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Abstract. We discuss acceleration and transport of
electrons in the circular flare SOL2024-03-25T06:37:00
of the M4.4 X-ray class, characterized by a record-short
duration of hard X-ray emission pulse. We have used
radio data in the 0.1-40 GHz range, including images of
the flare region in the Siberian Radio Heliograph fre-
quency range. Microwave and hard X-ray emissions are
generated in the vicinity of the magnetic domain by the
interaction of ropes visible at 1600 A. The impulsive
stage ended with a short peak <5 s long, recorded simul-
taneously at 35 GHz and in the 100-300 keV range.
After the peak, a long loop in the ultraviolet (UV) rises
and a broad plasma ejection appears which is directed
along the outer spine observed before the flare. Large
loops connect the spine and the remote source. There is
a broadband microwave source at the remote footpoint
at 215 arcsec, with the delay of its maximum from the
peak in the flare core being ~5 s, and the electron prop-

agation velocity along the large loops estimated at one-
third of the velocity of light. A distinctive feature of the
radiation of the remote source was high degree of its
circular polarization. The meter flare emission indicates
that tops of large loops are filled with non-thermal elec-
trons with large pitch angles. The set of spatial, spectral,
and polarization characteristics of microwave sources
obtained for the first time is discussed in the context of
the known results on the nature of circular ribbon flares.

Keywords: Sun, acceleration mechanisms, micro-
wave bursts, meter bursts, circle ribbon flare.

INTRODUCTION

Recent observations have revealed that among main
flares are circular ribbon ones, which occur in a special
magnetic configuration with a photospheric magnetic
field domain included in an area with fields of opposite
magnetic polarity. Above such a domain is a dome sepa-
ratrix surface at the top of which there is a point with a
null magnetic field [Priest, Titov, 1996; Masson et al.,
2009; Sun et al., 2013]. From this point, the so-called
spines extend into the dome and up from it. Magnetic
field vectors in the vicinity of the spines are directed
along them and are opposite in sign. The fields near the

inner spine are directed away from the photosphere
from the center of the domain, and the fields in the vi-

cinity of the outer spine are manifested in EUV (ex-
treme ultraviolet) observations as large-scale loops
whose remote footpoints are closed on regions of the
photosphere with vertical fields of the same sign as the
domain field. The remote footpoints of these loops can
be located hundreds of arcsec away from the domain,
i.e. from the flare core. Circular ribbon flares are often
accompanied by coronal jets, type Il1 radio bursts, coro-
nal mass ejections, shock waves, coronal dimmings, and
kink oscillations of coronal loops and filaments (see, for
example, the recent review [Zhang, 2024]).

The energy release of circular flares is assumed to
occur in the magnetic reconnection processes not only
during the interaction between structures within the do-
main, but also in current sheets formed on separatrix
surfaces near the null point [Pontin et al., 2013]. Anoth-
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er feature of circular flares is the response to energy
release in the flare core in remote sources. The energy
for their activation in EUV and radio emissions is trans-
ferred by particles and waves. In the case of plasma
ejections, the features of circular flares are related to
their closed dome magnetic structure. Plasma ejections
should be accompanied by a significant change in the
topology of the magnetic field above the domain.

One of the underexplored questions in physics of
circular flares is the acceleration and transport of parti-
cles in the fundamentally three-dimensional topology of
energy release regions. To study the processes of elec-
tron acceleration, it is natural to use radio data that al-
lows us to record non-thermal electron fluxes in coronal
magnetic structures with a plasma density insufficient to
detect the free-free X-ray emission of nonthermal elec-
trons. To date, there are relatively few publications on
the results of radio observations of circular flares.
Meshalkina et al. [2009] discussed the configuration and
scenario of two such flares, which were mapped by the
Nobeyama Radioheliograph (NoRH [Torii et al., 1979])
at 17 and 34 GHz. The flares under study were driven
by the interaction between magnetic ropes located in-
side the dome separatrix surface. The response to elec-
tron acceleration during a flare was ~1 min pulse of
hard X-ray emission in the 50-100 keV channel of the
satellite RHESSI (Reuven Ramaty High Energy Solar
Spectroscopic Imager) and microwave emission at 17
GHz. At that time in the microwave emission there was
a remote source with a high degree of circular polariza-
tion (up to 50 %) located 120 arcsec from the flare core.
The polarization sign of the emission from the remote
source corresponded to an extraordinary wave. In the
flare examined in [Altyntsev et al., 2022], ~8 s oscilla-
tions of microwave emission at a frequency of 5.7 GHz
were observed both in the remote source and in the flare
core. The emission oscillations in the flare core were
explained by modulation of the acceleration process
during the interaction between current ropes inside the
domain, and the response in the source that was 60
arcsec away was caused by nonthermal electrons com-
ing from the core at a velocity of (1.5+2)10 cm/s.

A flare with another driver — magnetic reconnec-
tion in the vicinity of the null point — has been dis-
cussed in [Kumar et al., 2016]. During the flare, ~3 min
quasi-periodic pulsations of hard X-ray and microwave
emissions were recorded. The authors believe that the
oscillations were triggered by variations in electron ac-
celeration in the vicinity of the null point. In that event,
the remote source was not identified.

Microwave sources in the circular ribbon flare
SOL2014-12-17T04:51 of the M8.7 X-ray class have
been examined in more detail [Chen et al., 2019; Lee et
al., 2020]. In addition to AIA/SDO data, sequences of
radio maps from MUSER (MingantU SpEctral Radiohe-
liograph) [Yan et al., 2009], available in the 1-2 GHz
range, and NoRH [Nakajima et al., 1994] were used to
study the dynamics of the flare structure. Comparison of
fluxes at frequencies of 17 and 34 GHz has shown that
at the beginning of the flare the increase in radio emis-
sion can be explained by thermal heating of plasma in-

side the magnetic domain due to reconnection at the
magnetic null point. Signs of nonthermal energy release
appear during a stepwise increase in the microwave flux
a few minutes before the impulsive phase. During the
impulsive phase lasting ~10 min, the emission from the
rope inside the dome dominates, microwave sources
with circular polarization of opposite signs appearing
near the rope's footpoints. The remote source was ob-
served on the maps at a frequency of 17 GHz, yet the
impulsive phase does not show up in the emission inten-
sity profile of the remote source. The emission flux
from the remote source increased gradually during the
flare, similar to the increase in EUV emission. This al-
lowed the authors to assume that the microwave emis-
sion from a remote source is generated by a bremsstrah-
lung mechanism. It follows from MUSER maps that the
sources emitting at 1.2-2.0 GHz were located above the
null point of the magnetic domain.

In our work, we discuss the scenario and dynamics
of electron acceleration and transport during the circular
flare SOL2024-03-25T06:37 of the M4.4 X-ray class,
characterized by a record-short duration of hard emis-
sion (~5 s at half-height in the 100-300 keV channel).

INSTRUMENTS

AIA/SDO UV and EUV images and SDO HMI (He-
lioseismic and Magnetic Imager) magnetograms have
been employed to analyze the dynamics of the spatial
structure of the flare [Lemen et al., 2012]. Note that the
~12 s periodicity of AIA/SDO observations is insuffi-
cient to observe the dynamics of this flare. Moreover,
almost all images in all AIA channels were overexposed
just during the flare energy release pulse.

Microwave sources were observed by three antenna
arrays of the Siberian Radioheliograph (SRH) [Lesovoi
et al., 2014; Lesovoi, Kobets, 2017; Altyntsev et al.,
2020]. The mapping was carried out by frequency scan-
ning independently in each range (3-6, 6-12, 12-24
GHz) at an interval of 3.5 s. The spatial resolution of the
mapping depends on the frequency and local time of
observations. In this work, we have used frequencies
from 2.8 to 12.2 GHz with beamwidths varying from
23x83 to 10x18 arcsec. Anfinogentov's software pack-
age was employed to construct the images
[https://radiomag.iszf.irk.ru/books/sibirskii-
radiogeliograf/page/sintez-radioizobrazenii-s-
pomoshhiu-paketa-srh-synth]. To analyze time profiles
of radio emission, we used measurements of the total
SRH flux [https://badary.iszf.irk.ru/srhCorrPlot.php].

Integral solar radio emission spectra were measured
with a time resolution of 1 s by NoRP (Nobeyama Ra-
dio Polarimeters) [Torii et al., 1979] at five frequencies
in the range 1.0-17.0 GHz, the Badary Broadband Mi-
crowave Spectropolarimeter (BBMS), [Zhdanov, Zan-
danov, 2011] at 26 frequencies in the range 4-8 GHz.

In our study, we have used spectra from the 50-3000
MHz SRH spectropolarimeter SOLARSPEL with a time
resolution of 0.5 s and a frequency resolution of 1 MHz.

Fluxes at high frequencies 35.25-39.75 GHz were
available during the impulsive phase in observations
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from CBS (Chashan Broadband Solar millimeter spec-
trometer) [Shang et al., 2022, 2023], recording the dy-
namic spectrum in the range 35-40 GHz. We utilized
data with a frequency resolution of 0.5 GHz and a time
resolution of 0.537 s.

Integral spectra in the range 1.6-2.0 GHz were ob-
tained with the radio interferometer MUSER-I (China).
The MUSER-I frequency range covers 0.4-2.0 GHz
[Yan et al., 2016]. The March 25, 2024 event was ob-
served in the left circular polarization with a spectral
resolution of 16 MHz and a time resolution of 3.125 ms.

We also employed data from the radio telescope in
Learmonth (Australia), which overlaps in time with
other radio data. The telescope is part of RSTN (United
States Air Force Radio Solar Telescope Network)
[Guidice et al., 1981] whose instruments measure inten-
sity at eight frequencies (245, 410, 610, 1415, 2695,
4995, 8800, and 15400 MHz) with a resolution of 1 s.

Hard X-ray fluxes were measured using Fermi/GBM
(Fermi Gamma-Ray Burst Monitor) [Meegan et al.,
2009] with a time resolution of 1 s.

OBSERVATIONS

The magnetic structure with domain, isolated by a
compact region of a positive vertical field, surrounded
by fields of reverse polarity, was formed in the southern

-
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part of active region (AR) 13615 on March 24. In
AIA/SDO images in EUV lines from 10:00 UT on
March 24, 2024, a ring structure appeared around the
domain and at times a jet is seen moving away from this
structure in a southerly direction. This configuration can
be traced continuously until 00:00 UT on March 26,
when the domain of the positive field is significantly
reduced in size, and the ring structure in EUV lines dis-
appears. No large flares, except for the event under
study, were observed during these days.

Figure 1 shows three time points of AR evolution in
the vicinity of the magnetic domain. The time hereafter
is given in UT. The magnetic structure is seen to devel-
op over time: on March 24, a fragment begins to stand
out in the north of the domain, and it separated on the
day of the flare. By March 26, this fragment had moved
away to the north, and another fragment had separated
to the west.

An M4.4 X-ray flare occurred in this structure on
March 25, 2024. Soft X-ray emission began to increase
at 06:37, and ceased to decrease at 06:48. The peak of
the impulsive phase, when a short pulse of hard X-ray
emission with photon energy above 100 keV was ob-
served, was recorded at 06:43:24. During the flare, AR

490 500 510 520 530

Figure 1. AIA/SDO images in the 131 A channel at different time points (on the left) and SDO/HMI magnetograms at the
time points closest to those indicated in the left column (on the right). On the axes are arcseconds relative to the center of the

solar disk
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was located in the central part of the solar disk. The
flare is noted for its high brightness in all AIA/SDO UV
and EUV ranges.

Sequences of not overexposed EUV images in the
304 and 131 A lines during the impulsive phase are
shown in Figure 2. At the first two time points, the flare
structures have a loop-like shape. Note that a narrow jet
extending southward in the plane of the sky was ob-
served for the first time in the 171 A line at 06:40:57.
The jet's brightness and length, which can be considered
as a manifestation of the outer spine of the magnetic
structure, began to increase after 06:42. Between
06:43:17 and 06:43:30, the jet's transverse size in-
creased significantly, indicating a modification of the
magnetic structure near the zero point and the outer
spine. Then, the bright region of plasma ejection ex-
panded, with marked fragments elongated along the
magnetic field.

The ejection plasma filled large-scale loops, which
became visible in EUV emission 4 min after the start of
the ejection (Figure 3). In panel a at footpoints of large
loops, contours depict microwave sources emitting at

-100
-110
-120
148

-90
-100
-110
-120

-130

350 370 390350 370 390350

the maximum of the microwave flux (06:43:24) at a
frequency of 8 GHz. In the flare core there is a structure
characteristic of a magnetic flux rope: a source in inten-
sity along the edges of which there are sources with
different circular polarization. The remote footpoints of
the loops were located at a distance of ~215 arcsec east
of the flare core in the region with northward magnetic
field. Panel b shows magnetic field lines calculated by
the Green function method in a potential approximation
from the HMI/SDO vector magnetogram for 06:48 UT.
There is a good agreement between the observed and
calculated structures, which allows us to use the calcula-
tion results to estimate plasma and magnetic field pa-
rameters in large loops.

Let us take a closer look at the structure of the flare
core. Figure 4 displays the image in the 131 A line at
06:43:18 a few seconds before the peak of the hard X-
ray emission (a); the magnetogram of the longitudinal
magnetic field and the image of the flare core in the
1600 A line at 06:43:26 (b). The domain field was posi-
tive, its value reached 800 G. The flare was probably

370 390350 370 390350 370 390

Figure 2. Sequences of images of the flare core in the 304 A and 131 A lines. The time is given in UT. The image size is
50x50 arcsec. Image centers are 378/—104 arcsec from the center of the solar disk

a

-100

200

-300

100

200 400 b

Figure 3. Flare region with a remote source: a is the difference image at 06:46 in the 94 A line. The 06:41 image is subtract-
ed. The contours at the levels (0.5, 0.95) from the maximum/minimum indicate microwave sources. Blue contours show the in-
tensity at a frequency of 8 GHz (SRH); purple, circular polarization: solid contour is the right circular polarization (RCP); dotted,
the left circular polarization (LCP). The yellow oval in the lower left corner is the antenna beamwidth at 8 GHz, its size is 15%25
arcsec; green and red lines denote the magnetic field lines calculated in a potential approximation (b). The black and white con-
tour is the boundary of the computational domain. The background is a difference image from the left figure



Processes of acceleration and transfer of electrons

-80
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-130

1600 A 06:43:26

380 400 360 380

Figure 4. Flare region structure in the 131 A line at 06:43:18 (a); longitudinal magnetic field magnetogram at 06:43:30 (b);
an image in the 1600 A line (c). The red oval in panels a, ¢ marks a real source with dimensions 9.3x10.4 arcsec after deconvolu-
tion with antenna beamwidth at 12 GHz. The yellow oval in the lower left corner indicates the antenna beamwidth 10.5x18.3
arcsec at 12 GHz. Contours in a and b outline microwave sources at a frequency of 12 GHz at 06:43:24 in intensity (R+L, blue
contour), and polarization (purple contour; solid — RCP (0.5, 0.95 from maximum); dotted — LCP (0.5, 0.95 from minimum))

initiated by separation of a small fragment from the
northern part of the domain (see Figure 1, d). In EUV
emission there is a ring structure in which the brightness
depression corresponds to the location of the magnetic
domain. The ring's size and shapes are similar in differ-
ent EUV ranges. In the south, the ring is bordered by a
bright region of plasma outflow along the magnetic field
lines in the vicinity of the outer spine.

Contours show microwave sources in intensity and
polarized microwave emission at a frequency of 12.2
GHz. In the lower left corner, the yellow contour out-
lines an oval that corresponds to the half-height of the
antenna beamwidth. The size of the beamwidth is com-
parable to the size of the sources. The result of deconvo-
lution under the assumption that the shapes of the pat-
tern and the source are two-dimensional Gaussian func-
tions is depicted by the red oval in panels a, c. Note that
the location of the center of brightness of the microwave
source remains unchanged in time. At the edges of the
center of brightness in intensity (blue contour) there are
sources with opposite directions of circular polarization
(purple contours), i.e. the microwave emission structure
indicates the existence of loops or ropes.

Panel ¢ presents an image in the AIA 1600 A range
almost at the maximum of hard X-ray emission. The
main radio source is seen to be above a part of a long
flux rope located near the magnetic field domain and
extended northwestward. In UV emission, as in EUV
emission, southward plasma flow is observed, but the
transverse size of the flow has become much wider.

The time profiles of electromagnetic emission of
nonthermal electrons accelerated during the flare are
presented in Figure 5. High energies of the accelerated
electrons are indicated by the microwave emission, rec-
orded with CBS at 35-40 GHz, and by hard X-ray emis-
sion, recorded with the FERMI/GBM spectrometer in
the 100-300 keV channel. Measurements of the integral
solar flux by SRH antennas with a resolution of 3.5 s are
given for frequencies of 2.8, 8, and 23.4 GHz. Triangles
mark the times of recording at these frequencies. Fluxes
at 17 (NoRP), 8.1 GHz (BBMS), and hard X-ray emis-
sion intensity (FERMI/GBM) were measured with a
resolution of 1 s. The Chinese spectrometer CBS had

the best time resolution of 0.5 s.

A noticeable increase in flare emission begins at
about 06:42:48 (dash-dotted line) at frequencies below 8
GHz at photon energies below 20 GHz. After 16 s at
photon energies to 50 keV, the emission in the range 8-
17 GHz begins to increase, reaching a local intensity
maximum in 9 s at 06:43:13. In the channels recording
harder emissions, the signal begins to grow a few sec-
onds later, at 06:43:19 (dash-dotted line) and reaches a
maximum in 5.5 s. In channels of 35 GHz and >50 keV,
the signal decreases most rapidly, for 2-3 s, and then the
rate of decrease slows down. At the same time, in the
top panels of Figure 5, which show the emission of low-
er-energy electrons, the intensity of signals increases
rather than decreases after a pulse of hard emission.
Notice that pulses of microwave and hard X-ray emis-
sions are observed at the front of increasing soft X-ray
emission whose maximum was recorded at 06:44:35,
i.e. more than 1 min later. A similar dependence is char-
acteristic of the Neupert effect when soft X-ray emis-
sion is generated by plasma heated by accelerated elec-
tron fluxes.

As shown above (see Figure 4, c), the microwave
source is projected onto a long rope observed in the
range of 1600 A. The dynamics of rope formation can
be traced in the images in Figure 6. It can be seen (top
row) that before the impulsive phase there are two ropes
extended one after another in a northwesterly direction.
In the region, where their footpoints approach each oth-
er, there is a bright region that rises slightly upward
during the impulsive phase. During this phase (middle
row), the brightness is distributed along the emerging
common flux rope and the region of plasma outflow
widens. After the impulsive phase (bottom row), the
plasma flow region expands to the length of the rope.
The velocity of the leading front of the flow can be es-
timated from the images in the bottom row as 330 km/s
in the plane of the sky.

SRH observations allowed us to identify microwave
fluxes from the flare core and remote source. With a
distance of 215 arcsec between the sources, the delay
between maxima of the time profiles of these sources is
~5 s. Spectra of the sources at the maximum of the im-
pulsive phase are presented in Figure 7, a.
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Black asterisks represent the integral flux spectrum
from BBMS (4-8 GHz), SRH (11.6 and 15.24 GHz),
NoRP (9.4 and 17 GHz), and CBS (35.25, 36.25, 39.75
GHz) data for the peak of the burst at 06:43:24. Since
the duration of the peak considered is less than the time
resolution of the SRH integral flux curves (3.5 s), not all
SRH frequencies could be used for analysis. When con-
structing the spectrum from SRH data, we selected only
those observation frequencies that were within the 0.5 s
interval relative to a given time point, which corre-
sponded to the time resolution of CBS data.

