often followed by CMEs [29], whose
interplanetary counterparts (ICMEs) transport plasma and magnetic flux, accelerate SEPs
and local Energetic Storm Particle (ESPs), and are continuously monitored by spacecraft [30].
ICME-driven IMF enhancements modulate galactic cosmic rays, producing Forbush decreases
(FDs) characterized by rapid CR depressions and gradual recoveries [31], with well-established
links to solar-wind parameters [32-34]. Because extreme space-weather events pose risks
to satellites, communications, aviation, and human spaceflight, despite their relatively low
but non-negligible occurrence probability [35], understanding ionospheric responses to SFs
remains crucial for technological resilience and forecasting capability [36-39].

Connection between SEP and the impact of the X1.59 Solar Flare of 3 July 2021 on
CR flux and heliospheric and ionospheric disturbance can lead to better understanding of
complex phenomena that starts at the Sun and end on Earth surface.

The X1.59 flare on 3 July 2021 was the first X-class solar flare of Solar Cycle 25 and
the first since the X-class flare on 10 September 2017. The X1.59 solar flare of 3 July 2021
began at 14:18 UT, reached its peak intensity at 14:29 UT, and concluded at 14:34 UT, with a
time duration of approximately 16 min, characterized as a short-duration SF. This flare was
notable for causing a rare phenomenon called a geomagnetic crochet, which involves a
temporary, localized change in Earth’s magnetic field during the flare’s peak.

The X1.59 (X1.5) SF originated from Active Region AR 2838 (see Figure 1a), positioned
near the solar limb. The flare peaked at 14:29 UTC and was detected by the GOES-16 satellite
as a sudden, intense burst of X-ray radiation (Figure 1b). This eruption produced a strong
R3 (Strong) radio blackout on Earth’s sunlit hemisphere and triggered a rare geomagnetic
crochet—a brief, simultaneous disturbance in Earth’s magnetic field caused by enhanced
ionospheric currents induced by the flare’s intense X-ray and extreme ultraviolet (EUV)
emissions. Unlike typical geomagnetic storms that occur hours or days after CMEs, the crochet
occurred almost instantaneously during the flare’s peak [40—-43]. Although the associated CME
was weak and only partially Earth-directed [44], leading to minimal geomagnetic activity and
no significant Forbush decrease in cosmic-ray intensity, the event provided valuable insight
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into solar-terrestrial coupling processes. The X1.59 flare can show that even in the early stages
of Solar Cycle 25, the Sun was capable of producing high-energy, geoeffective events, signaling

the increasing solar activity expected in the coming years.

03:00 AW 06:00 AM 09:00 AM

Figure 1. Solar flare impacts observed on 3 July 2021: (a) the position of active region AR 2838 (shown
by the orange round marker) on the solar disk; and (b) the solar flares detected, with yellow to red
shading representing increasing intensity of X-class flares.

The ionospheric response to the 3 July 2021 X1.59 solar flare was immediate and pro-
nounced, producing a strong dayside enhancement in ionization and a rare geomagnetic
crochet. The sudden increase in X-ray and EUV radiation rapidly intensified ionization in
the E-region, strengthening ionospheric current systems, particularly the solar quiet (Sq) cur-
rent. This led to a short-lived but clearly detectable deflection in ground-level magnetic field
measurements at several dayside observatories, characteristic of a crochet-type disturbance.
This effect, occurring within minutes of the flare peak, distinguished the event from the de-
layed geomagnetic perturbations typically associated with CME-driven storms. Although the
accompanying CME was weak and only marginally Earth-directed, resulting in minimal
long-term geomagnetic activity, the flare itself generated a notable R3-class radio blackout
and significant signal absorption in the D- and E-regions of the ionosphere. Overall, the event
highlighted the sensitivity of the dayside ionosphere and geomagnetic field to impulsive
high-energy solar radiation, independent of subsequent solar-wind-driven disturbances.

During major solar events, disturbances are clearly evident in SEP fluxes as sharp
intensity enhancements, often showing velocity dispersion (higher-energy particles arriving
first) that can be followed by prolonged elevations due to CME-driven shocks. Such signatures
are prominently visible in multi-channel proton flux time series, where lower-energy channels
exhibit delayed onsets and higher peak intensities compared to higher-energy channels. These
data not only confirm the solar origin of the particles but also help characterize the acceleration
mechanisms and interplanetary transport conditions during the event. There are two possible
processes leading to SEP acceleration [45]. The first is related to type II radio bursts from
coronal and interplanetary shock waves. The second process is associated with type III radio
bursts which are produced by streaming electrons. The former is driven by fast CMEs, is
proton-dominated, and produces “gradual” SEP events—which can last for days, partly due
to the continuing acceleration of the shock—that have high SEP flux intensity near Earth.