The spectrum shape at frequencies above 2 GHz is
typical of the gyrosynchrotron spectrum. The core emis-
sion becomes dominant in the integral spectrum at fre-
quencies above 6 GHz, and the spectrum index is f“*.
The power-law decay index can be described as f*°. On
the contrary, in the remote source spectrum the SRH

frequency range covers the decreasing part of spectrum.
After the flat part of the spectrum, where the flux from
the remote source is comparable to the flux from the
flare core, the decrease begins after 4 GHz with %,
The next feature of the remote source is a high degree of
right circular polarization. In the frequency range from
4.51t0 7.5 GHz, it runs to 80 % (see Figure 7, b).
Measurements of the dynamic spectrum at lower
frequencies were obtained with the SOLARSPEL spectro-
polarimeter in the receiving frequency range 50-3000
MHz (Figure 8, a). In its dynamic spectrum (a), a re-
sponse to the flare was observed in the frequency range
80-350 MHz. The emission began in a narrow band of
~350 MHz at 06:43:00 and lasted in this band for ~40 s.
In a wide band, the emission began at 06:43:10 with max-
imum intensity during the peak of hard emission. The
emission gradually fades, initially at higher frequencies.
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Figure 8, b displays the MUSER-I dynamic spec-
trum. The data and figure were obtained using programs
developed by Chinese colleagues, including image cali-
bration and improvement [Wang et al., 2013; Tan et al.,
2015]. MUSER-1 1600-2000 MHz data shows a flare
response in the emission from 1750-2000 MHz. Note
that this emission was not recorded in the dynamic spec-
trum (a) due to the lower sensitivity of the 50-3000
MHz SOLARSPEL antenna in the upper part of the
operating range (above 1000 MHz). The amplitude of
MUSER-I signals increased sharply during the peak.
The integral spectrum flux decreased rapidly with de-
creasing frequency and ceased at frequencies below
1850 MHz (see Figure 8, b). There was a slight drift
toward low frequencies. Unfortunately, there is a record
for this event only in the left polarization of the spec-
trometer; therefore, the calibrated LCP data was multi-
plied by two to represent it on the spectrum and com-
pare it with microwave data (see Figure 7, a, green
rhombs).

DISCUSSION

The data set on the dynamics and spatial structure of
the flare makes it possible to define the event under
study as a circular ribbon flare with a compact positive
field domain in the core and a remote source at the dis-
tance of 215 arcsec. The magnetic structure was formed
the day before the flare, as evidenced by the appearance
of a quasi-stationary circular structure in the EUV emis-
sion around the magnetic domain [Masson et al., 2009].
The initiation of the flare impulsive phase is visible in
the images of the flare core in the 1600 A channels:
first, a compact bright source appears which is located
north of the positive field domain (see Figure 6). It is
located at the point of approach of footpoints of two
ropes, stretched sequentially in a northwesterly direc-
tion. As the flare develops, the ropes become brighter,
and after the impulsive phase a long wraparound rope
occurs which rises up over time. Simultaneously with
the rise of this rope, plasma is seen to flow along the
outer spine. A similar scheme for the initiation of a cor-
onal mass ejection has been proposed by Uralov et al.
[2002]. It was adopted in [Meshalkina et al., 2009] to
explain the initiation of circular ribbon flares.

In our event, dimensions of the SRH antenna beam-
width were comparable to those of the flare core, which
makes it impossible to study the interaction between the
ropes in microwave emission in more detail. Recording
of sources of polarized emission of different signs in the
impulsive phase is consistent with the assumption about
the formation of a common rope (see Figure 4). The
location and brightness of the observable sources of
polarized emission result from convolution of the real
sources with the SRH antenna beamwidth. Hence, on
radio maps the distance between the apparent brightness
centers of polarized sources decreases with increasing
receiving frequency, i.e. it depends on the size of the
antenna bemwidth. At the highest mapping frequency of
12.2 GHz in this work, the SRH spatial resolution
(10.4x18.2 arcsec) was insufficient to determine the
actual location of the polarized sources.
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After the impulsive phase, plasma was seen to flow
along large loops oriented along the outer spine. The
loops could be observed in difference images of EUV
emission a few minutes after the impulsive phase. Fig-
ure 3 shows that their observable shape and the location
of the remote footpoint are close to the field lines calcu-
lated in the potential approximation. It follows from the
calculations that the height of the loops is in the range
50-130 Mm with a length 300400 Mm. To fill the
loops with plasma for 4 min, its flow velocity has to be
several times higher than the velocity of 330 km/s in the
plane of the sky. Estimates suggest that the required
flow velocity can be achieved if it is of the order of the
velocity of ion sound at a plasma temperature 20-30
MK in the flare core. A similar propagation mechanism
with formation of a heat wave of replacement has been
discussed in [Brown et al., 1979; Vlahos, Papadopoulos,
1979; Levin, Melnikov, 1993; Meshalkina, Altyntsev,
2024].

The peak of the emission from the remote source in
microwaves lags behind the peak in the flare core by ~5
s. The emission spectrum of the remote source is broad-
band with a maximum spectrum at a frequency below 4
GHz. The accuracy of determining the delay from SRH
data is ~1 s since SRH measurements in the remote
source were carried out at an interval of 3.5 s. In the
flare core, the accuracy of determining the peak from
the 35 GHz profile was fractions of a second. With an
average loop length of 350 Mm, we obtain a flight ve-
locity of emitting electrons ~7-10° cm/s. The ~17 keV
kinetic energy of electrons at this velocity is insufficient
to generate the microwave spectrum of the remote
source. If we take into account (as is often done
[Aschwanden, 2004]) the helicity of magnetic field lines
and the pitch angle of propagating electrons, the esti-
mated velocity can be multiplied by 2, then the electron
energy becomes more reasonable — ~70 keV. Note that
it was the only time such an estimate was obtained for a
remote source of a circular flare during observations of
quasi-periodic oscillations with SSRT at a high time
resolution [Altyntsev et al., 2022]. In this work, we have
estimated the energy of emitting electrons at >100 keV.

At sufficiently large pitch angles of electrons propa-
gating along large loops, it is natural to expect their cap-
ture at tops of the loops. Their emission can explain the
response to the flare in dynamic spectra in the range 80—
350 MHz. If we assume that the emission is plasma, the
plasma density at loop tops varies in a wide range from
810" to 1.5-10° cm™. Calculations give 10-20 G mag-
netic fields, i.e. the observed frequencies are within 3-6
harmonics of the cyclotron frequency of electrons. In
this case, it is natural to expect that the emission will be
generated at double plasma resonance [Ledenev, 1998;
Zheleznyakov et al., 2016].

In the flare core and the remote source, the spectra
are gyrosynchrotron with different power-law decay
indices f*. A harder spectrum with f=—1.1 was observed
in the remote source. Estimated power-law index of
electron energy distribution & by the formula p=1.22—
0.95 [Dulk, Marsh, 1982] yields 6=2.5. A feature of the
microwave emission from the remote source is a high
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degree of circular polarization up to 80 %. According to
calculations of the gyrosynchrotron spectrum in
[Fleishman, Melnikov, 2003], such a high degree of
polarization indicates large pitch angles of emitting
electrons. On the other hand, for large pitch angles the
above estimate for isotropic electron distribution 6=2.5
can only be considered as a first approximation and re-
quires refinement.

For the flare core, observations with the spectropo-
larimeters gave an estimate of the slope of the spectrum
B~2.5, from which we get 6~4.1. Unfortunately, SRH
observations were available to the frequency of 12.2
GHz, i.e. only in the rising spectrum part. The power-
law growth index B=1.4 is two times lower than the cal-
culated value of the gyrosynchrotron spectrum emitted
by a homogeneous source.

Short growth and decay fronts of the hard peak of
microwave and hard X-ray emissions suggest that ac-
celeration to energies above 100 keV occurred in the
open configuration of the magnetic field. Electron emis-
sion fluxes of lower-energy electrons increase after the
peak, which indicates magnetic field trapping and ac-
cumulation in ropes.

CONCLUSION

Observations in microwave emission have provided
important insights into morphological properties of the
March 25, 2024 circular flare. The flare's hard emission
was demonstrated to be associated with the interaction
between magnetic flux ropes. For the first time, a mi-
crowave spectrum of electron emission from a remote
source has been obtained and a connection has been
found between meter-wave emission and electron accel-
eration in the flare core. Thus, we have demonstrated
the high diagnostic potential of SRH multiwave obser-
vations for studying events with relatively small tem-
poral and spatial scales. In-depth study of the dynamics
of microwave sources and their polarization and spectral
properties in this flare will be the subject of our future
work.
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Abstract. Large-scale disturbances in the interplane-
tary medium are the main cause of the global perturba-
tions inside Earth’s magnetosphere. Transition region
called magnetosheath is known to be located in front of
the magnetosphere in which plasma and magnetic field
properties, as well as their variations differ significantly
from those in the solar wind. Particularly, plasma pas-
sage through the magnetosheath has been demonstrated
to modify substantially features of the cascade of turbu-
lent fluctuations of the solar wind, with the pattern of
the modification being different for quiet and disturbed
conditions in the interplanetary medium. In this study,
we examine features of turbulent cascade formation in
the magnetosheath during interplanetary manifestation
of coronal mass ejection (ICME), by analyzing several
cases of ICME interactions with the magnetosphere.
The analysis is conducted by comparing magnetic field
variations measured simultaneously in the solar wind

and in the dayside magnetosheath by Wind, Cluster,
THEMIS, and MMS spacecraft in 2016-2017. Interac-
tion of ICME with the magnetosphere is shown to cause
the least change in the fluctuation power if there is a
compression region in front of it; on the opposite, when
there is no compression region, the fluctuation power
increases considerably. ICMEs that caused significant
changes in the Dst index were determined to be accom-
panied by the least changes in the turbulent cascade in
the magnetosheath, whereas the most significant modi-
fication of the turbulence features were observed during
ICMEs which did not trigger substantial geomagnetic
disturbances.

Keywords: solar wind, magnetosheath, turbulence,
space plasma.

INTRODUCTION

It is known that the main sources of global magneto-
spheric disturbances are large-scale interplanetary dis-
turbances [Yermolaev et al., 2015; Borovsky, Denton,
2006]. At the same time, geoeffectiveness of the solar
wind (SW) and the relationship of geomagnetic disturb-
ances with interplanetary medium parameters are usual-
ly studied using measurements in the vicinity of the L1
point, located 1.5 million km from Earth's orbit [Pal-
locchia et al., 2006; Boynton et al., 2012; Podladchikova,
Petrukovich, 2012], and ignoring the processes in bound-
ary layers of the magnetosphere. In front of the outer
boundary of the magnetosphere — the magnetopause —
there is always a bow shock (BS) and a transition region
formed because supersonic and super-Alfvén SW streams
flow around the magnetosphere. In the transition region,
or magnetosheath (MSH), plasma and magnetic field
characteristics change significantly — magnetic field
lines are compressed, the magnetic field changes direc-
tion, plasma is compressed, slows down, and heats, as
well as the fluctuation intensity of all parameters increas-
es greatly. Processes in MSH depend on the relative posi-
tion of BS and the interplanetary magnetic field: due to

the presence of ions behind quasi-parallel BS, which are
reflected from BS and then carried away by SW plasma
to MSH, the amplitude of plasma parameter and mag-
netic field variations behind quasi-parallel BS is by an
order of magnitude higher than behind quasi-
perpendicular BS, and can reach the order of magnitude
of the parameter itself [Greenstadt, 1972; Shevyrev,
Zastenker, 2005]. Moreover, the temperature anisotropy
that occurs on quasi-perpendicular BS leads to the devel-
opment of a large number of instabilities and wave pro-
cesses behind it [Schwartz et al., 1996; Lacombe, Bel-
mont, 1995].

Despite the fact that there are general ideas about the
global change in plasma and field characteristics behind
BS, and it can, on average, be described by gas-dynamic
and magnetohydrodynamic (MHD) models [Spreiter et
al., 1966; Toéth et al., 2005] on scales comparable to the
size of the magnetosphere (~10° km), the processes on
smaller scales (~102-10% km) can only be reproduced by
time-consuming hybrid and kinetic models (e.g. [Kari-
mabadi et al., 2014; Palmroth et al., 2018]), which can-
not be applied to space weather forecasting. Studies
based on simultaneous measurements in front of and
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behind BS show that the direction of the magnetic field
directly in front of the magnetopause may differ from
that recorded in SW [Safrankova et al., 2009; Pulinets et
al., 2014]. In addition, recent studies indicate that during
such geoeffective large-scale phenomena as Interplane-
tary Coronal Mass Ejections (ICMEs) there can also be
mismatches between field directions in MSH and SW
[Turc et al., 2017] on time scales of the order of an
hour. Since IMF B, is considered as the most important
parameter of the interplanetary medium responsible for
the dynamics of the magnetosphere, it is important to
take into account the processes in MSH for a more cor-
rect understanding of solar-terrestrial relations.

On scales comparable to the proton gyroradius, Ki-
netic effects play an important role in space plasma,
energy dissipation begins, and the MHD description
becomes inapplicable. The processes occurring on
scales smaller than 10% km can be analyzed in terms of
turbulent cascade characteristics. In recent years, a large
amount of experimental data with high temporal resolu-
tion has significantly expanded the understanding of
turbulence features in MSH (for example, [Zimbardo et
al., 2010; Sahraoui et al., 2020; Rakhmanova et al.,
2021]). For undisturbed SW plasma, the spectrum of
turbulent magnetic field fluctuations has a universal
form described by a power function with an exponent of
-5/3 (Kolmogorov scaling) on scales larger than the
ionic gyroradius (MHD scales). On scales of the order
of the proton inertial length, the spectrum break and
transition to kinetic scales occur on which the spectrum
is also described by the power law with exponent o.
According to statistical data, on average o=—(2.8+3),
whereas according to theoretical predictions o ranges
from —7/3 [Schekochihin et al., 2009] to —8/3 [Boldyrev,
Perez, 2012]. Most studies show that the characteristics
of turbulent fluctuation spectra change at BS: Kolmogo-
rov scaling on MHD scales is disrupted [Czaykowska et
al., 2001; Huang et al., 2017; Rakhmanova et al., 2018a;
Rakhmanova et al., 2024a] and the spectra can be de-
scribed by the power law with an exponent of -1, typi-
cal of a set of incoherent waves or scales of energy
pumping. On Kinetic scales, some studies have demon-
strated a significant steeping of fluctuation spectra behind
BS [Rakhmanova et al., 2018b, 2024a], presumably caused
by increased energy dissipation due to a large number of
wave processes and instabilities characteristic of MSH.

Note also that turbulence characteristics depend on
SW plasma type, determined largely by its solar source
[Bruno et al., 2014; Riazantseva et al., 2019, 2020;
Ervin et al.,, 2024]. Furthermore, it has been shown
[Rakhmanova et al., 2024c; Rakhmanova et al., 2024b]
that different turbulence types are characterized by dif-
ferent dynamics of turbulence properties behind BS,
including different degrees of modification of the turbu-
lent cascade in dayside MSH and the specific nature of
its recovery during plasma propagation to MSH flanks.

Thus, the study into the features of the development
of a turbulent cascade in MSH during disturbances in
SW can provide insight into the processes occurring in
the transition region during observation of potentially
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geoeffective phenomena in the interplanetary medium,
and complement existing ideas about solar-terrestrial
relations. In this paper, we have analyzed 15 cases of
ICMEs recorded at Earth's orbit and changes in plasma
turbulence characteristics when crossing BS in these
periods. ICMEs are interplanetary coronal mass ejec-
tions that lead to the formation of large-scale magneto-
plasma structures propagating in the interplanetary me-
dium. If the propagation velocity of magnetoplasma
structure from the Sun exceeds the velocity of surround-
ing SW plasma, a compression region (Sheath) can form
in front of it, as in front of a piston, which features an
increased plasma pressure (density and temperature) and
fluctuation power. If the propagation velocity of the
disturbance exceeds the local velocity of a fast MHD
wave, an interplanetary shock is also formed in front of
the piston. In Earth's orbit, ICME is identified by a set
of plasma and magnetic field parameters [Yermolaev et
al., 2009], as well as by ionic composition and energetic
particle fluxes [Richardson, Cane, 2010]. ICME is char-
acterized by an increase in the magnetic field compared
to the surrounding SW, a significant decrease in tem-
perature, an increase in velocity at the beginning of the
event, and its decrease by the end of the event. Besides,
there is often an increase in the relative content of alpha
particles, as well as ions with large charges such as iron
and oxygen. ICME is generally observed in two forms
in Earth's orbit — Ejecta or magnetic cloud (MC). MC
includes ICMEs that feature a quiet magnetic field of
high amplitude without significant variations, with a
smooth rotation of the magnetic field vector by a large
angle, a significant decrease in temperature and proton
density, and hence in the plasma parameter p — the
ratio of thermal pressure to magnetic pressure [Burlaga,
1991]. The difference between ICMEs of these two
types is probably due to different trajectories at which
they are crossed by recording spacecraft (SC) [Yermo-
laev et al., 2009; Kilpua et al., 2017]. ICME formation,
distribution, and internal structure are described in de-
tail, for example, in the review [Kilpua et al., 2017]. For
this work, we have taken events from the catalog [Yer-
molaev et al., 2009]; Ejecta and MC events were exam-
ined separately. Ejecta events without Sheath observed
in front of ICME were considered separately from the
events with Sheath, whereas Sheath was always record-
ed in MC. The periods corresponding directly to
Sheaths were also studied independently. In addition, by
analyzing the Dst index, we identified the Ejecta events
that occurred in both SW and MSH, but without signifi-
cant geomagnetic disturbances, and found characteristic
changes in the turbulent cascade properties during these
periods. We analyzed simultaneous measurements of
turbulence characteristics in SW, using data from the
Wind satellite; and in MSH, using data from any THE-
MIS, Cluster, MMS satellite. The analysis was carried
out for 2016-2017, since this period corresponded to the
descending phase of the solar cycle and to the observa-
tion of a sufficient number of geoeffective events in the
interplanetary medium, and there is a large amount of
available satellite data obtained in MSH.
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1. DATA AND ANALYSIS METHOD

The time intervals corresponding to ICMEs have
been selected from the catalog [Yermolaev et al., 2009;
http://iki.rssi.ru/pub/omni/catalog/]. For all ICME ob-
servations in 2016-2017, we have determined the loca-
tion of THEMIS, Cluster, and MMS satellites, as well as
the availability of their measurements for the given time
intervals, from [https://cdaweb.gsfc.nasa.gov/sp_phys/].
The location of a satellite inside MSH was found by
analyzing the ion energy distribution, the proton density
and velocity. We chose only the events during which the
satellites were in the dayside MSH (Xgse>5 Rg) and
there were rapid satellite measurements of the magnetic
field in MSH. We employed data from FGM instru-
ments: on board THEMIS satellites [Auster et al., 2008]
with a sampling rate of 4 vectors per second, on board
Cluster satellites [Balogh et al., 2001] with a sampling
rate of 5 vectors per second, on board MMS satellites
with a sampling rate of 16 vectors per second (in a fast
mode) [Russell et al., 2016]. With magnetic field meas-
urements available for the selected event, we compared
satellite measurements in MSH and SW. We used
measurements of plasma parameters in SW with SWE
[Ogilvie et al., 1995] at a temporal resolution of 92 s
and of the magnetic field with MFI [Lepping et al.,
1995] at a sampling rate of 11 vectors per second on
board the Wind satellite in the vicinity of the libration
point L1. Plasma parameters in MSH were analyzed
using data from ESA/THEMIS [McFadden et al., 2008],
CIS/Cluster [Réme et al., 2001] and FPI/MMS [Pollock
et al., 2016]. We have selected 15 ICME events record-
ed in Earth's orbit.