The latter mechanism is predominantly connected to magnetic reconnection with open
magnetic field lines and wave—particle interactions in SFs and jets. The relatively short
duration and the rather low magnitude of the SEP enhancement potentially associated with
the X1.59 solar flare on 3 July 2021 is more consistent with the second type.

Simultaneously, cosmic ray ground measurements from worldwide neutron and
muon detector networks showed negligible modulation of cosmic rays and no significant
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Forbush decrease, consistent with the flare’s weak and partially Earth-directed CME and
the impulsive SEP event associated with the flare.

To the best of our knowledge, this work constitutes the first VLE-based analysis
of the low-ionospheric response to this event, as well as the first comprehensive multi-
instrument investigation of it. In addition, complementary Total Electron Content (TEC)
measurements were employed to evaluate the ionospheric disturbances at higher altitudes,
providing the only available space-weather diagnostics in the absence of dedicated D-
region instrumentation or direct measurements. For additional information and detailed
analyses related to this event, the reader is referred to a range of complementary studies
and reports, including recent scientific investigations and space-weather bulletins [46-53].

The processes that usually occur during major eruptions on the Sun are characterized by:

¢ The CME (with its magnetic cloud and sheath) travels through interplanetary space,
disturbs the interplanetary magnetic field, and acts as a barrier to galactic cosmic rays.

¢  This suppression of cosmic-ray influx leads to a noticeable drop in cosmic-ray intensity
at the Earth, known as a Forbush decrease.

¢  Enhanced X-ray and EUV radiation from the flare produces rapid ionization in the
lower ionosphere (especially the D-region), modifying electron densities, conductivity,
and the propagation of VLF radio waves.

¢ During the flare’s impulsive phase, sudden increases in ionospheric currents may
induce a short-lived geomagnetic perturbation at the Earth’s surface, known as a
geomagnetic crochet.

Figure 2 provides a schematic overview linking the 3 July 2021 solar flare and as-
sociated CME to both effects on cosmic rays and the lower-ionospheric (VLF) response.
The shock-sheath region and the magnetic cloud of a CME act as transient magnetic barri-
ers that modulate the flux of galactic cosmic rays, producing a Forbush decrease that can
be detected on Earth’s surface. At the same time, flare-driven X-ray/EUV radiation and
energetic particles enhance D-region ionization, leading to measurable perturbations in
VLF amplitude and phase along subionospheric paths.

The structure of the paper is as follows: Section 2 outlines the monitoring methods and the
modeling approach used to derive outputs; Section 3 presents the results together with their
interpretation; and Section 4 summarizes the discussion, main conclusions and future research.
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Figure 2. Schematic linking a solar flare/CME to a Forbush decrease and lower-ionospheric (VLF) effects.
The CME shock/sheath and magnetic cloud modulate galactic cosmic rays, producing a Forbush decrease
at the Earth, while flare radiation and energetic particles ionize the D-region, altering VLF propagation.
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2. Materials and Methods

For this multi-instrument data study, various types of data were necessary that include,
among others, heliospheric data measured near Earth, at Lagrange point L1, outside the
geomagnetic field, other energetic proton data measured near Earth like selected energetic
proton data, the interplanetary magnetic field (IMF), CME, solar wind, and geomagnetic
field parameters. The comprehensive repository focused on acquiring these data, mostly in
the form of time series, was the OMNIWeb Plus repository provided by the NASA /Goddard
Space Flight Center [54]. Minute data for energetic proton data from this repository
were provided by the Energetic and Relativistic Nuclei and Electron (ERNE) sensor unit
onboard the Solar and Heliospheric Observatory (SOHO) [55]. SOHO/ERNE is composed
of two energetic particle sensors: the Low-Energy Detector (LED) and the High-Energy
Detector (HED), each with ten energy channels measuring ion fluxes and count rates in the
ranges of 1.3-13 MeV /nucleon and 13-130 MeV /nucleon, respectively. [56]. IMF and solar
wind speed data in the OMNIWeb Plus repository were provided by the Global Geospace
Science (GGS) WIND spacecraft [57].

In this study, for the period of interest, we utilized in-situ measurements obtained
by the Solar and Heliospheric Observatory (SOHO) and the Wind spacecraft near the
Sun-Earth Lagrange point L1. Spatial components of interplanetary magnetic field and
solar wind plasma parameters such as energetic proton speed, density, and temperature
were obtained from the time-shifted, bow-shock-nose-propagated OMNI database, which
incorporate mainly data from the Wind spacecraft. Proton flux data at L1 were taken
from the Energetic and Relativistic Nuclei and Electron (ERNE) instrument aboard SOHO
in hourly-resolution.

When establishing a potential source of SEP enhancements, it is important not only
to identify a candidate source but also to eliminate alternative ones. To this end, we
consulted a number of online repositories covering different phenomena, including the
SOHO/LASCO CME catalog [44,58] for coronal mass ejections, the Richardson—Cane
catalog [59] for interplanetary CMEs, and compilations of ground-level enhancements
and large proton intensifications, including those produced by the ERNE team and cross-
referenced with reports from the NOAA Space Weather Prediction Center.

At the IPB, Serbia, a high-sensitivity VLF system is operated as a key element of
the Belgrade sudden ionospheric disturbance monitoring network. The instrumentation
consists of narrowband VLF receivers optimized for continuous monitoring of subiono-
spheric signal propagation on selected transmitter frequencies [60,61]. These receivers
employ stable, low-noise front-end amplifiers and precisely tuned filters, enabling the
detection of small amplitude and phase fluctuations caused by D- and lower E-region elec-
tron density variations. Signals from powerful VLF transmitters, such as those in Europe
(e.g., DHO, GQD, GBZ) or worldwide (NAA, NWC, etc.), are recorded with high temporal
resolution, typically 20 Hz or better, allowing the system to capture rapid ionospheric
changes produced by solar flares, lightning discharges, and other geophysical disturbances.
Data are digitized and logged continuously, then processed using specialized software for
spectral, wavelet, and time-series analysis. The Belgrade group’s long-term VLF records
have become an important resource for studying flare-induced ionospheric perturbations,
including sudden phase anomalies, amplitude jumps, and modal interference patterns,
making this instrumentation a valuable component of international sudden ionospheric
disturbance (SID) and VLF research collaborations (see e.g., papers [62-66]).

In this research, VLF measurements were obtained using the narrowband receiver
system operated by the IPB, which continuously records the amplitude and phase of
selected subionospheric VLF transmitter signals with high temporal resolution (>20 Hz).
Raw data were preprocessed to remove instrumental offsets and high-frequency noise,
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after which amplitude A(t) and phase P(t) perturbations associated with the solar flare
were extracted; see e.g., [60,67]. The correlated solar X-ray fluxes obtained from the GOES-
16 satellite were examined simultaneously with the analysis of VLF data. The GOES-16
satellite used X-ray sensors in the 0.1-0.8 nm range to measure the strength of X-ray
irradiance [53].

The important ionospheric parameter, i.e., time delay At, is defined as the difference
between the moment when the VLF amplitude reaches its maximum (f 4max) and the time
of peak X-ray irradiance (t;max) [60]. This delay is closely related to the characteristic
“sluggishness” of the lower ionosphere response to solar flare-induced ionization [68] and
represents a valuable parameter for studying ionospheric reactions to solar flares [13,69]. It
provides valuable insight into D-region dynamics, energy deposition efficiency, quantifying
recombination rates, and flare-ionosphere coupling mechanisms, and is widely used for
validating ionospheric models and improving space-weather predictive capabilities. The
value of At depends on the flare intensity and other environmental conditions, and typically
falls within a range of a few minutes [70]. According to a paper by Sreckovi¢ et al. [70] and
Hayes et al. [71], one can see that At data are scattered, with up to 10 min and with a mean
value of about two-three minutes.

To quantify the corresponding changes in the lower ionosphere, the two-parameter
model was applied, using the effective reflection height 4’ and sharpness factor § to
describe lower ionosphere conductivity profiles. For details, see, e.g., [66,72,73]. Their
accurate determination enables better diagnostics and prediction of space weather impacts
on communication systems. The corresponding electron density profiles were calculated
using the standard EasyFit method [61] and FlarED method [70]. This procedure provides
a quantitative reconstruction of lower ionosphere electron density evolution during the
flare-driven ionospheric disturbance.