To compare the data obtained in SW and MSH, it is
necessary to correctly determine the time of plasma
propagation between spacecraft. The propagation time
was found from correlation analysis of time series of
proton density from the Wind satellite and one of the
satellites in MSH. For this purpose, density measure-
ments were reduced to a general time grid with a resolu-
tion of 92 s, then a preliminary time shift To=dX/|Vy|
was calculated, where dX is the distance between satel-
lites along the Xgse axis; Vy is the average SW plasma
velocity component along the Xgsg axis, measured by
the Wind satellite during the event. Next, we calculated
the density correlation coefficient for the time shift
range [T,—3600 s; To+3600 s]. The correlation coeffi-
cient was computed for an interval of 2 to 8 hrs, depend-
ing on the available data interval. The dT shift corre-
sponding to the maximum of the correlation coefficient
was determined, and the resulting value was selected as
the time shift for the interval considered. Each dT value
was manually checked against the visual coincidence
between density fronts or magnetic field components on
the two satellites and was adjusted if necessary. Figure 1
compares measurements from Wind SC in SW and from
MMS-1 SC in MSH for the February 2-3, 2016 event.
Panels a, b show proton density and velocity measure-
ments; the left Y-axis represents the satellite in SW; the
right one, the satellite in MSH. Panels c, d exhibit mag-
netic field magnitude and components in SW and MSH.
The horizontal arrows above the top panel of the figure
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indicate SW types — before 22:00 there was a Sheath in
front of ICME; from 22:00, the ICME itself, which be-
longed to the Ejecta type. The Wind data is shifted by
4380 s. The time variation in the proton density is clear-
ly seen to coincide on the two satellites throughout the
interval, as well as there are local inconsistencies in
plasma structures, which usually emerge due to differ-
ences in their propagation velocities.

To identify the geomagnetic response to the event in
question, we analyzed the Dst index from the Kyoto
Observatory [https://wdc.kugi.kyoto-u.ac.jp/dstdir/].
Figure 1, d presents Dst values with a temporal resolu-
tion of 1 hr. The arrival of ICME is seen to be accom-
panied by a geomagnetic storm with minimum Dst=-57
nT. In this paper, the events were divided into those
causing a significant response from the magnetosphere
if they occurred with a change in Dst to less than —30
nT, and those that did not cause a significant geomag-
netic response if Dst did not fall below —30 nT after the
arrival of ICME.

For further analysis of the turbulence characteristics
in this event, we have selected two intervals marked in
Figure 1 with a gray fill: interval 1 refers to Sheath; and
interval 2, to Ejecta. The intervals are taken according
to their duration (~ 1 hr), as well as from considerations
that the parameters are quasi-stationary, i.e. without
significant density jumps or rotations of the magnetic
field vector, which generally correspond to the intersec-
tion of discontinuities of various types. For each inter-
val, the time shift was additionally adjusted manually.
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Figure 1. The February 2-3, 2016 event: proton density
(a) and velocity (b) as measured by Wind in SW and by
MMS-1 in MSH; magnetic field magnitude and components
as measured by Wind in SW (c) and by MMS-1 in MSH (d);
the Dst index (e)
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For the selected intervals, turbulence characteristics in
SW and MSH were found by Fourier analysis. Since the
temporal resolution of magnetometers in the satellites in
use varies, the intervals for calculating fluctuation spec-
tra have different durations in SW and MSH. This dif-
ference is due to the use of Fourier analysis, which im-
poses a limit on the number of points in the spectrum. In
this case, for the MMS-1 and Wind satellites the dura-
tion of the intervals is 68 and 50 min respectively. The
intervals were chosen so that their centers coincide.
Fourier spectra were computed for fluctuations of both
the magnetic field vector (trace magnetic field fluctua-
tion spectra) and the magnetic field magnitude. The
magnetic field vector fluctuations are the sum of the
incompressible (Alfvén) component of fluctuations,
whereas magnetic field magnitude fluctuations represent
the compression component. The contribution of the
compression component of fluctuations to the cascade
in SW is generally negligible, and turbulence is consid-
ered to be purely Alfvén [Schekochihin et al., 2009]. In
MSH, the proportion of compression fluctuations be-
comes significant [Huang et al., 2017], which is an im-
portant feature of turbulence in this region.

Figure 2 illustrates the calculated spectra for the in-
tervals marked in gray in Figure 1: panels a, ¢ show
interval 1 (Sheath); panels b, d, interval 2 (Ejecta). Pan-
els a, b are spectra in SW; panels c, d, spectra in MSH.
Note that on the scales in SW considered, the noise of
MFI can make a significant contribution to the spectra

For the obtained spectra, two scales, separated by a
break, are pronounced: MHD and kinetic. On these
scales, the spectra were linearly approximated on a log-
arithmic scale for each range, and the exponent of the
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Figure 2. Spectra (solid lines) of trace magnetic field
(black curves) and magnitude (red curves) fluctuations in SW
(a, b) and MSH (c, d) for intervals 1 (a, ¢) and 2 (b, d) in Fig-
ure 1, as well as the results of approximation of the spectra
(dashed lines). Gray lines in panels a, b are MFI's noise spec-
tra multiplied by a factor of 5: solid lines are trace magnetic
field fluctuation spectra; dashed lines are magnetic field mag-
nitude fluctuation spectra.
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power law (slope) of the spectrum was found. In some
cases, such an approximation is impossible due to the
presence of a peak in the spectrum (the fluctuation spec-
trum of the magnetic field magnitude in Figure 2, c) or
because the noise level is reached (the spectrum of
magnetic field magnitude fluctuations in Figure 2, b).

For most events in SW, analyzed both in this paper
and in earlier statistical studies [Woodham et al., 2018],
the spectrum breaks at frequencies above 0.1 Hz. In this
work, we have chosen the frequency range 0.095-0.105
Hz to estimate the intensity of fluctuations on MHD
scales. For each spectrum, we determined the intensity
of magnetic field vector and magnitude fluctuations in
SW and MSH.

Figure 2 indicates that in SW during the Sheath pe-
riod the MHD-scale spectra are slightly steeper (~-1.8)
than the Kolmogorov spectrum with a slope of -5/3.
This slope is typical for Sheath regions [Riazantseva et
al., 2024]. During the Ejecta period, the spectra have a
slope close to the Kolmogorov one on MHD scales. For
interval 1 inside Sheath, the spectrum of magnetic field
magnitude fluctuations has a scaling close to that of the
field vector fluctuation spectrum, while the intensity of
magnetic field vector and magnitude fluctuations differs
three times. SW is generally characterized by a large
difference in power (by 10 or more times) due to the
dominant contribution of Alfvén incompressible fluc-
tuations, which is observed, for example, for the Ejecta
period (see Figure 2, b) having the power of the com-
pression component ~40 times lower. However, Sheath
exhibits a high density, which causes an increase in the
proportion of the compressible component of fluctua-
tions. On Kinetic scales, the fluctuation spectra have
slopes close to —8/3, given in a number of theoretical
descriptions of turbulence.

In MSH, the spectra are characterized by flattening
on MHD scales and a deviation of scaling from the
Kolmogorov scale for magnetic field vector fluctua-
tions. At the same time, during the Sheath period there
is a peak in the spectrum of field magnitude fluctua-
tions; and during the Ejecta period, in the field vector
spectrum. The frequency range in which the peak was
observed was excluded from consideration. It is beyond
the scope of this paper to discuss the nature of these
peaks. Such peaks are typically caused by wave pro-
cesses in MSH due to temperature anisotropy, and the
type of process depends on external conditions
[Schwartz et al., 1996; Lacombe, Belmont, 1995]. Both
intervals are typified by steeping of the spectra on kinet-
ic scales. For the Sheath interval, the intensity of mag-
netic field vector and magnitude fluctuations is close on
both MHD and kinetic scales, which indicates a signifi-
cant contribution of compression fluctuations to the
cascade. For the Ejecta interval, the proportion of com-
pression fluctuations in MSH on MHD scales, as well as
in SW, is much smaller than the proportion of Alfvén
fluctuations, whereas their contribution increases on
kinetic scales.

The break frequency of spectra is also an important
feature of turbulence since it is believed that the scale
on which the break appears is related to the mechanism
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of energy dissipation and plasma heating. However,
identifying this scale requires significant statistics, and
even if any, the scale is still not clearly defined (see, e.g.,
[Woodham et al., 2018]). In this paper, the statistics does
not allow us to reliably determine which scale is typical of
the spectrum break, so this problem was left aside.

A total of 47 intervals have been identified for 15 IC-
ME events, divided according to the type of ICME and the
intensity of geomagnetic disturbances they triggered into
the following groups: 1) Ejecta ICME before which there
was a compression region and after which Dst<-30 nT,
i.e. there was a geomagnetic disturbance (GS) — Ejecta/
Sh/GS; 2) Ejecta ICME before which there was a com-
pression region and after which Dst>-30 nT, i.e. there
was no significant geomagnetic disturbance — Ejec-
ta/Sh/noGS; 3) Ejecta ICME before which no compres-
sion region was observed and Dst>-30 nT — Ejecta/
noSh; 4) Sheath after which Dst<-30 nT — Sh; 5) ICME
of MC type after which Dst<—30 nT — MC. The number
of intervals of each type and the presence/absence of the
magnetospheric response to the event, as well as averag-
es of IMF B, and SW plasma velocity for the selected
group of events are listed in Table. According to the
results of statistical studies [Rakhmanova et al., 2024a, b],
the disturbed periods in SW and in particular the period
of ICME passage are characterized by a significant
modification of the turbulent cascade throughout the
dayside MSH, regardless of the satellite location relative
to the magnetopause and BS. Therefore, in this work we
do not separate intervals near the boundaries and in the
middle of MSH. There is also no separation according
to the type of the BS behind which the measurements
were made.

Using the statistics obtained, we have analyzed the
changes when crossing BS: 1) the power of PSD fluctu-
ations on MHD scales; 2) the degree of compression
(compression  coefficient) on MHD  scales
CC=PSDj/PSDg, where PSD, is the intensity of mag-
netic field magnitude spectrum fluctuations, PSDg is the
power of magnetic field vector fluctuations; 3) slopes P,
and P, on MHD and kinetic scales respectively for each
interval type. The results of the analysis are presented in
the next section.

2. RESULTS

Figure 3 compares slopes of magnetic field vector
fluctuation spectra in SW and MSH on MHD (a) and
kinetic (b) scales for events of different types. Magnetic
field magnitude fluctuations in SW are adversely affected
by MFI noise, which hinders identification of slopes of
spectra of these fluctuations for kinetic scales. Accord-
ingly, the scaling of fluctuations was compared only for
the magnetic field vector. Black dashed lines indicate
the equality of the slopes of the spectra in front of and
behind BS, i.e. preservation of scaling when entering
into MSH. Blue dashed lines show the model slopes
specific to each scale range. For the intervals related to
Sheath and MC, the spectra on MHD scales in SW are
close to the Kolmogorov spectra. For other SW types,
there is a wide spread of slopes. In MSH, most spectra
have slopes lower in magnitude than in SW and as de-
scribed in theories. Note that the number of points in
Figure 3 may be smaller than the number of intervals in
Table since in a large number of cases wave phenomena
are observed in MSH and it is impossible to approxi-
mate the spectra on MHD scales. In the fourth column
of Table is the number of cases of observation of well-
defined peaks in the spectra of magnetic field vector
fluctuations in MSH. The most common wave phenom-
ena are observed for Ejecta/Sh/noGS events — 10 of 13
cases, as well as for Ejecta/noSh events — 10 of 13
cases. Thus, for ICMEs that did not produce a signifi-
cant magnetospheric response, intense wave activity is
observed in 76 % of cases in the dayside MSH. For the
events that evoked a significant magnetospheric re-
sponse, wave processes in MSH occurred in 38 % of
cases.

For Ejecta/Sh/GS events, slopes of spectra on MHD
scales in MSH correspond to those measured in SW,
both for the Kolmogorov scaling and for deviation from
it in SW. For other events, there is no connection be-
tween the slopes of the spectra in the two regions.

On kinetic scales, the fluctuation spectra in MSH
have, on average, a slope larger in magnitude than that in
SW, which is typical of MSH plasma. The smallest slope
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Types of intervals considered and their characteristics

T Number of | Magnetospheric '\:ﬁ?;?\fglgf Average Average V
ype intervals response with peak in B, in SW,nT in SW, km/s
MSH
Ejecta/Sh/GS 8 + 5 —5.3+£3.3 355+4
Ejecta/Sh/noGS 13 — 10 3.74+4.1 420464
Ejecta/noSh 13 — 10 1.242.1 382+42
Sh 8 + 2 0.7£3.2 422+109
MC 5 + 1 —6.3+5.7 473+100
change when plasma enters into MSH is observed for Ejecta/Sh/noGS
Ejecta/Sh/GS events; the largest one, for Ejec- Ejecta/Sh/GS Ejecta/noSh Sh MC
ta/Sh/noGS, Ejecta/noSh, and Sh events. Interestingly, 022
for four of five MC events, there is a spread of slopes in 0.0 " | |
SW, whereas in MSH the slope values are close to —-8/3. o -0,2 i = X3
Such a change may indicate that the cascade of turbu- = e :

lent fluctuations can collapse and form again behind BS,
not only for MHD, as suggested in [Huang et al., 2017],
but also for kinetic scales. Yet, it is impossible to an-
swer this question unambiguously in the framework of
this work due to the limited statistics on MC. For one of
the five events, the slope on kinetic scales is close to —
4.5, which is typical for observing the wave processes
or local coherent structures such as Alfvén vortices
[Alexandrova et al., 2008].

Figure 4 compares averages and standard deviations
of changes in slopes of fluctuation spectra at BS on
MHD (a) and kinetic (b) scales for the ICME types con-
sidered. The slope change is defined as

R, =(RY%™ - PY')/ Py, where indices 1 and 2 relate

to MHD and kinetic scales respectively. In the case of
flatter fluctuation spectra characteristic of MSH, AP<0;
in the case of fluctuation spectrum steeping at BS,
AP>0. Despite the large standard deviations of the val-
ues, we can see that different ICME types have their
own peculiarities in changing the scaling behind BS.
The most significant difference is observed for the Ejecta
events that cause and do not cause magnetospheric dis-
turbances. In the former case, there is the smallest change
in the scaling of fluctuation spectra on both MHD and
kinetic scales. In the latter, most events show an increase
in wave activity and energy dissipation rates in MSH.

The magnetic field vector fluctuation intensity in
MSH is plotted versus the corresponding intensity in
SW, measured on MHD scales, in Figure 5, a. Averages
and standard deviations of variation in the spectral pow-
er log(PSDwsH/ /PSDgy) are presented in Figure 4, c.
For MC and Ejecta/Sh/GS, crossing of BS is seen to
occur with an increase in the intensity of fluctuations by
two orders of magnitude. Sheath and Ejecta/Sh/noGS
are characterized by a less pronounced increase in fluc-
tuations — by 1-2 orders of magnitude. The most sig-
nificant enhancement of fluctuations, in some cases by
more than three orders of magnitude, is recorded during
Ejecta/noSh periods.

One of the main differences between MSH plasma
and undisturbed SW plasma is an increase in the propor-
tion of the compression component of fluctuations be-
hind BS.
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Figure 4. Average and standard deviation of changes in
slopes P, (a) and P, (b), as well as changes in the spectral
power of fluctuations on MHD scales (c) and the compression
coefficient (d) for ICMEs of different types

Figure 5, b compares compression coefficients in
SW and MSH for all types of intervals considered. Av-
erages and standard deviations for ICMEs of different
types are shown in Figure 4, d. It is clearly seen that in
SW the power of the compression component of mag-
netic field fluctuations for most events is ten times low-
er than the power of the Alfvén component (CCgy<0.1),
which is typical of SW. At the same time, the proportion
of compression fluctuations is, on average, higher for
Sheath regions, which is natural for regions of com-
pressed plasma. There is no significant difference in the
compression coefficient for Ejecta intervals of different
types. In MSH, the CCysy coefficient is, on average,
higher than in SW, and the proportion of the compressi-
ble component is usually comparable to that of the Alf-
vén one. There is no clear relationship between the
compressibilities of fluctuations in SW and MSH: on
average, the compressibility increases by one order of
magnitude for all the ICME types considered. Thus, an
increase in compressibility does not seem to play a role
in the difference in the dynamics of the turbulent cas-
cade behind BS for ICMEs of different types and in the
difference in the geomagnetic response to them.
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Figure 5. Intensity of magnetic field vector fluctuations in MSH as a function of corresponding intensity in SW for MHD
scales (a); the compression coefficient in MSH versus that in SW for different ICME types (b); lines indicate an increase in in-
tensity (a) and degree of compression (b) 10" times; n is given near the corresponding line

3. DISCUSSION AND CONCLUSIONS

In this paper, by analyzing simultaneous measure-
ments of turbulence characteristics in the solar wind and
in the dayside magnetosheath, we have examined the
difference in turbulent cascade forming behind the bow
shock for 15 ICME events of various types and varying
degrees of geoefficiency. The following has been
shown.

1.  The most pronounced change in the scaling of
the turbulent cascade on both MHD and kinetic scales is
observed during Ejecta ICMEs, which are not accompa-
nied by a significant magnetospheric response (Dst>-30
nT); it is not important whether there is or is not a
Sheath in front of ICME; during these events behind BS,
wave activity on inertial scales increases considerably, and
the energy dissipation rate is enhanced.

2. The least pronounced change in the scaling of the
turbulent cascade on both MHD and kinetic scales is
typical for Ejecta regions with Sheath in front of them,
causing significant disturbances of the magnetosphere
(Dst<-30 nT).

3. Ejecta events without Sheath occur with the great-
est enhancement of MHD-scale fluctuations at BS,
which can be as large as four orders of magnitude.

4. The degree of compressibility of fluctuations var-
ies on average by one order of magnitude behind BS,
regardless of ICME type and for different magneto-
spheric responses to ICME.

The data on the change in scaling of fluctuations up-
on plasma entry into MSH agrees, on average, with the
data obtained earlier in statistical studies [Czaykowska
et al., 2001; Huang et al., 2017; Rakhmanova et al.,
2024a, b]: there is a deviation of scaling from the Kol-
mogorov one on MHD scales and steeping of spectra on
kinetic scales. However, this paper demonstrates an
important difference between events that had the same
type, i.e. a solar source, but were followed by a different
response from the magnetosphere.