3. Results and Discussion

The X1.59 solar flare of 3 July 2021 was the first X-class flare of Solar Cycle 25 and
the first such event since the X-class flare of 10 September 2017. The flare commenced at
14:18 UT, reached its peak intensity at 14:29 UT, and ended at 14:34 UT. This event was
notable for producing a rare geomagnetic crochet, characterized by a temporary and local-
ized deflection of Earth’s magnetic field during the flare’s peak phase. The intense pulse
of soft X-ray radiation significantly enhanced ionization in the lower ionosphere, leading
to a shortwave radio blackout reported by the space weather observatory in Norway and
anomalous radio propagation at frequencies below 30 MHz. The flare also generated a
radio burst, triggered sudden ionospheric disturbances, and induced enhanced current
systems extending from approximately 60 km to between 100 and 600 km above Earth’s sur-
face, capable of modifying the polar magnetic field and producing detectable ground-level
magnetic perturbations. Owing to the short-duration yet intense ionization enhancement,
this event is particularly well suited for VLF diagnostics and multi-instrument analysis.
Although the flare produced a strong ionospheric response, it produced recognizable yet
minor heliospheric disturbance observable in the heliospheric parameters detected via
detectors onboard space probes at L1. It has no influence on CRs because the disturbance
created in the heliosphere with the passing of additional particles most likely originated
from the active region, and was too weak to produce modulation on CRs with an energy of
more then 1 GeV that can be detected on Earth with ground detectors.
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3.1. Ionosphere

In order to better understand the processes driving ionospheric changes during the
X1.59 solar flare of 3 July 2021, variations in solar X-ray radiation flux were examined. These
observations were provided by the X-Ray Irradiance Sensor (XRS) carried by the GOES-R
(Geostationary Operational Environmental Satellite-R Series) satellite [53]. The 3 July
2021 X1.59 solar flare produced strong and immediate disturbances in VLF propagation
and high-frequency (HF) radio communication across the sunlit hemisphere. The sudden
enhancement of X-ray and EUV radiation caused rapid ionization in the D- and lower
E-regions, sharply increasing electron densities and leading to significant VLF phase and
amplitude perturbations recorded by ground-based receivers. These SIDs included abrupt
phase advances, signal absorption, and mode conversion effects along VLF paths. At higher
radio frequencies, the flare triggered an NOAA-classified R3 Strong radio blackout over
the Atlantic Ocean, reducing HF communication reliability and causing partial signal loss
in aviation and maritime systems operating on the dayside. VLF instruments, including
narrowband receivers in northern Europe and the USA, clearly captured the onset of
the flare as a characteristic step-like change consistent with rapid D-region modification.
Opverall, the event demonstrated the strong sensitivity of Earth’s lower ionosphere to intense
solar radiation, with VLF and HF observations providing precise timing markers for the
flare’s radiative impact.

The correlated solar X-ray 0.1-0.8 nm flux, obtained from the GOES-16 satellite, were
examined simultaneously with the analysis of VLF data. The GOES spacecraft monitor
solar X-ray emission in two spectral bands: the 0.1-0.8 nm range, commonly designated as
the long (XL) channel, and the 0.05-0.4 nm range, referred to as the short (XS) channel [53].
For the purposes of this study, the primary parameter of interest is the X-ray flux intensity
in the 0.1-0.8 nm band, as it is most directly related to the ionospheric response observed
in the VLF measurements.

Numerical simulations conducted in this paper rely on application of the FlarED’
method and an approximate analytic expression application called EasyFit. The methodol-
ogy used relies on the simultaneous monitoring of several VLF signals during regular and
irregular ionospheric conditions, both for amplitude and phase.

In Figure 3, the 24-h behavior of subionospheric VLF amplitudes reveals the iono-
spheric response to the X1.59 solar flare of 3 July 2021. Panel (a) shows the amplitude of the
NAA transmitter signal emitted from the USA towards Belgrade, while panel (b) presents
the amplitude of the DHO transmitter signal emitted from Germany towards Belgrade.
These stations, i.e., transmitters, were affected by the event. The figure highlights how
both signals responded to the enhanced solar X-ray extreme radiation throughout the day,
with rapid increases corresponding to the flare’s peak intensity. These amplitude variations
provide insight into the changing electron density and conductivity of the lower iono-
sphere, demonstrating the sensitivity of long-distance VLF propagation to solar radiation.
By comparing the NAA and DHO signals, differences in response due to a relatively long
propagation path, with a GCP-NAA of approximately 6.6 Mm and a short GCP-DHO of
approximately 1.3 Mm, respectively, transmitter frequency and local ionospheric conditions
can be observed, offering a comprehensive view of the lower ionospheric dynamics during
the solar flare event.