It should be noted that geoeffectiveness of Ejecta
ICME has a well-explained relationship with IMF B,
(see Table): the events that cause a significant magneto-
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spheric response are characterized by a pronounced
southern orientation of the interplanetary magnetic field.
Nonetheless, according to statistical analysis [Rakh-
manova et al., 2024a], average B, does not clearly affect
the change in turbulence characteristics at BS. In this
work, we have also analyzed the relationships of chang-
es in the turbulence parameters at BS with the SW
plasma and magnetic field parameters, in particular with
the plasma velocity, and have found no dependences in
ICME events. A significant increase in the intensity of
fluctuations on MHD scales during Ejecta events that
did not have a compression region in front of them and
were not followed by a significant magnetospheric re-
sponse, as well as the frequent observation of pro-
nounced wave processes during these periods suggest
that the energy of fluctuations coming from SW was
converted into MHD waves. An increase in dissipation
(steeping of fluctuation spectra on kinetic scales) char-
acteristic of these periods also indicates the appearance
of excess energy in the cascade, which is redistributed
from large scales to smaller ones through the cascade.
Intensification of wave processes is also observed dur-
ing Ejecta periods with Sheath, which did not lead to
significant magnetospheric disturbances, despite the
evidence for greater geoeffectiveness of such events
[Yermolaev et al., 2015].

Such features in the formation of the turbulent cas-
cade behind BS suggest that not only global reconnec-
tion processes at the magnetopause, which are deter-
mined by the direction of the interplanetary magnetic
field and SW dynamic pressure and are often indicated
as the dominant process in solar-terrestrial relations, but
also energy transfer processes through the cascade (e.g.,
[D'Amicis et al., 2020]) and their changes near BS,
which may be specific to SW streams of different types,
contribute to the geoeffectiveness of various phenomena
in the interplanetary medium. This contribution requires
more detailed research in order to build more accurate
models of solar-terrestrial relations.

The work was carried out under the Government as-
signment from IKI RAS on the theme “PLASMA”.
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Abstract. Measurements from the Interball-1 and
Magion-5 satellites of the Interball mission in 1995-
2001 have been used to analyze the dependence of the
equatorial plasmasphere characteristics on magnetic
local time, as well as on solar activity, dynamic pres-
sure, and solar wind density. The proton density at solar
minimum is on average higher than at solar maximum,
which is probably due to changes in plasma mass com-
position in the plasmasphere at solar maximum. The
daytime and nighttime proton temperatures increase
with increasing solar extreme ultraviolet flux, at least in
the years of solar maximum. The plasmaspheric plasma

density and thermal pressure rise with increasing dy-
namic pressure and/or density of the undisturbed solar
wind, which might be associated with restructuring of
the convective electric field in the magnetosphere.

Keywords: cold plasma, density, temperature, mag-
netic local time, solar activity, geomagnetic activity,
solar wind pressure.

INTRODUCTION

Most studies analyzing the solar wind (SW) effect
on the inner magnetosphere are limited to considering
the outer boundary of the cold plasma region — the
plasmapause.

Plasma density variations in the plasmasphere on
different L shells (L is the Mcllwain parameter, the dis-
tance in the magnetic equator plane to the geomagnetic
field line in Earth radii Rg) during the day, year, and
solar cycle were first discussed in [Park et al., 1978]
based on whistler data. The plasma density, determined
from the frequency and time of whistler propagation,
refers to the equatorial plane of the plasmasphere. The
large statistical data obtained from a ground station in
California (~110° W) shows annual density variations.
The plasma density on the magnetic shell L=2.5 in De-
cember was ~1.5 times higher than in June. As solar
activity decreased in the period from 1957 to 1964, the
plasma density also decreased. Moreover, Park et al.
[1978] with reference to previous studies emphasized
that plasma dynamics in the inner plasmasphere at L<~3
differs from plasma dynamics in the outer plasmas-
phere. Plasma distribution in the inner plasmasphere is
little affected by geomagnetic activity and is close to the
equilibrium saturation level, when downward plasma
flows from the plasmasphere at night are balanced by
flows from the ionosphere during the day.

Carpenter and Andersen [1992] have examined not
only a change in the location of the plasmapause, but
also the dynamics of the cold plasma density in the
plasmasphere near the equatorial plane at 2<L<8 under
various conditions. Using data from ISEE wave experi-

ments and ground-based whistler research data, an em-
pirical formula have been derived for calculating the
maximum electron density Ne, recorded under pro-
longed quiet geomagnetic conditions,

Ig(Ne, (L, d, R))=—-0.3145L +3.9043+
+0.15c0s[ 2n(d +9)/365 Jexp[ —(L—2)/1.5]-
~0.5¢os[ 4r(d +9)/365 Jexp[ —(L—-2)/1.5]+
+(0.00127R —-0.0635) exp[ —(L—2)/1.5],

where d is the ordinal number of the day in the year; R
is the sunspot number averaged over 13 months. In (1),
the first two terms are the main ones describing a de-
crease in plasma density with distance away from Earth,
but the authors also take into account the increase in
cold plasma density with increasing solar activity, annu-
al (or seasonal) variations with maximum density in
December, and semi-annual variations with maximum
density at the equinox [Carpenter, 1962]. However,
Formula (1) does not contain a dependence on the mag-
netic local time (MLT). To identify such a dependence,
there was insufficient data obtained in the inner plas-
masphere during long quiet periods.

Later, it was found that annual variations in the den-
sity of plasmaspheric plasma are not always accompa-
nied by the observation of the December maximum. The
plasma density in the plasmasphere in June may be
higher than in winter. This depends on the geographic
longitude of the observation area [Menk et al., 2012;
Chugunin et al., 2017; Kim et al., 2018]. Yasyukevich et
al. [2019] have analyzed total electron content varia-
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tions in the plasmasphere (PEC) over Irkutsk (52°17' N,
104°18' E) during the daytime and at night for several
years (2010-2013). The authors showed that in this re-
gion PEC values are higher in summer than in winter;
increased PEC values were also recorded during equi-
noxes. Correlation with geomagnetic and solar activity
indices was observed only for daytime PEC.

The direct dependence of the plasmaspheric plasma
density on solar activity has not been confirmed either.
Shim et al. [2017], indeed, point to a slight increase in
PEC by 10-30 % at 1336-20200 km with an increase in
solar activity, but at the same time they observe a de-
crease in the electron content near the equatorial plane
with an increase in geomagnetic activity during solar
maxima. Richards et al. [2000] analyze seasonal plasma
density variations in the plasmasphere and indicate that
the electron density anticorrelates with both geomagnet-
ic and solar activity due to changes in the neutral hydro-
gen density of the ionosphere.

Variations in the inner plasmasphere parameters
should be closely linked to variations in the upper iono-
sphere parameters. Plasma density and temperature var-
iations with a period of 27 days (the synodic rotation
period of sunspots is 27.2753 days) in the upper iono-
sphere according to DMSP data have been examined by
Rich et al. [2003]. At solar maximum in the dusk sector,
the density periodically changes by 40-50 %; and the
temperature, by 5-10 %. The 27-day variations in the
upper ionosphere parameters were detected at all lati-
tudes below the polar oval. These latitudes correspond
to magnetic shells of the plasmasphere. The authors
naturally attribute the presence of such variations in the
upper ionosphere parameters to variations in the ioniz-
ing ultraviolet radiation from the Sun. At the same time,
in the lower ionospheric regions in the E or F layers,
such variations in plasma parameters are subtle in the
equatorial plane [Lee et al., 2012]. According to [Rich
et al., 2003; Lee et al., 2012], at low altitudes the distri-
bution of ionospheric plasma is subject to other strong
dynamic processes that mask 27-day variations. Rich
with co-authors suggested that similar variations in the
parameters should exist in the plasmasphere.

The existence of ~27-day plasma density variations
in the plasmasphere was reported only when analyzing
data obtained by the Van Allen Probes satellites at
L>4.5 [Thaller et al., 2019]. The authors found no corre-
lation between the plasma density in the outer plasmas-
phere and the extreme UV flux (EUV, Extreme Ultra
Violet) and attributed the observed variations to the
effect of the convection electric field in the magneto-
sphere, i.e. to the processes of emptying and filling the
plasmasphere. For the outer plasmasphere, this explana-
tion seems to be quite reasonable.

The direct effect of SW on the plasma density in the
plasmasphere was apparently first considered by Kotova
et al. [Kotova et al., 20023, b]. Data obtained by Interball-
1 in July—October 1999 in the dusk (15-22 MLT) and
dawn (02-10 MLT) sectors on the outer L shells of the
plasmasphere (L~3.5) indicated that the plasma density in
the plasmasphere increases with increasing SW dynamic
(ram) pressure. A delay between measurements of SW
and plasma in the plasmasphere was no longer than 6 hrs.
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Jakowski and Hoque [2018] observe that the empiri-
cal model of plasmasphere density constructed for L<3
indicates that the cold plasma density in the inner plas-
masphere is higher on the dayside than on the nightside
at the same initial density values at a height of 1000 km.
The authors attribute this fact to the compression of the
dayside magnetosphere since it is flowed around by the
SW stream.

From measurements of SW parameters (density, dy-
namic pressure, electric field, and the geomagnetic ac-
tivity index Kp), a numerical model of the plasmasphere
with machine learning has been built which can predict
characteristics of this region of the magnetosphere 1-2
days in advance [Bianco et al., 2023]. This suggests that
the direct effect of SW on the inner magnetosphere is
significant and requires careful analysis.

Almost all studies in Earth's plasmasphere are based
on measurements of the plasma density, most often the
electron density, which can be obtained from various
wave experiments that involve examining the low-
frequency radiation in the magnetosphere. Direct meas-
urements of plasmaspheric parameters are very rare, but
only in such experiments it is possible to determine the
thermal plasma temperature and energy.

In this paper, using measurements from the Inter-
ball-1 spacecraft and the Czech subsatellite Magion-5 of
the Interball mission for 1995-2001, we first analyze
the dependence of the equatorial plasmasphere charac-
teristics on the distance to Earth (L) and on the magnetic
local time, which will reduce the influence of these fac-
tors on the search for other causes of plasmaspheric
plasma density and temperature variations. Then, we
examine the effect of solar activity and SW parameters
on the cold proton density and temperature in Earth's
plasmasphere.

1. EXPERIMENTAL DATA

This work is based on data acquired by the retarding
potential wide-angle cold plasma analyzer PL-48 (Fara-
day cup) installed on the Interball satellites.

Interball-1 was launched in August 1995 into orbit
with an apogee of ~200000 km, a perigee of ~500 km,
an inclination of 63.8°, and an orbital period of ~90 hrs.
It crossed the plasmasphere ~1 time every 4 days at so-
lar minimum of cycle 23 in 1995-1997 and at solar
maximum of the cycle in 1999-2000. In the initial peri-
od after launch, the satellite reached the L shell closest
to Earth L;,~1.4. Later, as a result of the evolution of
the orbit, its perigee rose and in 1997-1998 during the
ascending phase of the solar cycle the satellite only oc-
casionally entered the plasmasphere and recorded cold
plasma; from 1999 until the end of its active operation,
the perigee of the orbit decreased. In each Interball-1
orbit, minimum L values were observed near the magnet-
ic equator, and this made it possible to analyze the dy-
namics of cold plasma parameters in the magnetic equa-
tor plane as a function of L, eliminating the latitude de-
pendence [Kotova, Bezrukikh, 2022]. Energy spectra of
ions (0-25 eV) were measured for 2 s at different inter-
vals from 30 s to 5 min depending on the telemetry mode.
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Magion-5, whose data was also used for the analy-
sis, was launched in August 1996 together with the main
spacecraft Interball-2 into an orbit with an inclination of
~65°, a perigee of ~1.2 Rg, and an apogee of ~4 Re. Be-
cause of various technical problems, the PL-48 device
data was obtained only from August 1999 to July 2001,
when the spacecraft ceased its active operation. Meas-
urements from this spacecraft were carried out with a
sufficiently high time resolution; the energy spectrum of
thermal protons was measured for 0.4 s in cadence of ~8
s. The orbital period of Magion-5 was ~6 hrs, i.e. it
crossed the plasmasphere four times a day. However,
for various reasons, most of the data was obtained per
day only on one inbound branch of the orbit; occasion-
ally, there is data from two consecutive orbits of the
satellite, but also only when it enters the plasmasphere.

Both SC were stabilized by rotating with a two-minute
period around an axis directed at the Sun. When calculat-
ing plasma parameters from measured spectra, it was as-
sumed that in the thermal region the particles are distribut-
ed by energy according to the Maxwellian law, taking into
account partial shielding by the potential of the satellite
with due regard to the rate of corotation of plasma with
Earth and the spacecraft velocity [Kotova et al., 2014].

Databases obtained during periods of weak and
moderate geomagnetic activity near the plane of Earth's
magnetic equator were created to analyze the depend-
ences of plasmaspheric plasma parameters on solar ac-
tivity and SW characteristics. This excludes the influ-
ence of the magnetic latitude dependence on the data
[Artemyev et al., 2014]. Interball-1 data was collected at
1.2<L<5; and Magion-5 data, at 2.5<L<3.5. Figure 1
illustrates radial distributions of the proton density (a)
and temperature (b) in the plasmasphere in the equatori-
al plane according to Interball-l1 data [Kotova,
Bezrukikh, 2022]. The data is classified by local time;
for Interball-1, it turned out that daytime crossings oc-
curred from September to January; and nighttime cross-
ings, from March to July. It is apparent that at L>3.5 the
dependences, which approximate the density distribu-
tion, and the point fields coincide; yet in the inner plas-
masphere the density during the day is about 1.5 times
higher than at night. The general, regardless of local
time and season, equatorial distribution of density N
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Kotova and Bezrukikh [2022] have shown that (2)
fits well with other empirical relations derived in a
smaller range of distances from Earth. By scaling N~L~
27  the data from the two satellites was reduced to L=3.
This procedure mitigates the effect of the plasmaspheric
density dependence on the distance from Earth. The
local time dependence is discussed in more detail in the
next section. Similarly, the proton temperature T, meas-
ured on different L shells by Interball-1 and Magion-5
was reduced to L=3, using the expression T~L%* alt-
hough it can be seen from Figure 1, b that distributions
of T have a much larger range of values and differ by
15-20 % day and night.

2. MAGNETIC LOCAL TIME
DEPENDENCE OF PLASMA
CHARACTERISTICS
IN THE PLASMASPHERE

Figure 2 shows the magnetic local time dependence
of the proton density (a) and temperature (b) calculated
from Magion-5 data. All Magion-5 measurements were
made during solar maxima of cycle 23 over the region
50° W - 60° E. Significant changes in the plasmaspher-
ic plasma parameters are observed within 24 hours.

According to the data, the maximum density is ob-
served in the vicinity of noon. At noon (12:00), the pro-
ton density exceeds the night density ~2-5 times (Figure
2, a). The maximum temperature was recorded at
~16:00 (Figure 2, b), which corresponds to the maxi-
mum in the diurnal variation of ion and electron tem-
peratures in the ionosphere in the F layer and above
[Lyashenko, 2005]. The diurnal behavior of ion density
and temperature is seen to be independent of season: the
apparent change in the parameters measured in May-
July (red dots) near the summer solstice gradually trans-
forms to a change in the parameters measured in winter
(blue dots) near the winter solstice. We can also see a
slight rise in temperature during early morning hours,
which coincides with diurnal temperature variations in
the ionosphere.
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Figure 1. Proton density (a) and temperature (b) measured by Interball-1 in the plane of the magnetic equator of the plasmas-
phere for two MLT intervals (daytime hours 09:00-18:00 (red dots) and night hours 21:00-06:00 (blue dots)), as function of the
distance to the center of Earth. The corresponding power-law approximations are highlighted in the same colors. The black curve
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Interball-1 data relates to the years of both low solar
activity (1995-1997) and solar maximum (1999-2000).
When presenting all the data depending on MLT, no
daily change in the parameters is observed. Figure 3
illustrates variations in the proton density and tempera-
ture during the day, but measured only during solar
maximum in the range 60° W — 60° E. Despite the
small number of points, the diurnal behavior of the tem-
perature and density is similar to that shown in Figure 2
according to Magion-5 data.

3. EFFECT OF SOLAR ACTIVITY
ON PLASMASPHERIC PLASMA
CHARACTERISTICS

As already mentioned, the Magion-5 measurements were
carried out during solar maxima of cycle 23 when the parame-
ters characterizing solar activity vary widely and this makes
it possible to see the solar activity dependence of the
proton density and temperature in the plasmasphere.
Interball-1 measurements were made both during solar
minimum (1995-1997) and solar maximum of the cycle,
which allows us to compare the plasmaspheric plasma
density and temperature in different periods.

Figure 4 plots the proton density (a, b) and tempera-
ture (c) in the plasmasphere, measured near the plane of
the magnetic equator and normalized to L=3, as function
of the sunspot humber R (a) and the solar radio emis-
sion flux F10.7 (b, ).
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The index F10.7 correlates well with the EUV solar
flux. This flux is the main factor of ionospheric ionization
from the E layer and higher [Chen et al., 2011]. Although
F10.7 does not always correctly describe the EUV radia-
tion flux, it is usually used to estimate its variations.

Interball-1 data (Figure 4, a, b) indicates that the
proton density at solar minimum of the cycle (green
dots) is on average higher than at solar maximum (pur-
ple dots). Any dependence of the proton density in the
plasmasphere on these indices was failed to be identified
from Magion-5 data at solar maximum when R, changed
from 40 to 350; and F10.7, from 120 to 325. However,
both day and night proton temperatures are seen to in-
crease with increasing solar activity (Figure 4, c).

4, 27-DAY AND ANNUAL
VARIATIONS IN PLASMASPHERIC
PARAMETERS

Figure 5 shows an attempt to detect ~27 day proton
temperature and density variations in the plasmasphere.
Vertical lines indicate official data on the beginning of
Carrington cycles (~27.3 days)
[https://www.astroleague.org/files/obsclubs/Carrington
%20Rotation%20Start%20Dates.pdf]. The bottom panel
depicts changes in F 10.7. The peak of this index in late
March — early April 2001 was linked with strong X-
class solar flares during this period.
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lines are the beginnings of Carrington solar rotations, as ob-
served from Earth [https://www.astroleague.org/
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Sinusoidal temperature variations from January to
June 2001 with a period of ~28 days can be distin-
guished, but there is no noticeable correlation with
F10.7. This is not surprising since the correlation of
plasma temperature and density in the plasmasphere
with F10.7 is poorly resolved (Figure 4, b, c).

Figure 6 illustrates the temperature (red dots) and
density (blue) variations measured by Magion-5 and
normalized to L=3 over the entire operation period of
PL-48. The plot of proton temperature variations shows
semi-annual variations with maxima in the vicinity of
the equinox periods in spring (March 21) and autumn
(September 23), but the annual period of temperature
and density variations is also distinguished (highlighted
by vertical dashed lines). The maximum in May—June
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2000 prevails in the plot of density variations. This
maximum, as in February—March 2001, is obviously a
consequence of the midday density maximum (see Fig-
ure 2) since the measurements during this period were
made in the daytime sector of the plasmasphere. Figure
2 shows that in the inner plasmasphere the plasma density
dependence on local time is more significant than the
seasonal dependence, at least in the longitude sector in
which Magion-5 performed measurements (50° W — 60°
E). The temperature dynamics seems to indicate the same
thing. The local maximum proton temperature observed
near the vernal equinox in early April 2000 (~460 days)
was recorded at ~16-17 MLT. Then the temperature
reaches a local maximum in the middle of August 2000 at
~6 MLT. At the same hours, temperature maxima are
seen in Figure 2, b, although periods of these observa-
tions are close to the spring and autumn equinoxes.

Interball-1 made measurements not so frequently as
Magion-5; therefore, the amount of data is insufficient
to examine seasonal variations in plasmaspheric plasma
parameters.