Figure 4 shows the simultaneous variations in X-ray flux and VLF signal characteristics
observed during the most turbulent interval (14:00-18:00 UT) on 3 July 2021. Specifically,
panels (a) through (e) display the GOES-16-measured X-ray flux in soft-range, the DHO
phase signal, the NAA phase signal, and the DHO and NAA amplitude signals, respectively.
The figure highlights the rapid response of the lower ionosphere to the X1.59 solar flare,
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with clear correlations between the X-ray flux peaks and abrupt changes in both phase and
amplitude of the VLF signals.
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(b) VLEF signal amplitudes observed on 3 July 2021 recorded in Belgrade.
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during the most turbulent interval (14:00-18:00 UT) on 3 July 2021.

The NAA amplitude jumped as expected for that class of flares (AA = 6 dB), and on
the other hand, the phase jumped a little more than expected (AP, reaching more than a
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hundred degrees). This was probably due to the presence of a magnetic crochet, probably
because GCP (NAA—Belgrade) was whole and, i.e., exposed longer to the magnetic crochet
than DHO—Belgrade. So, the signal experienced a major change. No noticeable change
is observed in the DHO phase signal, although the amplitude signal shows a noticeable
change (AA = 5 dB). Phase perturbations reflect modifications in the effective reflection
height and electron density of the D-region, while amplitude variations indicate changes
in ionospheric conductivity and propagation conditions along the subionospheric paths.
By simultaneously presenting these parameters, the figure provides a comprehensive view
of the flare-induced ionospheric disturbances and demonstrates the sensitivity of VLF
signals to rapid solar radiation enhancements during the flare’s peak activity.

According to [70], the important parameter time delay between the peak X-ray flux
and the corresponding maximum in VLF amplitude, At, is typically around 3 min on
average. Using the empirical relation from [70], At = a + blog(Iy), the estimated time
delay for the X1.59 flare is approximately 2 min. In the present analysis, the time delay At
is found to be notably short, with a measured value of roughly 60 s—approximately half of
the theoretically estimated value. This is probably due to the specificity of the case where
the crochet effect appears.

In Figure 5, the simultaneous changes in major ionospheric quantities and the corre-
sponding X-ray flux in soft-range during the 3 July 2021 X1.59 flare are displayed. Panels (a)
through (e) show, respectively, the effective reflection height /’, the sharpness parameter f3,
the electron density at reference height (h = 74 km) derived from the flare-induced model
N rlareD [61], the electron density obtained using the EasyFit procedure N, gasyrit [70],
and the GOES-16-measured X-ray flux in soft-range [53]. The figure highlights the rapid re-
sponse of the lower ionosphere to enhanced solar radiation, with clear correlations between
the flare’s X-ray peak and changes in I/, B, and the electron density profiles. The com-
parison between N, gD and N, gasyFit demonstrates the consistency of two independent
modeling approaches, while the temporal alignment with the X-ray flux provides a direct
link between solar forcing and D-region ionization dynamics.
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Figure 5. Simultaneous variations of the effective reflection height ’, sharpness 8, Neg;,,p, Ne EasyFit
at reference height and X-ray flux from GOES-16, soft-range, from (a—e), respectively, during the
X1.59 X-ray flares of 3 July 2021.
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The evolution of the solar X-ray flux 0.1-0.8 nm recorded by the GOES-16 satellite
(Figure 6a) and the corresponding altitude profile of the electron density N, (m~3) during
the X1.59 solar flare (Figure 6b) are depicted in Figure 6. It can be observed that the
electron density increases with increasing altitude and that it experiences a maximum
during the peak of a solar flare. The electron density increased by almost a few orders
of magnitude during the case of SF events and altitude changes. The data are important
for the characterization and modeling of the lower ionosphere under extreme conditions.
This combined view allows a comprehensive assessment of the flare-driven ionospheric
perturbations over the event’s duration. Moreover, a geomagnetic crochet represents a
uniquely rapid Sun-to-Earth coupling effect, linking flare radiation, ionospheric current
enhancement, and observable VLF disturbances.

14:55 -
14:50 1(@) \ Ix(Wm*z)\ i
— 14:45 [
) ] [
D 14:40 ] [
e ]
= 14:35
14:30 =L

LX

10 T T T 0 Ix(Wm?)
Ne(m™)

14:55
14:50
=
5 1448
© 1440
£
+ 14:35
14:30

1x100

1108

\ %109

52 56 60 64 68 72 76
h(km)

Figure 6. (a): The X-ray flux in the soft spectral range (XL, 0.1-0.8 nm), recorded by the GOES-16
satellite; (b): the corresponding altitude-dependent electron density distribution during the X1.59

solar flare of 3 July 2021. The profiles were derived using the FlarED approach.

Using Equation (11) from [68], the effective electron recombination coefficient & can be
related to the observed ionospheric response time through

1

A= e
2 Ne(Imax) At

which provides a practical expression for evaluating « from VLF and X-ray observations.
For the X1.59 flare analyzed in this study, the resulting value for the effective electron
recombination coefficient « at the reference height is « ~ 1 x 107! m3s~!, which is fully
consistent with established D-region ionospheric chemistry. Typical values reported in
the literature span 107!2 to 107!9 m3s~1, depending on altitude, background ionization,
and dominant ion species. Measurements and modeling studies (see e.g., [68] and ref-
erences therein) indicate that at 70-80 km, corresponding to the reference height used
here, the effective recombination coefficient generally lies near 107! m3s~! during the
flare-induced ionization enhancements. Thus, the value derived for this event agrees well
with the theoretical expectations and previous observational results.

The X1.59 solar flare on 3 July 2021, the first X-class flare of Solar Cycle 25, produced
a rare geomagnetic crochet, an almost instantaneous and localized disturbance in Earth’s
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magnetic field during the flare’s peak. We present the first VLE-based analysis of this
event, highlighting the rapid response of the lower ionosphere to solar-flare radiation.
Strong correlations were observed between X-ray flux peaks and sudden changes in VLF
signal amplitude and phase, with amplitude increases consistent with flare intensity and
unusually large phase variations likely influenced by the geomagnetic crochet. A short
ionospheric response delay (60 s) was measured, possibly due to the crochet effect. Im-
portantly, the study focuses on identifying the consequences of the geomagnetic crochet
phenomenon on the ionosphere, rather than the ionospheric influence on the crochet itself.
The event demonstrates a rapid Sun—Earth coupling mechanism linking flare radiation,
ionospheric current enhancement, and detectable VLF disturbances.

3.2. Solar Wind Data

To establish the nature of the SEP enhancement and its potential connection to the July
2021 solar flare, we should eliminate other potential sources. In addition to the absence
of CME/ICME events in the databases referred to in Section 2, the main heliospheric
parameters that can indicate the class of SEP enhancement were examined. As suggested
by the plots in Figure 7, there are no clear or distinctive perturbations of the selected
heliospheric parameters, which indicates that a gradual SEP event (typically associated
with CME-driven shocks) is unlikely.
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Figure 7. Parameters of the solar wind time series of several heliospheric parameters: IMF, both
the total magnitude B (a) and its components Bx, By, and Bz ((b), (c), and (d), respectively), proton
temperature (e), flux density (f), solar wind velocity (g), and geomagnetic equatorial Dst index (h).
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Finding energy spectra of proton populations in the 1-100 MeV energy range, mea-
sured in situ, presents a challenging problem [74,75] that can be addressed using various
possible methods. To calculate the event-integrated flux (or differential fluence), we first
defined a time interval for integration. In the absence of external markers (such as per-
turbation onsets evident in the heliospheric data used for gradual events), this interval
was determined based on the timing of the solar flare and the evolution of the spectra,
which indicate the duration of the SEP enhancement. The selected interval and the inte-
grated area for the SOHO/ERNE energy channels are illustrated in Figure 8. The baseline
for the integration was taken as the mean proton flux after the event had returned to
near-background levels.
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Figure 8. Time series of flux of energetic protons for six selected channels, three LED channels
(1.3-1.6 MeV (a); 2.5-3.2 MeV (b); and 5.0-6.4 MeV (c)) and three HED channels (10.0-13.0 MeV (d);
20-25 MeV (e); and 40-50 MeV (f)) measured by the SOHO/ERNE instrument. Vertical dashed lines
indicate the time intervals associated with the July 2021 event.