5. RELATIONSHIP OF ION DENSITY
AND THERMAL PRESSURE
IN THE PLASMASPHERE
WITH SOLAR WIND DENSITY
AND DYNAMIC PRESSURE

Despite Interball-1 crossing Earth's plasmasphere on-
ly once every four days and only at a sufficiently low
perigee of the orbit, the long period of its operation
makes it possible to analyze the dependence of cold
plasmaspheric plasma characteristics on the parameters of
the SW stream impinging upon Earth's magnetosphere.

Figure 7 plots the proton density (a, b) and thermal
pressure (c), measured by Interball-1 in the plane of the
magnetic equator of the plasmasphere, as function of the

SW density Ngy (a) and dynamic pressure (b, ¢) pVey,

(p is the mass density, Vyy is the SW velocity). Straight
lines represent approximating dependences; while the
black color (a, b) highlights the dependences obtained
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for all points (relations in black). Coefficients of deter-
mination D are also given for approximations of all
measurements. In panel b, for example, the correspond-
ing colors indicate approximations separately for meas-
urements made during years of solar minimum and
maximum. The dependences are seen to be similar. At
the same time, it has been demonstrated once again that
the thermal proton density in the plasmasphere during
years of low solar activity is on average higher than
during years of high solar activity.

The dependences shown in panels a and b are inter-
related since the SW dynamic pressure depends largely
on its density (Figure 8). The red line and the corre-
sponding ratio in panel a are derived from the equations
N =142.3pV2, and pV, =0.28Ng,. The calculated
dependence practically coincides with the approxima-
tion obtained. Thus, it is impossible to say which de-
pendence is the main one.

The dependence in panel ¢ may be due to the de-
pendence of the proton density in the plasmasphere on
the SW dynamic pressure (b).

2000). Straight lines are approximating dependences
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The Magion-5 data indicate the presence of the same
relationships between the plasmaspheric plasma charac-
teristics and the SW parameters, yet only for the dayside
plasmasphere (Figure 9).

6. DISCUSSION

Using Interball data, we have tried to analyze in as
much detail as possible various factors that have an ef-
fect on changes in the cold plasma density and tempera-
ture in the equatorial plane of Earth's inner plasmas-
phere. The main factor responsible for the distribution
of cold plasmaspheric plasma density and temperature
near Earth is the distance of magnetic plasma shells
from Earth. To exclude the effect of the distance of the
plasma measurement site from Earth, the data was
scaled to the magnetic shell L=3. We analyzed the data
obtained only inside the plasmasphere, but not near its
boundary layer or in plasmaspheric plumes.

The second factor that can significantly affect the
plasma distribution in the plasmasphere is the local
time. The measurements carried out by Magion-5 during
the years of high solar activity suggest that there is a
strong dependence of the proton density on the local
measurement time. The maximum density is observed at
~12 MLT; the density at night is on average 2-5 times
lower.

Proton temperature variations in the inner plasmas-
phere as function of MLT are similar to diurnal varia-
tions in ionospheric temperature, which is confirmed by
the analysis performed earlier in [Kotova et al., 2002a,
2008]. Magion-5 data has shown that the ion tempera-
ture in the plasmasphere at L<~2.5-2.8 is close to the
electron temperature in the upper ionosphere at all MLT
values, except for the midday-evening region (12-20
MLT), where the temperature in the plasmasphere is
higher than in the ionosphere [Kotova et al., 2008]. The
ratio of the ion temperature in the plasmasphere to the
electron temperature in the upper ionosphere increases
with L. During years of high solar activity, this tempera-
ture ratio increases faster than during years of low solar
activity [Kotova, Bezrukikh, 2022].

The Interball-1 data, which relates to the period of
high solar activity, confirm the diurnal proton density
and temperature variations measured by Magion-5.

However, it is possible that due to the noticeable differ-
ence between Earth's magnetic and geographic axes the
ion density increase during daylight hours and diurnal
temperature variations also depend on the geographic
longitude of the site over which measurements are
made. The available data is insufficient to verify this.

In addition to the two obvious factors that determine
the plasmaspheric plasma density and temperature, solar
and geomagnetic activity, as well as the SW stream im-
pinging upon Earth and forming plasma and magnetic
field distribution in the magnetosphere have a signifi-
cant effect on cold plasma parameters.

According to Interball-1 data obtained during solar
minimum and maximum of cycle 23, the proton density
of the inner plasmasphere during the years of low solar
activity was on average higher than during the years of
high solar activity. Interball-1 measurements during
minimum and maximum of the solar cycle are evenly
distributed in local time. The spread of density values is
quite large (see Figure 4). This result is inconsistent
with that obtained earlier [Park et al., 1978] from
ground-based Whistler measurements in 1957-1964.
The results received from the data on the total electron
content in the plasmasphere [Shim et al., 2017] depend
primarily on determination of PEC that may or may not
include the region of the upper ionosphere with a pre-
dominance of oxygen ions. The height of the transition
from oxygen to hydrogen also depends on many factors.

A more likely reason for the difference between the
Interball-1 data obtained during solar minimum and
maximum and the wave measurements of electron den-
sity is the difference in the mass composition of plas-
maspheric plasma during these periods. From Interball-
1 measurements we determine only the proton density
by calculating it through Maxwellian distribution ap-
proximation of the main peak in the ion energy spec-
trum [Kotova et al., 2014]. Meanwhile, various data has
shown that with an increase in solar activity and F10.7
the relative content of helium and oxygen ions in the
plasmasphere increases [Craven et al., 1997; Denton et
al., 2025]. Due to the quasineutrality of plasma, the
electron density is equal to the sum of densities of all
positive ions, so with a significant increase in the num-
ber of heavier ions the proton density may decrease.

1

1@ MLT=6-18 1 ®) MLT=6-18 3 () MLT=6-18
- - m i
© ) o =3
£ £ c
G 1000 — G 1000 — g 013
~ = ~ =l =2 E
by = W 3 2 3
2 2] g
2 ] 2 ] 2 ]
g | g i £ 0.01 —
kel ko] g =
100 - N=108.6 * Ny 100 - N =296 * pVg,? ] KTN = 0.026 * pV,2
3 D=067 - D=0.68 D=0.58
lllll T T Illllll T LI T T lllllll T T lllllll 0.001 | T T llllll] T T lllllll
1 10 0.1 1 10 0.1 1 10

solar wind density, cm-3

solar wind ram pressure, nPa

solar wind ram pressure, nPa

Figure 9. Proton density (a, b) and thermal pressure (c), measured by Magion-5 in the plane of the magnetic equator of the
dayside plasmasphere, as function of solar wind density N g (a) and dynamic (ram) pressure pVsy? (b, c). Straight lines are ap-

proximating dependences



Effect of solar activity and solar wind parameters

No trend was found in the proton temperature from
comparison between Interball-1 measurements at solar
minimum and maximum. More detailed Magion-5 data
acquired during solar maximum does not indicate any
dependence of ion density on solar activity, but suggests
that both daytime and nighttime proton temperatures
rise with increasing solar activity indices.

When analyzing the proton density and temperature
variations measured by Magion-5 in the plane of the
magnetic equator of the plasmasphere, it is impossible
to determine seasonal variations during the years of
maximum of the cycle (September 1999 — June 2001)
since diurnal variations are clearly more significant,
which apparently mask less significant seasonal varia-
tions in the parameters.

Sometimes we can detect 27-day temperature varia-
tions in the plasmasphere, but more data is needed for
detailed analysis of such variations and their relation-
ship with the solar EUV flux.

The data reviewed mainly relate to periods of low
and moderate geomagnetic activity. Measurements per-
formed during the main phase of magnetic storms on
October 22, 1999 and January 13, 1996 with Interball-1,
on October 15, 1999, June 26, 2000, August 29, 2000,
March 20, 2001, and March 28, 2001 with Magion-5
(one flyby through the plasmasphere on August 13,
2000 during recovery from a strong storm (minimum
Dst=-234 nT, August 12)), as well as measurements
from this satellite during SSC on November 26, 2000,
do not stand out from the rest of the plasmaspheric data.
No dependence of the proton density or temperature of
the inner plasmasphere on the geomagnetic activity indi-
ces K,, Dst, AE was revealed. This, however, applies to
the mean characteristics of the plasmasphere. In order to
see changes in plasma characteristics in a single event,
say, during one magnetic storm, it is necessary to meas-
ure plasma density and temperature in one region for a
long time. Once in 6 hrs, such measurements were carried
out by Interball-2 [Verigin et al., 2011]. It has been
shown that during the main phase of magnetic storms the
ion temperature of the plasmasphere generally decreases,
whereas the plasma density increases or remains at the
level characteristic of undisturbed conditions. We man-
aged to explain this behavior of ion temperature, using a
model of drift shell displacement from Earth caused by a
decrease in the magnetic field in the inner plasmasphere
during a magnetic storm.

Finally, let us turn to the dependence of the plas-
maspheric characteristics on the SW parameters. Inter-
ball-1 data suggests that the plasmaspheric plasma den-
sity increases with increasing SW external (dynamic)
pressure. The same dependence in the dayside plasmas-
phere is indicated by Magion-5 data. The SW pressure
plays a major role in the interaction between the geo-
magnetic field and the SW stream. This interaction de-
termines the shape of the magnetosphere, its compres-
sion from the daytime side, and the anti-sunward ex-
tended magnetotail. Nonetheless, inside the magneto-
sphere the cold magnetospheric plasma pressure is ex-
tremely low compared to the magnetic field pressure
and cannot directly depend on the SW pressure. The
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formation of the plasmasphere and plasmapause is,
however, significantly determined by the electric field
of convection in the magnetosphere. The magnitude and
distribution of this convection field in the magneto-
sphere depend presumably on SW pressure [Lukyanova,
2004]. It is likely in this indirect way that the SW pres-
sure and density affect the density of cold protons. This
issue requires serious theoretical analysis.

CONCLUSION

Using Interball-1 and Magion-5 data obtained in
Earth's plasmasphere near the equatorial plane, we have
analyzed possible causes of thermal (cold) proton densi-
ty and temperature variations. The following results
have been received.

The main factors responsible for cold plasma density
and temperature variations in the equatorial plane of the
plasmasphere include the distance of the magnetic shell
from Earth and the local time. On average, proton tem-
perature variations in the inner plasmasphere depending
on MLT are similar to diurnal temperature variations in
the ionosphere — maximum temperatures are observed
after dawn and after noon. According to Magion-5 data,
during the years of high solar activity the maximum
proton density was observed at ~12 MLT.

In addition, the plasma density and temperature in
the inner plasmasphere depend on the phase of the 11-
year solar cycle. The proton density at solar minimum is
on average higher than at solar maximum, which is like-
ly to be due to changes in the mass composition of
plasma in the plasmasphere and a decrease in the pro-
portion of protons in the ion density during the maxi-
mum phase. Day and night proton temperatures increase
with increasing solar UV flux, at least during the years
of solar maximum.

The plasmaspheric plasma density and thermal pres-
sure increase with increasing dynamic pressure and/or
density of undisturbed SW, which is probably due to the
restructuring of the convection electric field in the mag-
netosphere.

For a more complete study of the causes of varia-
tions in thermal plasmaspheric plasma characteristics,
on the one hand, it is necessary to analyze data from
ground-based and satellite wave measurements that al-
low us to determine the density of background plasma
in order to assess the daily behavior of density in vari-
ous longitude sectors throughout the solar cycle. Addi-
tional analysis of the behavior of plasmaspheric plasma
temperature in the absence of new local plasma meas-
urements should probably be carried out using data from
previous experiments performed, for example, by the
Dynamics Explorer-1, 2 (DE-1 and DE-2) satellites. On
the other hand, to understand the causes of changes in
the plasmasphere characteristics, it is necessary to theo-
retically analyze the physical relationships between pro-
cesses in the magnetosphere and interplanetary medium.

We acknowledge the creators of the Coordinated Data
Analysis Web (CDAWeb) (https://cdaweb.gsfc.nasa.gov/
index.html) for database of solar wind parameters and
solar activity indices.


https://cdaweb.gsfc.nasa.gov/index.html
https://cdaweb.gsfc.nasa.gov/index.html

G.A. Kotova, D.V. Chugunin, V.V. Bezrukikh

REFERENCES

Artemyev A.V., Kotova G.A., Verigin M.I. Role of the field-
aligned density distribution for efficiency of electron scat-
tering by hiss waves. ‘“Physics of Auroral Phenomena”.
Proc. XXXVII Annual Seminar. Apatity. 2014, pp. 55-58.

Bianco S., Haas B., Shprits Y. PINE-RT: An operational real-
time plasmasphere model. Front. Astron. Space Sci. 2023,
vol. 10, 1116396. DOI: 10.3389/fspas.2023.1116396.

Carpenter D.L. Electron-density variations in the magnetosphere
deduced from whistler data. J. Geophys. Res. 1962, vol. 67,
no. 9, pp. 3345-3360. DOI: 10.1029/JZ067i009p03345.

Carpenter D.L., Anderson R.R. An ISEE/whistler model of
equatorial electron density in the magnetosphere. J. Ge-
ophys. Res. 1992, vol. 97, pp. 1097-1108. DOI:
10.1029/91JA01548.

Chen Y., Liu L., Wan W. Does the F10.7 index correctly de-
scribe solar EUV flux during the deep solar minimum of
2007-2009? J. Geophys. Res. 2011, vol. 116, A04304.
DOI: 10.1029/2010JA016301.

Chugunin D.V., Kotova G.A., Klimenko M.V., Klimenko
V.V. Longitudinal dependence of the H+ concentration
distribution in the plasmasphere according to Interball-1
satellite data. Cosmic Res. 2017, vol. 55, no. 6, pp. 457-463.
DOI: 10.1134/S001095251706003X.

Craven P.D., Gallagher D.L., Comfort R.H. Relative concen-
tration of He+ in the inner magnetosphere as observed by
the DE 1 retarding ion mass spectrometer. J. Geophys.
Res. 1997, vol. 102, no. A2, pp. 2279-2289. DOI:
10.1029/96JA02176.

Denton R.E., Takahashi K., Hartley D.P. Models for plasmas-
phere and plasmatrough density and average ion mass in-
cluding dependence on L, MLT, geomagnetic activity, and
phase of the solar cycle. Front. Astron. Space Sci. 2025,
vol. 11, 1459281. DOI: 10.3389/fspas.2024.1459281.

Jakowski N., Hoque M.M. A new electron density model of
the plasmasphere for operational applications and services.
J. Space Weather Space Clim. 2018, vol. 8, no. A16. DOI:
10.1051/swsc/2018002.

Kim E., Kim Y.H., Jee G., Ssessanga N. Reconstruction of
plasmaspheric density distributions by applying a tomog-
raphy technique to Jason-1 plasmaspheric TEC measure-
ments. Radio Sci. 2018, vol. 53, pp. 866-873. DOI:
10.1029/2017 RS006527.

Kotova G.A., Bezrukikh V.V. The density and temperature
distributions of thermal protons in the magnetic equatorial
plane of the Earth’s plasmasphere according to the Inter-
ball-1 spacecraft data. Geomagnetizm and Aeronomy.
2022, wvol. 62, no. 5, pp. 546-554. DOI:
10.1134/S0016793222050061.

Kotova G., Bezrukikh V., Verigin M., Smilauer J. New as-
pects in plasmaspheric ion temperature variations from In-
terball 2 and Magion 5 measurements. J. Atmos. Solar-
Terr. Phys. 2008, vol. 70, no. 2-4, pp. 399-406. DOI:
10.1016/j.jastp.2007. 08.054.

Kotova G., Bezrukikh V., Verigin M. The effect of the Earth's
optical shadow on thermal plasma measurements in the
plasmasphere. J. Atmos. Solar-Terr. Phys. 2014, vol. 120,
pp. 9-14. DOI: 10.1016/j.jastp.2014.08.013.

Kotova G.A., Bezrukikh V.V., Verigin M.l.,, Lezhen L.A.
Temperature and density variations in the dusk and dawn
plasmasphere as observed by INTERBALL TAIL in
1999-2000. Adv. Space Res. 2020a, vol. 30, no. 7, pp.
1831-1834. DOI: 10.1016/S0273-1177(02)00458-1.

Kotova G.A., Bezrukikh V.V., Verigin M., Lezhen L.A., Bara-
banov N.A. Interball 1/ Alpha 3 cold plasma measurements in
the evening plasmasphere: quiet and disturbed magnetic con-
ditions. J. Adv. Space Res. 2002b, vol. 30, iss. 10, pp. 2313—
2318. DOI: 10.1016/S0273-1177(02)80256-3.

30

Lee C.-K,, Han S.-C., Bilitza D., Seo K-W. Global character-
istics of the correlation and time lag between solar and
ionospheric parameters in the 27-day period. J. Atmos. Solar-
Terr. Phys. 2012, vol. 77, pp. 219-224. DOI: 10.1016/
j.jastp.2012.01.010.

Lukianova R.Yu. Effect of abrupt changes in the solar wind
dynamic pressure on the polar cap convection. Geomag-
netism and Aeronomy. 2004, vol. 44, no. 6, pp. 691-702.

Lyashenko M.V. Variations of ionospheric plasma parameters
during 23 cycle of solar activity decline. VIII Conference
of Young Scientists. Section «Physics of Near-Earth
Space», BSFP-2005. Proc. 2005, pp. 108-112. (In Russian).
URL: http://bsfp.iszf.irk.ru/sites/default/files/school/2005/
Lyashenko-108-112.pdf (accessed May 30, 2025).

Menk F.W., Ables S.T., Grew R.S., Clilverd M.A., Sandel
B.R. The annual and longitudinal variations in plasmas-
pheric ion density. J. Geophys. Res. 2012, vol. 117,
A03215. DOI: 10.1029/2011JA017071.

Park C.G., Carpenter D.L., Wiggin D.B. Electron density in
the plasmasphere: Whistler data on solar cycle, annual,
and diurnal variations. J. Geophys. Res. 1978, vol. 83, no.
A7, pp. 3137-3144. DOI: 10.1029/JA083iA07p03137.

Rich F.J., Sultan P.J., Burke W.J. The 27-day variations of
plasma densities and temperatures in the topside iono-
sphere. J. Geophys. Res. 2003, vol. 108, no. A7, 1297.
DOI: 10.1029/2002JA009731.

Richards P.G., Chang T., Comfort R.H. On the causes of the
annual variation in the plasmaspheric electron density. J.
Atmos. Solar-Terr. Phys. 2000, vol. 62, pp. 935-946.

Shim J.S., Jee G., Scherliess L. Climatology of plasmaspheric
total electron content obtained from Jason 1 satellite. J.
Geophys. Res. 2017, vol. 122, pp. 1611-1623. DOI:
10.1002/ 2016JA023444.

Thaller S.A., Wygant J.R., Cattell C.A., Breneman AW.,
Tyler E., Tian S., et al. Solar rotation period driven modu-
lations of plasmaspheric density and convective electric
field in the inner magnetosphere. J. Geophys. Res. 2019,
vol. 124, pp. 1726-1737. DOI: 10.1029/2018JA026365.

Verigin M.1., Kotova G.A., Bezrukikh V.V., Bogdanov V.V.,
Kaisin A.V. lon dift in the Earth’s inner plasmasphere dur-
ing magnetospheric disturbances and proton temperature
dynamics. Geomagnetism and Aeronomy. 2011, vol. 51,
no. 1, pp. 39-48. DOI: 10.1134/S0016793211010154.

Yasyukevich A.S., Vesnin A.M., Yasyukevich Yu.V., Pa-
dokhin F.M. Correlation between total and plasmasphere
electron content and indexes of solar and geomagnetic ac-
tivity. Russian Open Conference on Radio Wave Propaga-
tion (RWP). Kazan. Russia. 2019, pp. 87-90. DOI:
10.1109/ RWP.2019.8810364

URL: https://www.astroleague.org/files/obsclubs/Carrington
%20Rotation%20Start%20Dates.pdf (accessed May 30,
2025).

URL: https://cdaweb.gsfc.nasa.gov/index.html (accessed May
30, 2025).

The paper is based on material presented at the 20th Annual Con-
ference on Plasma Physics in the Solar System, February 10-14,
2025, Space Research Institute of the Russian Academy of Sciences,
Moscow, Russia.

Original Russian version: Kotova G.A., Chugunin D.V.,
Bezrukikh V.V., published in Solnechno-zemnaya fizika. 2025, vol. 11,
no. 3, pp. 26-35. DOI: 10.12737/szf-113202503. © 2025 INFRA-M
Academic Publishing House (Nauchno-Izdatelskii Tsentr INFRA-M).

How to cite this article

Kotova G.A., Chugunin D.V., Bezrukikh V.V. Effect of solar ac-
tivity and solar wind parameters on plasma temperature and density in
Earth’s plasmasphere. Sol.-Terr. Phys. 2025, vol. 11, iss. 3, pp. 22-30.
DOI: 10.12737/stp-113202503.


https://doi.org/10.3389/fspas.2023.1116396
https://doi.org/10.1029/JZ067i009p03345
https://doi.org/10.1029/91JA01548
https://doi.org/10.1029/2010JA016301
https://doi.org/10.1134/S001095251706003X
https://doi.org/10.1029/96JA02176
https://doi.org/10.3389/fspas.2024.1459281
https://doi.org/10.1051/swsc/2018002
https://doi.org/10.1029/2017RS006527
https://doi.org/10.1134/S0016793222050061
https://doi.org/10.1016/j.jastp.2007.08.054
https://doi.org/10.1016/j.jastp.2014.08.01
https://doi.org/10.1016/S0273-1177(02)00458-1
https://doi.org/10.1016/S0273-1177(02)80256-3
https://doi.org/10.1016/j.jastp.2012.01.010
https://doi.org/10.1016/j.jastp.2012.01.010
http://bsfp.iszf.irk.ru/sites/default/files/school/2005/%0bLyashenko-108-112.pdf
http://bsfp.iszf.irk.ru/sites/default/files/school/2005/%0bLyashenko-108-112.pdf
https://doi.org/10.1029/2011JA017071
https://doi.org/10.1029/JA083iA07p03137
https://doi.org/10.1029/2002JA009731
https://doi.org/10.1002/2016JA023444
https://doi.org/10.1029/2018JA026365
https://doi.org/10.1134/S0016793211010154
https://doi.org/10.1109/RWP.2019.8810364
https://www.astroleague.org/files/obsclubs/Carrington%20Rotation%20Start%20Dates.pdf
https://www.astroleague.org/files/obsclubs/Carrington%20Rotation%20Start%20Dates.pdf
https://cdaweb.gsfc.nasa.gov/index.html
https://doi.org/10.12737/szf-113202503
https://doi.org/10.12737/stp-113202503

Solar-Terrestrial Physics. 2025, vol. 11, iss. 3, pp. 31-36 DOI: 10.12737/stp-113202504. © 2025

G.A. Makarov. Published by INFRA-M Academic Publishing House

DOI: 10.12737/stp-113202504

Received February 28, 2025
Accepted May 13, 2025

INFLUENCE OF INTERPLANETARY PARAMETERS
ON THE DEGREE OF SYMMETRY OF THE RING CURRENT
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Abstract. The paper studies the influence of inter-
planetary factors on the degree of symmetry of the
magnetospheric ring current. The geomagnetic indices
SYM-H, ASY-H, and interplanetary parameters for the
period 1981-2015 are considered. The indicator of the
degree of symmetry of the ring current is the ratio SYM-
H/ASY-H. Analysis is based on annual averages of geo-
magnetic and interplanetary parameters. This approach
allows us to identify large-scale patterns. The relation-
ships are examined of the degree of symmetry of the
ring current and the indices SYM-H and ASY-H with the
value B of the interplanetary magnetic field (IMF), the
IMF north-south component B,,, and the solar wind ve-
locity V. It is concluded that properties of magneto-
spheric ring currents are described by these indices
more adequately when offsets in their values are taken

into account than without regard for them. It is found
that when offsets in ASY-H are considered the symmet-
ric ring current prevails approximately twice over the
asymmetric one for average conditions in the solar
wind: V<550 km/s, B<10 nT, IB,/<2 nT. Under quiet
solar wind conditions (V<450 km/s, B<5.5 nT, I1B,/<0.7
nT), the degree of symmetry of the ring current increas-
es. It is established that with intensification of interplan-
etary parameters (V, B, IB,l) the symmetric ring current
index SYM-H grows more strongly than the asymmetric
ring current index ASY-H.

Keywords: geomagnetic indices SYM-H and ASY-H,
magnetospheric ring current, interplanetary parameters.

INTRODUCTION

The magnetospheric ring current consists of two
main parts: symmetric and asymmetric. The geomagnet-
ic indices SYM and ASY were developed to estimate the
symmetric and asymmetric ring current components
respectively [lyemori et al., 1992].

Quite a lot of works have studied the influence of in-
terplanetary parameters on the SYM and ASY indices.
Shi et al. [2006] have found that when the interplanetary
magnetic field (IMF) north-south component B, is nega-
tive, an increase in the solar wind (SW) dynamic pres-
sure additionally enhances the ring current asymmetry.
Singh et al. [2013] have examined the effect of smooth
and abrupt changes in IMF B, on ASY-H and ASY-D
during magnetic substorms. Haiducek et al. [2017], us-
ing the SWMF system, have modelled the forecast of
the geomagnetic indices K,, SYM-H, AL and have estab-
lished that the model excels at predicting SYM-H.
Bhaskar and Vichare [2019] with the aid of an artificial
neural network have successfully predicted SYM-H and
ASY-H during nine geomagnetic storms of solar cycle
24; the SW velocity and density, as well as IMF B, B,,
B, were utilized as input data. During the main phase of
severe storms, there are noticeable deviations of the
predicted index values from the observed ones, which
indicates the effect of internal factors such as magneto-
spheric processes. In [Makarov, 2022] based on exten-
sive statistical data, the relationships of SYM-H and
ASY-H with key interplanetary parameters have been
analyzed and it has been obtained that the dependence

of ASY-H and SYM-H on the IMF north-south compo-
nent is determined by the IMF strength. Moreover, it
has been found that SYM-H and ASY-H depend on the
SW plasma parameter J3: their absolute values decrease
with increasing B regardless of the sign of IMF B,
[Makarov, 2024]. It is assumed that this is due to the
transition of the magnetosphere to quiet state because of
the increasing predominance of thermal pressure over
magnetic pressure in SW and a decrease in the level of
turbulence.

Correlation relationships between ASY-H and inter-
planetary medium parameters for 107 magnetic storms
with Dst<-50 nT induced by SW streams of different
types (CIR — corotating interaction regions and ICME —
interplanetary coronal mass ejections) have been inves-
tigated in [Boroev, Vasiliev, 2020] and it has been
found that average ASY-H during the magnetic storm
main phase depends on the electric field and the IMF
southward component regardless of the stream type; no
relationship between ASY-H and SW velocity has been
detected. Namuun et al. [2023] have examined correla-
tion relationships between SYM-H and various inter-
planetary parameters for 131 CME-driven magnetic
storms and 161 CIR-induced magnetic storms. The au-
thors have concluded that SYM-H in the case of CME
storms has a greater dependence on the SW velocity and
the convective electric field, and in the case of CIR
storms it more strongly depends on the SW electric
field, the velocity of the open magnetic flux de/dt, and
the reconnection electric field Ex,.
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Symmetric and asymmetric ring currents have differ-
ent properties [Bakhmina, Kalegaev, 2008]. The symmet-
ric ring current is formed due to decoupled motion of
magnetospheric plasma protons and electrons, trapped by
the geomagnetic field along closed trajectories around
Earth, and it exists constantly. The partial ring current is
formed in the night and dusk sectors near the geomagnet-
ic equator due to enhanced magnetospheric convection
during disturbances. The partial ring current is thought to
develop during the magnetic storm main phase and to
decay immediately after its maximum [Barkhatov et al.,
2008]. Although the weak longitude asymmetry of the
magnetospheric magnetic field measured on Earth's sur-
face is also present during geomagnetically quiet periods,
it is not known for certain whether it is related to the ex-
istence of the partial ring current in the quiet magneto-
sphere [Kalegaev et al., 2008].

Weygand and McPherron [2006] have studied such a
characteristic of ring currents as the degree of sym-
metry, defined as the SYM-H/ASY-H ratio. They have
figured out that the ring current is always asymmetric.
Examining SYM and ASY variations, the authors [Wey-
gand, McPherron, 2006; lyemori et al., 2010] have re-
vealed that there are offsets of their values. According
to the definition given in these papers, offset is a non-
zero index value under magnetically quiet conditions.
Weygand and McPherron [2006] have suggested that
the offsets may be caused by the joint effect of various
magnetospheric current systems. Earlier in [Alexeev et
al., 1996; Maltsev et al., 1996; Tsyganenko, Sitnov,
2005], it has been shown that not only the ring current
itself, but also magnetopause currents, the magnetotail,
and field-aligned currents contribute to geomagnetic
characteristics of the ring current.

Most works on the relationship of SYM and ASY
with interplanetary parameters have been performed for
storm and sub-storm conditions. The study of solar-
terrestrial relations and space weather phenomena is
incomplete without taking into account the large-scale
properties of the ring current and its long-term dynam-
ics. Such properties can be investigated by analyzing
data with a time resolution of a day or longer. Such
studies are often conducted by statistical methods using
daily and annual average terrestrial, interplanetary, and
solar parameters. For daily average terrestrial parame-
ters, different phases of geomagnetic storms may over-
lap; therefore, the storm parameters (phase, intensity,
duration, etc.) will largely be smoothed over. In this
regard, it is important to study variations in annual aver-
age SYM and ASY obtained from daily average data. The
purpose of the work is to examine the effect of inter-
planetary parameters on the degree of magnetospheric
ring current symmetry.

EXPERIMENTAL DATA

The SYM and ASY indices are calculated from the H
and D components of the geomagnetic field at six mid-
latitude stations (the network consists of more than ten
stations). These indices have a 1-min time resolution
and are divided into SYM-H, SYM-D, ASY-H, and ASY-
D. SYM-H and SYM-D are, in fact, averaged deviations
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of the geomagnetic field H and D components from the
quiet level at observation stations adjusted for geomag-
netic latitude, whereas ASY-H and ASY-D are defined as
the differences between maximum and minimum H and
D components after subtracting the corresponding
symmetric parts from the disturbance field. The SYM-H
index is generally negative (similar to Dst), SYM-D
takes values of both signs, and ASY-H and ASY-D are
always positive. The method for determining the SYM and
ASY indices is described in detail in [lyemori et al., 2010].

The data is analyzed based on annual average SYM-H
and ASY-H and interplanetary parameters for 1981-2015.
The geomagnetic indices were taken from the website of
the World Data Center for Geomagnetism
[https://wdc.kugi.kyoto-u.ac.jp/index.html]; interplanetary
data, from the website of NASA's Space Physics Data Fa-
cility [http://omniweb.gsfc.nasa.gov/]. The IMF compo-
nents in this database are represented in the RTN coordi-
nate system: the R-axis is directed radially from the Sun;
the T- axis, toward the Sun's rotation; and the N-axis is the
vector product of the R and T axes. At zero heliographic
latitude, the N and T axes are parallel. The RTN and GSE
coordinate systems at near-Earth distances differ in the
opposite directions of the R and X axes, aswell as T and Y
axes respectively.

After excluding days with no data on interplanetary
and geomagnetic parameters, 10759 days remained in
the data array. When examining the relationship of
SYM-H and ASY-H with the IMF north-south compo-
nent B, the data was classified according to the sign of
B,: there were 5670 days with B,,<0 (including 118 days
when daily average B, was zero), and 5089 days with
B,>0.

RESULTS AND DISCUSSION

Figure 1 plots the index of the degree of ring current
symmetry SYM-H/ASY-H as function of IMF B, SW
velocity V, and IMF north-south component B, (c). The
plots yielded the corresponding linear regression equa-
tions and correlation coefficients r. The index of the
degree of symmetry is seen to depend on B and V; the
correlation coefficient between SYM-H/ASY-H and IMF
B is 0.8; and between SYM-H/ASY-H and V, it does not
exceed 0.5. As for the relationship between SYM-
H/ASY-H and IMF B,, when considering the data re-
gardless of the sign of the IMF north-south component
(panel (c)) it is absent: r=0.1. Since the IMF north-
south component is one of the main factors influencing
magnetospheric processes, the index data was divided
into two subarrays according to the sign of B,,. Panel (d)
shows the relationships between SYM-H/ASY-H and B,
separately for southward and northward IMF. The rela-
tionship is seen to be pronounced: at B,<0, r=0.73; at
B,>0, r=0.50. It can be said that as the absolute values
of the interplanetary parameters increase, the value of
SYM-H/ASY-H increases in absolute value and ap-
proaches 1.

SYM-H/ASY-H=-1 means that the symmetric and
asymmetric components of the ring current are equated
to the maximum values of the interplanetary parameters.
It turns out that the asymmetric current prevails over the
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regression equations and correlation coefficients r

symmetric one most of the time, but this cannot be the
case. With large-scale averages, it is logical to assume
that the symmetric component of the ring current should
dominate the asymmetric one due to the fact that in the
absence of geomagnetic disturbances the symmetric ring
current is constantly present in the magnetosphere
[Kalegaev et al., 2008]. Such a current decays slowly
during the geomagnetic storm recovery phase, which
can last quite a long time [Weygand, McPherron, 2006],
whereas the asymmetric ring current develops during
the geomagnetic storm main phase and its decay time is
much shorter [Weygand, McPherron, 2006; Bakhmina,
Kalegaev, 2008].

In Introduction, offsets of SYM and ASY were dis-
cussed. Weygand and McPherron [2006] have suggest-
ed that the offset of SYM-H probably occurs due to the
combination of three effects: Chapman—Ferraro cur-
rents under quiet conditions; ring current under quiet
conditions, and the difference between the tail effect on
quiet and stormy days, whereas the offset of ASY-H is
due to the combination of two effects: the asymmetric
ring current that is always present in the inner magneto-
sphere, and noise on local time plots, which was caused
by incomplete subtraction of the quiet day variation at
each station.

The presence of an offset in Dst values has been
detected in [Takalo, Mursula, 2001; Hakkinen et al.,
2003]. Takalo and Mursula [2001] have investigated
the seasonal diurnal variations of the Dst index on
quiet and all days and have found that these varia-
tions are associated with uneven distribution of sta-
tions of the Dst network. Analysis of diurnal and sea-
sonal variations in Dst allowed Hakkinen et al.
[2003] to conclude that stations of the Dst network
had different entry levels so that average Dst differed
by 10 nT. In [Makarov, 2020], it has been shown that
the annual Dst variation occurs due to the uneven
distribution of the network of stations involved in
determining Dst.
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In [Weygand, McPherron, 2006], the SYM-H index
was adjusted for the contribution of SW dynamic pres-
sure to it, and during statistical study on storm time it
was estimated that the offset of SYM-H and ASY is
~18+42 nT depending on the method in use. Zhao et al.
[2022], having examined the relationship of very large
geomagnetic storms (A SYM-H<-200 nT) with SW pa-
rameters, came to the conclusion that the empirical for-
mulas employed in such works estimate the intensity of
storms with large statistical errors. In [Makarov, 2021]
based on data on seasonal variations in the indices, as
well as on the results of regression analysis of annual
average indices and the level of magnetic activity for
1981-2016, it has been found that the offsets for SYM-
H is —0.1 nT and for ASY-H is 13.6 nT. In this paper, it
is difficult to take into account the offset during statisti-
cal study of the contribution of different sources to
SYM-H and ASY-H.

Given the importance of the offsets of the indices
considered, we re-estimate the relationship between the
index of the degree of ring current symmetry and inter-
planetary parameters, using offsets obtained in
[Makarov, 2021] from the results of statistical study.
The offset of SYM-H is tiny, so it can be ignored, but in
ASY-H it is significant. After ASY-H was corrected for
13.6 nT, SYM-H/ASY-H were calculated (for the results
see Figure 2).

Comparing Figure 2 with Figure 1 shows that, first-
ly, there is practically no relationship between SYM-
H/ASY-H and interplanetary parameters, except for the
weak connection between the symmetry index and the
IMF north-south component when the data was classi-
fied according to the sign of B, (d); and, secondly, aver-
age SYM-H/ASY-H varies near —2. This behavior of the
symmetry index may indicate the predominance of the
symmetric ring current over the asymmetric one in the
case of annual average data. Indeed, the symmetric ring
current exists continuously, whereas the partial ring current
develops during the magnetic storm main phase and decays
immediately after its maximum. The ring current becomes
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symmetric during the recovery phase [Kalegaev et al.,
2008]. Since the storm recovery phase is much longer
(about three times or more) than the main phase, the
symmetric ring current persists for a longer time and at
daily averaging makes a contribution to geomagnetic
variations, which exceeds the contribution of the asym-
metric ring current in the main phase when the intensity
of this current is much higher. It is known [Weygand,
McPherron, 2006], for example, that the response time
for SYM-H (5.25 and 64.3 hr) is almost twice as long as
that for ASY-H (2.2 and 20.9 hrs).

In Figure 2, a, b, c, three points can be seen when
ISYM-H/ASY-HI>4, they correspond to small values of
B, V, and B,>0, i.e. to the cases when the partial ring
current is minimum. The outlier with positive symmetry
corresponds to positive SYM-H. Panel (d) quite clearly
demonstrates the nonlinear relationship of SYM-H/ASY-
H with B, according to which the symmetric ring cur-
rent noticeably prevails over the asymmetric current at
small values of B,. The index of the degree of ring cur-
rent symmetry can be seen to increase when V<450
km/s, B<5.5 nT, IB,/<0.7 nT. Such patterns are expected
due to different properties of symmetric and asymmetric
currents. Thus, when taking into account the offset,
ASY-H more adequately reflects properties of magneto-
spheric ring currents than when ignoring it. The offsets
of the indices are caused by contributions of all major
magnetospheric current systems.

Figure 3 illustrates the correlation relationships of
ASY-H and SYM-H with interplanetary parameters.
When the relationship with B, was examined, the data
was divided into two subarrays: B,<0 and B,>0; in oth-
er cases, the sign of B, was ignored. The relationships
shown in the figure are consistent with the known ones —
the geomagnetic indices increase in absolute value with
increasing B, V, and IB,l. Note should be made of the
linear regression coefficients: in all equations related to
interplanetary parameters, the coefficients for SYM-H
are higher than for ASY-H, with values of both indices
being comparable. This implies that SYM-H increases
more strongly than ASY-H as the absolute values of SW
parameters increase: 1.37 for B, 1.33 for V, 1.5 for B,<0,
and 1.08 for B,>0. This paper is based on annual aver-
age data. With this averaging of data, storm and sub-
storm processes are smoothed out; in addition, it is nec-
essary to take into account time scales of ring current
components — they are larger in the symmetric compo-
nent [Weygand, McPherron, 2006]. The said SYM-H
property probably also makes an additional contribution
to the relationship of SYM-H/ASY-H with interplanetary
parameters.