The increase in proton flux at L1 before the time interval associated with the SF is
consistent with a relatively small disturbance in the heliosphere, that may be connected to
solar activity prior to the SE. It also demonstrates a steady reduction in the relative increase
of differential fluence depending on the energy of protons.

To further assess whether the enhancement can be associated with particles accelerated
by the solar-flare-related mechanism, we examined the arrival times of particles at different
energies, as illustrated in Figure 9. To determine the arrival time of particles, the half-
maximum value of the onset stage was used. First, it was necessary to determine the
onset time, which was defined as the first time the derivative of the smoothed intensity
exceeded a threshold (proportional to the noise level) and the intensity rose above twice
the background median absolute deviation (MAD). The peak time was taken as the time
of maximum intensity, and the half-maximum time as the first point where the intensity
exceeded the halfway value between baseline and peak. Background noise in each energy
channel was estimated using the above mentioned MAD, scaled to match the standard
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deviation for Gaussian noise. This provides a stable estimate of fluctuations in the baseline
preceding the event while being insensitive to outliers. To quantify the timing uncertainty
at half-maximum, the local slope of the intensity rise was measured by fitting a straight
line to a small window (%2 points) of the smoothed time series centered on the half-max
crossing. The timing uncertainty, oz, was then estimated as:

op = o/|dF/dt|, (1)

where ¢ is the MAD-based background noise and dF/dt is the fitted slope. To account
for the finite time resolution, a cadence floor equal to half the measurement interval was
enforced, ensuring a minimum uncertainty for very fast rises or low-noise channels.

A relative timing uncertainty was also computed:

OtRelative — at/(thalfmax - tonset)/ (2)

where tj,g1finax is the time corresponding to half of the maximum, # and the onset stage
and f,uset is the time corresponding to the beginning of the onset phase. To be accepted
for the analysis, each point had to pass a quality check that removed points where the
determination of onset, maximum, or half-maximum failed or produced extreme values,
where the slope was poorly defined, or where the relative uncertainty had an unreasonable
value. The half-max times of all channels are plotted against energy (or inverse velocity) as
shown in Figure 9. Channels flagged as good are shown in green, while bad or uncertain
channels are plotted in dark red. This allows quick assessment of which channels provide
reliable timing information while keeping the plots uncluttered, without plotting the
sometimes overlapping timing error bars. Clear velocity dispersion is observed, with higher-
energy particles arriving earlier and lower-energy channels showing delayed onsets relative
to the high-energy channels. This behavior is consistent with the assumption that the
detected particles are of solar origin.
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Figure 9. Arrival times of the recorded half-of-max value of the proton flux in different energy
bins. Channels flagged as good based on the procedure explained in text are shown in green, while
uncertain channels are plotted in dark red.

The differential energetic proton flux in each energy channel, integrated over the
duration of the event, is used to construct the differential fluence spectrum, serving as the
final step in characterizing the SEP event. Several models have been proposed to describe
differential fluence spectra of various particle species [76]. Among these, the model pro-
posed by Ellison and Ramaty, developed on the basis of observations of particle acceleration

https://doi.org/10.3390/atmos17020180


https://doi.org/10.3390/atmos17020180

Atmosphere 2026, 17, 180

14 of 19

at interplanetary shocks [77], reasonably successfully reproduces the characteristic spectral
shape often observed in extreme events [78,79]. This model assumes a power-law form
with an exponential rollover to describe the energetic particle fluence spectrum:

j—é = AE" exp(EEO>, (3)
where E is the particle energy, E is the cutoff exponent parameter, 7 is the spectral index,
and A is the spectral coefficient. Even though there are newer proposed models, we found
the Ellison-Ramaty model to be mostly in good agreement with the observed SOHO/ERNE
data and also robust in terms of the convergence of the fit.