MAIN RESULTS

The geomagnetic index ASY-H has been shown to
more accurately measure properties of magnetospheric
ring currents when taking into account the offset of its
values than when ignoring this offset. When considering
the offset of ASY-H, the symmetric component of the
ring current prevails approximately twice over the
asymmetric one for average conditions in the solar
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wind: V<550 km/s, B<10 nT, IB,l<2 nT. When the solar
wind is quiet (V<450 km/s, B<5.5 nT, IB,/<0.7 nT), the
index of the degree of ring current symmetry increases.

From annual average SYM-H and ASY-H, it has been
found that with an increase in the absolute values of
interplanetary parameters (SW velocity, IMF magnitude
IMF north-south component), the symmetric ring cur-
rent index SYM-H increases more strongly than the
asymmetric ring current index ASY-H.

The work was financially supported by the Govern-

ment assignment (State  Registration  Number
122011700182-1).
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Abstract. In this paper, we calculate geomagnetic
cutoff rigidities during the strong magnetic storm of
March 23-24, 2023, using 1) the spectrographic global
survey method based on observational data from cosmic
ray recording by the global network of stations (Rsgs); 2)
numerical trajectory calculations in a model magnetic
field of the magnetosphere (Re). The geomagnetic cut-
off rigidity has been determined for nine cosmic ray
stations at different latitudes. We calculated the correla-
tions of the variations in the geomagnetic cutoff rigidity
ARy and ARg with magnetic and dynamic solar wind
parameters and the geomagnetic activity indices Dst and
K. It has been found that the geomagnetic cutoff rigidi-
ty calculated by both methods correlate most strongly
with Dst and the electromagnetic parameters of the solar

wind. No significant correlation with the dynamic pa-
rameters was observed. The analysis has shown that the
response of AR t0 the controlling magnetic parameters
and Dst changes with latitude of the observation station:
the correlation reaches its highest values at midlatitudes
and drops significantly toward the equator. The correla-
tions of ARy calculated by the model do not reveal a
latitudinal dependence.

Keywords: cosmic rays, geomagnetic threshold,

cosmic ray cutoff rigidity, interplanetary magnetic field,
geomagnetic activity.

INTRODUCTION

Under the influence of the geomagnetic field,
charged particles of galactic cosmic rays (CRs) change
their trajectory. Some of them with rigidity below the
threshold value characteristic of the station that
measures them (geomagnetic cutoff rigidity, R;) do not
reach Earth's surface. Due to the screening nature of the
geomagnetic field, significantly fewer particles pene-
trate to the equator than to high latitudes. Variations in
CR fluxes in the magnetosphere during magnetic storms
are caused by changes in the CR geomagnetic cutoff
rigidity/geomagnetic thresholds AR. The thresholds depend
on the screening properties of the geomagnetic field.

During a magnetic storm, the solar wind (SW) ener-
gy is transferred to Earth's magnetosphere by coronal
mass ejections (CMEs) or high-velocity corotating in-
teraction regions (CIRs) from coronal holes. The influx
of energy generated during increased solar activity and
its subsequent attenuation in the magnetosphere deter-
mines the evolution of a geomagnetic storm, which is
described by various geomagnetic indices. The K, index
— a planetary index characterizing the global geomag-
netic disturbance within a three-hour time interval — is
defined as average disturbance levels of two horizontal
geomagnetic field components observed at 13 selected
magnetic observatories located in the subauroral zone be-

tween 48° and 63° north and south geomagnetic lati-
tudes. Another widely used one is the so-called disturb-
ance storm time index Dst, which is calculated as the
hourly average disturbance of the horizontal H compo-
nent of the geomagnetic field at four low-latitude mag-
netic observatories. It is a measure of change in the
magnetic field by the magnetopause current system
(DCF) and the westward ring current (DR). The current
system developed during a geomagnetic disturbance
causes a decrease in the magnetospheric magnetic field
and hence in geomagnetic screening, thereby facilitating
penetration of CRs to lower latitudes. In turn, the dynamics
of current systems depends on the dynamics of magnetic
and time-varying parameters of near-Earth space.

Knowledge of the dependences of AR on SW and
magnetosphere parameters can shed light on important
features of the SW- magnetosphere coupling and its asso-
ciated geomagnetic effects, which control CR transport
through the magnetosphere and atmosphere during disturb-
ances. Studying latitude effects of this coupling is essential
for safety of the crew and passengers of space flights, as
well as high-latitude and altitude flights [Burov et al.,
2005; lucci et al., 2005].

The response of geomagnetic screening to changes
in the geomagnetic conditions in SW and the interplane-
tary magnetic field (IMF) during magnetic storms has
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been examined theoretically and experimentally in
[Kanekal et al., 1998; Leske et al., 2001; Shimazu,
2009; Tyssey and Stadsnes, 2014; Adriani et al., 2016].
However, no definitive answer has been found yet to the
question as to which near-space parameters control CR
transport during disturbances. To answer this question,
it is necessary, at least, to have a sufficiently extensive
base of relevant data for geomagnetic storms of various
types and intensities from different sources on the Sun
and in interplanetary space, which occurred during dif-
ferent solar cycle phases. The data would allow us to
draw generalized conclusions about changes in geo-
magnetic screening during interplanetary and geomag-
netic disturbances of various types. Earlier in [Ptitsyna
et al., 2019; Danilova et al., 2023 and references there],
for one moderate and seven strong geomagnetic storms
of solar cycles 23 and 24, we have calculated geomag-
netic cutoff rigidities and their correlations with helio-
and geosphere parameters. Most of the storms consid-
ered were recorded during descending phases and solar
minima. In this paper, to further expand our data ar-
chive, we analyze the severe storm in March 2023 near
the maximum of cycle 25, caused by specific stealth
CME. Besides, we have added to our study the calcula-
tion and analysis of data for three additional low-
latitude CR stations, bearing in mind the search for lati-
tude effects. The purpose of this work is to identify ge-
omagnetic thresholds, using two independent methods
Rerr and Rgys during the March 23-24, 2023 severe
storm, to analyze the dependence of their changes on the
interplanetary medium and geomagnetosphere parame-
ters, focusing on latitudinal effects, as well as to com-
pare results obtained by different methods. To solve
these problems, we calculated correlations of variations
in geomagnetic cutoff rigidities ARy and AReg With SW
electromagnetic and dynamic parameters, Dst, and K.

1. METHODS AND DATA

The spectrographic global survey (SGS) method and
the method of tracing trajectories of CR particles in a
model magnetic field have been employed to calculate
the geomagnetic cutoff rigidity during the severe mag-
netic storm on March 23-24, 2023.

The SGS method is based on the assumption that CR
flux variations on Earth's surface are determined by the
rigidity spectrum, the pitch-angle distribution of parti-
cles in interplanetary space, and the particle density
gradient at the Larmor radius [Kovalev et al., 2022].
This method provides information on the distribution of
primary CRs by energy and pitch angles in interplane-
tary space, as well as on changes in the planetary system
of geomagnetic cutoff rigidities for each moment of
observations (Rsgs), from ground-based observations of
CRs made at the worldwide network of stations.

Table 1 lists standard errors in determining the IMF
longitude A and latitude ¥ angles, the differential rigidi-
ty spectrum Ag, CR pitch-angle anisotropy amplitudes
A; and A,, variations in the geomagnetic cutoff rigidity
AR, surface ATg_ and mass average ATya atmospheric
temperatures by the SGS method in accordance with the
accuracy of measurements of CR neutron I, and
charged I, components.

The statistical error in determining ARy with due
regard to the accuracy of measurements at CR stations
does not exceed 0.05 GV in absolute value. The geo-
magnetic cutoff rigidity variations obtained by this
method are further referred to as observed.

The second method involves trajectory calculations
of R; [Shea et al., 1965] in the model magnetic field of
the magnetosphere (Re). In this paper, we employ the
Tsyganenko model Ts01 ([Tsyganenko et al., 2003] and

Table 1

Standard errors in IMF, CR, Earth's magnetosphere and atmosphere parameters, determined by the SGS method
in accordance with the accuracy of neutron monitor and muon telescope data [Kovalev et al., 2022]

lom, % I, % | A, deg. | W, deg. | Ao, % | A, % | A5, % | AR, GV | Tg, °C Tam, °C
+0.1 +0.1 +16.9 | £21.5 +1.0 +8.8 +1.7 +0.03 +1.3 +0.3
+0.2 +16.9 | £21.5 +1.0 +8.8 +1.7 +0.03 +2.5 +1.2
+0.15 +0.1 +17.0 | £21.8 +1.3 +8.8 +1.7 +0.04 +1.3 +0.3
+0.2 +17.0 | £21.8 +1.3 +8.8 +1.7 +0.04 +2.5 +1.0
+0.2 +0.1 +17.5 | £22.1 +1.6 +8.9 +1.8 +0.05 +1.3 +0.3

references there) to compute the effective geomagnetic
thresholds Reg. At the same time, the accuracy of deter-
mining geomagnetic thresholds depends on the accuracy
of the magnetospheric model adopted for calculations.
According to the Ts01 model, the magnetic field inside
the magnetosphere (without the main magnetic field) is
the sum of contributions from the main magnetospheric
current systems. In parameterizing the current systems,
we have used satellite data collected during 37 geomag-
netic storms with Dst<—65 nT [Tsyganenko et al., 2003].
The Ts01 model includes Chapman—~Ferraro currents,
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symmetric and partial volume circular currents, trans-
verse tail currents, and large-scale field-aligned cur-
rents. Tyasto et al. [2012] have shown that during strong
magnetic storms the Ts01 magnetospheric model de-
scribes the situation in the magnetosphere better than
the TsO4 model. To calculate the magnetic field from
internal sources, a representation of Earth's main mag-
netic field (EMMF) is utilized as expansion in terms of
spherical harmonic functions up to n=10. The geomag-
netic cutoff rigidity variations obtained by this method
are further referred to as model.
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Geomagnetic cutoff rigidities have been determined
for nine multi-latitude CR stations, listed in Table 2.
The stations were chosen in such a way that under quiet
conditions they covered the main range of threshold R;
affected by the geomagnetic field.

Next, we calculated the correlation coefficients k
and the standard errors s between ARt and ARgg With
the following parameters: IMF's total value B and its
components B, and B, the azimuthal component of elec-
tric field E,, the plasma parameter B, SW velocity V,
density N, and pressure P, as well as Dst and K. These
parameters are available in the OMNI database
[https://omniweb.gsfc.nasa.gov/form/dx1.html].

Plasma B is the ratio of plasma pressure to magnetic

pressure; in the OMNI database, this parameter is calcu-
lated using the formula

B=(4.16T/10° +5.34)N, /B?,
where T is the temperature (K); N, is the proton density

(cm™®); B is the total magnetic field (nT).
The electric field was calculated by the formula

E=-VB,10°,

where E is the electric field (mV/m); V is the pro-
ton velocity (km/s); and B, is the magnetic field com-
ponent (nT).

Table 2
Cosmic ray stations

Station name International Geographic Geog(aphic R

code latitude longitude ¢
Kingston KGSN 42.99° S 147.29° E 19
Moscow MOSC 55.47°N 37.32°E 2.08
Novosibirsk NVBK 54.80°N 83.00° E 2.32
Irkutsk IRKT 52.47°N 104.03° E 3.13
Jungfraujoch JUNG 46.55° N 7.98°E 451
Almaty AATB 43.25°N 76.92° E 5.21
Rome ROME 41.90° N 12.52°E 6.11
Athens ATHN 37.97°N 23.72°E 8.48
Emilio Segre Obs. ESOI 33.30°N 35.80°E 10.73

2. RESULTS

2.1. Helio-, geosphere parameters and CR cut-
off rigidity during the March 23-24, 2023 storm

In Figure 1 from top to bottom are electromagnetic and

dynamic parameters of SW and geomagnetic activity dur-
ing the March 23-24, 2023 geomagnetic storm: B, B, E,,
B, SWV, N, P, as well as K, and Dst.
A peculiarity of the storm under study was that it was
caused by stealth CME. Such CMEs are not associat-
ed with any visible manifestations on the Sun, so it is
difficult to identify them and hence to predict their
geoeffectiveness. In particular, the CME that initiated
the geomagnetic storm of interest was not observed
by any of the observers and was not cataloged. How-
ever, since the peak Dst index unexpectedly reached
—-163 nT, the storm was classified as severe [Tahir et
al., 2024; Teng et al., 2024].

On March 23 at ~8:00-14:00 UT, B, N, P, and B,
are seen to gradually increase, which can be inter-
preted as the passage of interplanetary CME sheath
(ICME sheath) or compression region before ICME
near Earth.

It can be assumed that the main phase of the storm
began at ~13:00 UT with a sharp compression of the
magnetosphere after a jump in P to 14.8 nPa. With the
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beginning of the main phase, B decreased abruptly from
the background B~2 before the storm to f~0.2 and re-
mained so throughout the main phase of the storm. Such
a low B value may be associated with increased plasma
turbulence and serve as a trigger for a magnetic storm
[Kurazhkovskaya et al., 2021]. The B, component fluc-
tuated between southward and northward before finally
turning south at ~18:00 UT. At that time, the active
stage of the storm began when Dst started to decrease
sharply and reached a minimum (Dst=—163 nT) at 02:00
UT on March 24, 2023. After that, Dst began to in-
crease, B, also began to grow, and the magnetic storm
entered the relaxation phase.

Figure 2, a—f presents calculated variations in the
geomagnetic thresholds ARy and AR for all the sta-
tions considered. Panel g also shows Dst variations to
illustrate the relationship between dynamics of the geo-
magnetic thresholds and evolution of the storm. The
trend of the ARqs and AR 4 curves is seen to agree well
with Dst.

There is a clear dependence of lowering the AR
thresholds on latitude. The value of ARg reached its
maximum drop (=~0.8 GV) during the main phase at the
storm maximum (Dst=—163 nT) at the station with the
lowest threshold rigidity R, (KGSN).
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Figure 1. Parameters of SW, IMF, and geomagnetic ac-

tivity during the storm on March 23-24, 2023. Vertical lines

indicate the storm main phase, as well as the beginning of the

active stage of the main phase at ~18:00 UT on March 23

During the storm main phase, ARgys decreases more
slowly and to a smaller extent than ARgy. In addition,
oscillations with a period of about several hours are
superimposed on the general trend of ARy, Which fol-
lows Dst. Amplitude of these oscillations during the
recovery phase is of roughly the same order as the de-
crease in ARggs near the storm maximum: (for example,
2 hrs after the storm maximum at IRKT, ARy=—0.45
GV). Such jumps in ARy are especially characteristic
for the storm recovery phase at low-latitude stations. It
is, therefore, impossible to determine with sufficient
accuracy the maximum drop in geomagnetic cutoff ri-
gidity during the storm. We can only note that along
with the evolution of the ring current (~30 hrs for this
storm), which determines ARy, other shorter-period
(~2-3 hrs) processes seem to make a significant contri-
bution. Figure 2 also demonstrates that the difference
between the AR ¢ and ARy curves depends on latitude.
It has a 0.44 GV maximum during minimum Dst for
KGSN with minimum R.=1.90 GV.

2.2. Correlation analysis

The time curves of Figure 2 suggest that AR and
ARy vary with evolution of the storm and hence with
changes in SW and geomagnetic activity parameters.
In order to quantify the relationship between the pa-
rameters and the variations in geomagnetic thre-
sholds, we have analyzed the correlations of AR with the
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Figure 2. Variations in geomagnetic thresholds AR g (red
lines) and ARg (blue lines) during the September 23-24, 2023
storm. From top to bottom for ROME (a), AATB (b), JUNG (c),
IRKT (d), MOSC (e), and KGSN (f). Panel (g) is the Dst index.
Vertical lines indicate the storm main phase and the onset of the
active phase (18:00 UT on March 23)

SW, IMF parameters and the geomagnetic activity
indices. Correlation coefficients k and standard errors
s were calculated. Figure 3 plots the correlation k
between AR and the SW, IMF, and geomagnetosphere
parameters during the March 23-24, 2023 storm.
Panel a illustrates the correlation of variations in
model thresholds AR with interplanetary and mag-
netic parameters; panel b, the correlation between
observed ARg. Columns of the diagrams in different
colors correspond to the results of the correlation
analysis for different stations. The columns (stations)
are arranged in ascending order of latitude (decreas-
ing station threshold under quiet conditions).

Panel a shows that the greatest correlation is ob-
served between AR and Dst. For AR, k=0.96+0.05
at YUNG. At other stations, k is almost the same. A
high but somewhat lower negative correlation is also
seen for K,. For example, at MOSC k=-0.8+0.14. The
correlation close to k=—0.8 was obtained for the rela-
tionship between the model geomagnetic thresholds
and the general magnetic field B. At MOSC, k=-
0.74+0.16; at ESOI, k=—0.7+0.08. In this case, k<O0.
A high anticorrelation was also derived for the rela-
tionship with E;: k=—0.68+0.18 at MOSC. Similar k
values were also found for the other stations. A fairly
high correlation of about the same order ~0.65-0.7 was
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Figure 3. Correlation coefficients k between cutoff rigidities
and geo- and heliosphere parameters during the March 23-24,
2023 storm: ARgft (@); ARggs (b)

obtained for B and B, Note that the relationship of
AR With B, is weaker than with the total field B. The
k value is much smaller for the correlation between
AR¢ and B,. For example, k=0.39+0.14 at ROME.
The k value calculated for the correlation ARggV is
of the same order and even smaller for the anticorre-
lation ARe—N and ARgP. It can be argued that vari-
ations in geomagnetic cutoff rigidities are most close-
ly related to variations in geomagnetic activity indi-
ces. Moreover, all electromagnetic parameters, except
for B,, contribute substantially to threshold varia-
tions. As for the SW dynamic parameters, the rela-
tionship with them is insignificant. Note that the co-
efficients of correlation AR with all parameters cal-
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culated for different stations differ very little.

A slightly different pattern is observed for the variation
in threshold rigidities obtained by the SGS method (panel
b). In general, the correlation coefficients for observed
ARy are lower than for model ARg. The closest correla-
tion for mid-latitude stations is observed between ARggs
and Dst, as well as B, reaching almost 0.8. The k value is
the largest for KGSN (0.79+0.07). There is almost no cor-
relation with Dst at the low-latitude stations ESOI and
ATHN. The same can be said about the relationship of
ARy with the total magnetic field B and . The correlation
ARg— is the closest at the mid-latitude stations JUNG and
IRKT (k=0.76+0.08), and for ARggs—B k=—0.67+0.09. For
the other parameters, the correlation is much lower, and it
is absent for the SW dynamic parameters N and P.

2.3. Correlations of geomagnetic thresholds
with SW, IMF, and geomagnetic activity pa-
rameters

Figure 4 illustrates the relationship between varia-
tions in geomagnetic thresholds AR and the SW, IMF,
geomagnetic activity parameters under study as function
of geomagnetic cutoff rigidities R, of stations under
quiet conditions. The k values are shown for ARy (a)
and ARy (b). Colors and symbols denote the curves
related to Dst, K, B,, E,, By, P, B, B, V, and N. Curves in
panels a, b confirm the conclusions, obtained from the
diagrams (see Figure 3, a, b), that the closest correlation
is observed between ARy and Dst, B; a slightly less
close one, with B,; and the greatest anticorrelation, with
B, K,, and E,. Besides, panel b demonstrates the de-
pendence of k on latitude and hence on R.. The closest
correlation is seen at midlatitudes for which R.~2+6
GV; and the maximum, at IRKT and JUNG for which
R.=3.13 and 4.51 respectively. With an increase in R.>6
GV, k decreases significantly. For the other parameters
considered, k is small, so they are not geoeffective and
can be ignored.
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Figure 4. Correlation coefficients k between geomagnetic cutoff rigidities and geo- and heliospheric parameters depending

on latitude: ARg (a); ARggs (b)
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For AR (@), the strongest correlation and anticor-
relation (see Figure 3, a) are found for the same pa-
rameters as for ARy — with Dst, B, B, K, B, and E,.
However, k for all parameters of the correlation ARgg
is higher than for AR As for the latitude depend-
ence, a weak trend similar to the latitude effect in ARggs
can be detected only for B, and E,. For the other pa-
rameters under study, there is almost no dependence
on latitude. Here, we also discuss only geoeffective
parameters for which k is large enough.