The observed differential integral flux is several orders of magnitude lower than
typically recorded during gradual SEP events associated with CMEs [80]. This proton
flux reflects the prevailing heliospheric conditions during the event, which include a
relatively weak interplanetary magnetic field configuration and limited shock acceleration
efficiency in the inner heliosphere. Consequently, proton transport and acceleration within
the heliosphere were less effective, leading to suppressed low-energy proton intensities
compared to large, CME-dominated SEP events. The shape of the energetic proton fluence
spectra during the July 2021 event is shown in Figure 10, where the average channel energy
in MeV was used for particle energy bin values [81]. The spectra are reasonably well
modeled by the Ellison-Ramaty function in the higher-energy channels, while agreement
is poor for the lowest-energy channels. Both observations, regarding the flux magnitude
and the spectral shape, are consistent with the July solar flare as the assumed source of the
enhancement. It should be noted, however, that the total magnitude of the enhancement
remains insufficient to classify it officially as a SEP event, and as a result it does not appear
in online SEP event repositories.

(a) Fluence Spectrum (Linear Scale) (b) . Fluence Spectrum (Log-Log Scale)
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Figure 10. SEP fluence spectrum during the July 2021 event in linear (a) and log-log (b) scale. The
red line represents the Ellison-Ramaty fit of the differential integral flux of each bin represented with
blue dots.

3.3. Cosmic Rays

The X1.59 solar flare of 3 July 2021 produced only minimal effects on galactic cosmic
rays (GCRs), with no statistically significant Forbush decrease observed. Although the
event was accompanied by a modest enhancement of solar energetic particles detected
by GOES-16, the associated proton flux remained weak and did not reach ground-level
enhancement (GLE) energies. This limited response is attributed to the flare’s location
near the solar limb and the properties of the associated coronal mass ejection (CME),
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which was relatively weak and only partially Earth-directed, resulting in poor magnetic
connectivity with near-Earth space. Consequently, the interplanetary disturbance lacked
the strength and favorable orientation required to suppress the GCR flux at the Earth.
Neutron monitor observations [82], including those from low cut-off rigidity stations like
Oulu and the South Pole station, exhibited only minor background fluctuations rather
than the characteristic intensity decrease associated with a Forbush event (Figure 11).
Overall, cosmic-ray modulation during this event was negligible, reflecting the limited
geoeffectiveness of the heliospheric structures produced by the flare and its CME.
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Figure 11. Hourly time series of ground level CR intensities recorded by selected neutron monitor
stations of the global network during July 2021: Athens (ATHN), Lomnicky Stit (LMKS), Oulu
(OULU), and South Pole (SOPO).

4. Conclusions and Perspectives

The X1.59 solar flare on 3 July 2021, the first X-class flare of Solar Cycle 25, produced a
rare geomagnetic crochet and strong ionospheric responses. To the best of our knowledge,
this study represents the first VLF-based analysis of this event, as well as the first com-
prehensive multi-instrument investigation of it. This study highlights the importance of
ionospheric responses by applying a multi-instrument analysis to provide a comprehensive
Sun-Earth overview of the events. VLF observations of NAA and DHO signals at the
IPB, combined with modeling, revealed rapid changes in effective reflection height 1/,
sharpness f, time delay and electron density profiles. Cosmic-ray measurements showed
negligible modulation, with no significant Forbush decrease, reflecting the flare’s weak
and partially Earth-directed CME. These results demonstrate the sensitivity of the lower
ionosphere to sudden solar radiation enhancements and highlight the effectiveness of
combining VLF monitoring, modeling, and cosmic-ray observations to assess flare-driven
space-weather effects.

Future work should integrate various measurements with VLF measurements, GNSS
data, neutron and muon monitors, and spaceborne X-ray/EUV observations to provide
a more complete Sun-to-Earth picture of flare and CME impacts. Improving ionospheric
modeling and applying machine-learning methods will enhance the accuracy of parameters
during rapid disturbances. As Solar Cycle 25 intensifies, coordinated studies of cosmic-ray

https://doi.org/10.3390/atmos17020180


https://doi.org/10.3390/atmos17020180

Atmosphere 2026, 17, 180 16 of 19

modulation and ionospheric response will refine space-weather forecasting and support
more resilient communication and navigation systems.

Recent advances, such as real-time ionospheric data assimilation, physics-informed
inverse reconstruction, and machine-learning frameworks incorporating supervised and
hybrid training, substantially improve model skill during extreme disturbances. In this
context, the X1.59 solar flare of 3 July 2021 provides a valuable event-specific dataset, and de-
rived parameters that can be used as benchmark inputs, feature vectors, and validation
targets for next-generation space-weather prediction systems.
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