2.4. Correlation between ARt and ARy

Let us compare the results obtained by the SGS
method and trajectory calculations using the TsO1 model.
To do this, we calculated the correlation k between AR
and AR (Table 3).

Analysis of Figures 3, 4 shows that AR and ARy in
general similarly describe variations in thresholds during
the storm and the contribution of helio- and geosphere pa-
rameters to these variations. This is despite the fact that the
drop in the model thresholds AR systematically exceeds
the drop in the observed ones ARyg,. Table 2 suggests that
the correlation k during the storm under study between
observed and model thresholds for all stations, except for
ESOI and ATHN, is quite high: from k=0.71+0.07 for
ROME to the correlation maximum k=0.78+0.07 for
JUNG. This behavior of k indicates a similar sensitivity to
interplanetary and geomagnetic parameters of observed
and model variations in geomagnetic thresholds for the
stations with R<6.11 GV (ROME). The low correlation
between AR and ARy at ESOI and ATHN reflects the
difference in the latitude effect noticeable at low-latitude
stations (see 2.3).

Table 3
Correlation coefficients k between ARg¢ and ARggs
ESOI ATHN ROME AATB JUNG IRKT NVBK MOSC KGSN
k 10.14+0.13| 0.42+0.1 | 0.71+0.07 | 0.76+£0.07 | 0.78+0.07 | 0.71+0.09 | 0.76+0.08 | 0.77+0.08 | 0.73+0.08
CONCLUSIONS on the ascending branch of solar cycle 24 two years

In this paper, we have examined variations in geo-
magnetic cutoff rigidities AR and ARy during the
March 23-24, 2023 storm, which were calculated by
two different methods, observational and model. In ad-
dition, we have analyzed the relationship of these varia-
tions with electromagnetic and dynamic parameters of
solar wind and geomagnetic activity, as well as the de-
pendence of this relationship on latitude.

It has been found that the geomagnetic thresholds
calculated by both methods correlate most strongly with
geomagnetic activity, especially with Dst, which indi-
cates the greatest contribution to variations of ring cur-
rent rigidities. Besides, there is a high correlation with
electromagnetic parameters of IMF B, B, B,, E,. There is
no significant correlation with the SW dynamic parame-
ters V, N, P. It is believed that the development of a
magnetic storm mainly depends on two parameters: the
IMF southward component whose growth leads to re-
connection of the SW magnetic field and Earth's magne-
tosphere, and on the SW pressure P whose rise results in
the compression of the magnetosphere [Dungey, 1961;
Burton et al., 1975; Akasofu, 1984]. However, the de-
velopment of the storm under study and hence a de-
crease in geomagnetic screening during the storm and
geomagnetic cutoff rigidity variations were indeed de-
termined by B, and, to an even greater extent, by the
total magnetic field B and the plasma parameter f,
whereas P and the other dynamic parameters of SW
practically played no role. Note that such results were
obtained for a severe storm in March 2023, i.e. on the
ascending branch of solar cycle 25, one and a half years
before its maximum. These results are generally con-
sistent with the conclusions about the predominant in-
fluence of Dst and some electromagnetic parameters on
AR, drawn for the March 8-11, 2012 strong storm also
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before the maximum [Danilova et al., 2023]. At the
same time, for most storms, largely recorded outside
solar maximum [Ptitsyna et al., 2019], along with the
constant strongest correlation with Dst and electromag-
netic parameters there is a significant relationship be-
tween geomagnetic thresholds and SW velocity. In this
case, sets of other control parameters for individual
storms differ. Nevertheless, we can conclude that prop-
erties of geomagnetic screening during strong disturb-
ances depend on the phase of the solar cycle in which
the event occurred. However, these conclusions need
further, more detailed verification.

Analysis has shown that the response of ARy t0 the
controlling electromagnetic parameters, as well as to
Dst and K, varies with the latitude of the observation
station: the correlation reaches its highest values at mid-
latitudes (R;~2+6 GV) and decreases significantly to-
ward the equator. Practically no latitude dependence has
been found for the correlations of ARy with interplane-
tary and geomagnetic parameters, only the correlation of
AR with B, and E, demonstrates a similar but weaker
latitude effect.

Despite the difference in the magnitude and behavior
of k, at low-latitude stations the correlation between
ARg and ARy as a whole is quite high (0.7). This sug-
gests that both methods in use adequately describe AR
in terms of variations in geomagnetic and interplanetary
parameters at midlatitudes. The difference between the
effects obtained by these methods at low-latitude stations
should be investigated further.

We are grateful for the opportunity to use the OMNI
database [http://omniweb.gsfc.nasa.gov]. The work was
partially carried out with the financial support from the
Ministry of Science and Higher Education of the Russian
Federation (Subsidy No. 075-GZ/Ts3569/278). The results


http://omniweb.gsfc.nasa.gov/

Geomagnetic cutoff of cosmic rays

for ARggs were obtained using the equipment of Shared
Equipment Center "Angara" [http://ckp-rf.ru/ckp/3056/]
and the Unique Research Facility "Russian National
Ground-Based Network of Cosmic Ray Stations" (CRS
network) [https://ckp-rf.ru/usu/433536].
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Abstract. The cosmic ray (CR) intensity recorded
by ground-based detectors experiences solar diurnal
variations (SDVs) associated with the existence of ani-
sotropic angular distribution of CRs in near-Earth space.
Long-term observations show that SDVs exhibit a de-
pendence on the solar activity cycle, experiencing peri-
odic 11- and 22-year variations. Such behavior of SDVs
is linked to a change in the nature of galactic CR propa-
gation in the heliosphere when it changes during a solar
activity cycle. On the other hand, this phenomenon can
be partially due to a change in the magnitude of CR drift
by the geomagnetic field associated with changes in the
SDV energy spectrum.

In this work, we determine the dynamics of the SDV
energy spectrum in solar activity cycles. The solution to
this problem presents certain difficulties associated with
peculiarities of ground-based CR recording and with the
sensitivity of CR detectors to changes in the state of

environment. Therefore, we employ an approach using
crossed muon telescopes to estimate it, which allows us
to bypass the above difficulties. We analyze data from
Yakutsk, Nagoya, Sao Martinho, and Hobart muon tele-
scopes for 1972-2022. 1t is shown that at solar minima
during periods of positive polarity of the Sun's general
magnetic field, a significant softening of the spectrum is
observed. The results are discussed.

Keywords: cosmic rays, solar diurnal variation, ener-
gy spectrum, muon telescope.

INTRODUCTION

Galactic cosmic rays (GCRs), which propagate in
the heliosphere, are continuously exposed to the inter-
planetary magnetic field (IMF) and the solar wind. The
result of this interaction is the anisotropy of angular
distribution of GCRs, which is observed in near-Earth
space. This distribution is manifested in measurement
data from ground-based cosmic ray (CR) detectors as
periodic 24-hr variations in recorded intensity, called
solar-diurnal variations (SDVSs). It is known that ampli-
tudes of these variations are, on average, tenths of the
total intensity, and the maximum of the diurnal wave
occurs at 18 LT. Nevertheless, in the solar cycle SDV
parameters undergo significant changes due to changes
in the state of the Sun and hence in the entire helio-
sphere.

Since the beginning of SDV research by ground-
based detectors, the main problem has been to deter-
mine the anisotropy of primary CRs in interplanetary
space. It is complicated by the fact that the approach to
determining the CR anisotropy is based on the need to
cover a sufficiently large area of the celestial sphere by
using a large number of detectors located in different parts

of the planet, often heterogeneous. In addition, the sen-
sitivity of secondary CRs to changes in atmospheric
parameters is also a serious obstacle. Furthermore,
ground-based CR detectors as integrated devices that
detect all particles regardless of their energy have limi-
tations in studying the energy spectrum of anisotropy.
Since GCRs are charged particles, the geomagnetic field
has a significant effect on them: it changes the trajectory
of the particles, and for some of them it becomes an
insurmountable obstacle and leads to the formation of
directions unavailable for propagation. Therefore, the
use of observational data by ground-based instruments
requires an understanding of the interaction of CRs with
the geomagnetic field and Earth's atmosphere.

One of the most developed methods for determining
the spatial-angular distribution of CRs in the interplane-
tary medium from ground-based measurements is the
so-called method of receiving vectors (also referred to
as coupling coefficients) [Krymsky et al., 1966, 1967;
Fujimoto et al., 1984], which is based on general ideas
about the interaction of CRs with the atmosphere and
the geomagnetic field. The method allows us to take
into account the individual receiving characteristics of a
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detector and to estimate all possible distorting factors to
define the CR distribution. The only free parameter for
this method is the energy spectrum of variations, which is
found by analyzing a large amount of data over a long pe-
riod of time.

It is also important for ground detectors to take into
account the so-called temperature effect — the effect of
the atmospheric temperature regime on generation and
propagation of secondary CRs to the observation point.
This is most evident in the muon component of CRs.
Accounting for this phenomenon requires knowledge of
densities of temperature coefficients [Dorman, 1957]
and the atmospheric temperature profile. Densities of
temperature coefficients are calculated theoretically, and
the altitude variation of temperature requires constant
measurements with balloon probes over the observation
point. Such measurements are currently performed only
twice a day, which does not allow us to consider the
temperature effect with sufficient accuracy. Despite the
development of modern remote sensing methods
[Berkova et al., 2018] and ground-based indirect meas-
urements of atmospheric parameters [Nikolashkin et al.,
2020], it is still urgent to solve this problem. An original
and reliable way to circumvent this problem is to apply the
method of crossed telescopes proposed at SHICRA SB
RAS sixty years ago [Skripin et al., 1965; Skripin, 1965].

Traditionally, measurements with high-, mid-, and
low-latitude neutron monitors, as well as ground and
underground muon telescopes, are employed to deter-
mine the SDV energy spectrum [Rao et al., 1983; Riker
et al., 1989; Ahluwalia, Sabbah, 1993; Pomerantz, Dug-

gal, 1971]. Implementation of this approach made it
possible to identify both the type of spectrum and its
dynamics in the solar activity cycle. SDVs were demon-
strated to weakly depend on CR energy and to remain
constant up to a certain energy (upper cutoff) that aver-
ages ~100 GeV and varies in a cycle. The amplitude of
these variations varies according to different estimates:
for example, Hall et et al. [1997] have shown that the
upper cutoff is 100425 GeV; Ahluwalia [1992] has in-
dicated that it varies between 50 and 200 GeV depend-
ing on IMF strength. Presumably, the difference in es-
timates lies in the fact that different time intervals with
arrays of stations scattered around the planet and
equipped with CR detectors of different types are stud-
ied. This approach has some disadvantages: insufficiently
accurate consideration of atmospheric factors and indi-
vidual characteristics of detectors of different types in-
evitably causes considerable uncertainties. In this work,
the method of crossed muon telescopes is adopted
which allows us to take this disadvantage into account
and estimate the SDV energy spectrum most reliably.

DATA AND METHOD

We have used data from the Nagoya, Hobart, and Sao
Martinho muon telescopes of the global network GMDN
[Okazaki et al., 2008; https://cosray.shinshu-u.ac.jp/
crest/DB/Public/main.php], as well as the muon telescope
of the Yakutsk CR spectrograph located on the Earth sur-
face [Chuprova et al., 2009; https://ysn.ru/ipm /]. The main
characteristics of the detectors are shown in Table.

Basic characteristics of the muon telescopes used in this work

Station Direction Geogra}phic Period_ Count rate, imp/hr Statistical accuracy
location of recording | (onJan. 01, 2018) of 1-hr recording, %
Yakutsk N30 62°N, 129°E | 1972-2023 321000 0.17
S30 322000 0.17
Nagoya N2 35° N, 137°E | 1971-2023 1356000 0.09
S2 1340000 0.09
Hobart N2 43°S,147° E | 2006-2023 620000 0.12
S2 583000 0.12
Sao Martinho N2 29°S,306°E | 2006-2023 891000 0.11
S2 916000 0.10

In this work, the original method of crossed tele-
scopes was employed to determine the SDV energy
spectrum [Skripin et al., 1965]. It is based on the fact
that the contribution of atmospheric factors to data
from a pair of telescope directions having identical
directional diagrams, but spaced in azimuth, proves to
be the same. Therefore, the difference between intensi-
ties recorded by a pair of crossed telescope directions
contains variations exclusively of extra-atmospheric
origin due to the difference in sensitivity to primary
CR anisotropy.

In this paper, we propose an approach that differs
somewhat from the original method of crossed tele-
scopes, but allows us to indirectly estimate the energy
spectra of CR variations. Figure 1 exemplifies asymp-
totic angles of particle arrival from the north and south
directions, calculated using the method of inverse trajec-
tory calculations [Dorman et al., 1971]. It is evident that
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in general CRs experience a drift toward the equator by
the geomagnetic field, which depends both on the detec-
tor energy and geographic location. In this case, the
relationship between the asymptotic angles of particle
arrival and observed SDVs is as follows: the latitude of
the angle of particle arrival @ defines the amplitude of
variations as cos®; and the longitude ¥, the SDV phase.

Accordingly, the phase difference

AY(E)=¥,(E)-¥s(E) between the north and

south detection directions depend on CR energy, as well
as the ratio of their amplitudes o (E)=cos®, /cosds.

Thus, the use of crossed telescopes makes it possible to
estimate energy spectra of CR variations without em-
ploying a large number of different detectors.

To accurately estimate the energy spectrum, we
take into account the individual characteristics of the
detectors with the receiving vector method [Krymsky
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et al., 1966, 1967], using the expression

[217 [2w (E,0) 1, (E)N (6, 0)e™ =" " (sin®(E, 0, 0)) dEdodo
zy =% iyl === - ,
w P21 p—
o J. T2w (E,0) 1, (E)N (6, ¢)dEdpdo

where 0, @ are zenith and azimuth angles; E is the particle
energy; N(6, ¢) are the detector's directional diagrams;
W(E, 0) are coupling coefficients; f,(E) is the energy spec-
trum of the nth harmonics of CR variations.

Thus, by comparing pairs of crossed (north and
south) directions of muon telescopes, we can calculate
the expected values of the phase difference AY and the

phase ratios a: o =|le|s/|zi|N , AY =¥ —¥, where

Y= arctan(yj/xil).

When calculating AY and o, we assume that the en-
ergy spectrum has the form f,(E <E;)=const and
f,(E>E,)=0, where E, is the upper cutoff we set.
The results are presented in Figure 2.
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Figure 1. Asymptotic angles of particle arrival in the north and south directions at zenith angles of 30° of the muon telescopes
Yakutsk, Sao Martinho, Nagoya, and Hobart. Numbers near dots denote energy (GV). Station locations are marked with crosses
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The parameters AY and o for all stations are seen to
be ambiguous in the energy range E,<50 GeV. The

north-south asymmetry of A¥ and o for £y>50 GeV is

expected and determined by the geomagnetic field
structure. At energies above 150 GeV, the E, depend-
ence of the parameters disappears due to an increase in
the transparency of the geomagnetic field for CRs of
such energies. Below, we estimate E, by comparing the
AY and a values we calculated with those observed us-
ing the least square method.

RESULTS AND DISCUSSION

The results of calculations of AY and a are com-
pared with observations by crossed muon telescopes
in Figure 3. You can see that E, experiences 22-year
variations, averaging 80 GeV and undergoing a short-
term decrease to 20 GeV at solar minima during
epochs of positive polarity of the Sun's general mag-
netic field. This behavior of E; is consistent with the
muon telescope measurements, satisfactorily describ-
ing the AY and o variations. High E, in 1980-1991 as
compared to the rest of the period was obviously
caused by the following reasons: when estimating E,
before 2005, only two stations, Yakutsk and Nagoya,
participated in the analysis; before 1990, the Yakutsk
muon telescope had a relatively low statistical accu-
racy; at energies >100 GeV, the dependences of AW
and o on E, began to weaken, so the ambiguity in
estimating E, increased. It is therefore fair to assume
that such high Eq values during these years are deter-
mined by these factors. Nevertheless, the same data
allows us to argue that the given period was charac-
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terized by relatively high E,.

Such a dramatic decrease in Ey to 20 GeV is unex-
pectedly low, although it is consistent with the results
received in [Ahluwalia, Sabbah, 1993]. With such a soft
spectrum, SDVs should not be observed by CR detec-
tors insensitive to such energies. Indeed, low-latitude
neutron monitors with large geomagnetic cutoffs detect
a relatively larger amplitude decrease and phase shift
during these periods than high-latitude ones [Sabbah,
2013]. Moreover, underground muon telescopes should
not detect SDVs during these periods. However, as
shown in [Munakata et al., 2010], the muon telescope at
Matsushiro station with a median energy of 0.6 TeV
recorded statistically significant SDVs with ~0.04 %
amplitudes, which though are associated with the gener-
ation of anisotropy by the interaction of GCRs with the
heliospheric neutral sheet forming SDVs in the energy
range >100 GeV [Kota et al., 2008].

Particular attention should be given to the shape of the
SDV energy spectrum. The spectrum with the upper cutoff
considered in this work has no theoretical basis, yet, as
shown in [Rao et al., 1983; Riker et al., 1989; Ahluwalia,
Sabbah, 1993; Pomerantz, Duggal, 1971; Hall et al., 1997;
Ahluwalia, 1992], it most closely corresponds to measure-
ment data. Indeed, our calculations we carried out outside
the scope of this work, using the SDV spectrum described
by the power-law function, show a lower degree of agree-
ment with observations. Nonetheless, it is impossible to
exclude the possibility that the spectrum may have a differ-
ent shape and change during a solar cycle.
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Figure 3. Comparison of calculated A¥ and o with those observed by the crossed muon telescopes Yakutsk, Sao Martinho, Nagoya,
and Hobart, as well as the results of estimates of the upper cutoff of E, for 1972-2022
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As is known, the dependence of the heliospheric
modulation of GCRs on the sign of the Sun's general
magnetic field is due to their drift. In the epochs of posi-
tive polarity, the drift is directed from high to low solar
latitudes [Gerasimova et al., 2017], and in the epochs of
negative polarity; vice versa. This behavior is quite well
manifested in the data on 11-year CR intensity varia-
tions [Gololobov et al., 2020]. The detected SDV energy
spectrum softening during these periods may be linked
to this phenomenon.

CONCLUSIONS

Using the method of crossed telescopes, we have es-
timated the dynamics of the SDV energy spectrum dur-
ing solar cycles 20-25. It has been established that dur-
ing solar minima with a positive polarity of the Sun's
general magnetic field there is a significant SDV energy
spectrum softening. Taking into account the sign de-
pendence of the spectrum, we can conclude that the
nature of its softening is related to the GCR drift in the
heliosphere. The results can serve as an additional
source of information when developing the theory of
heliospheric GCR modulation.

We would like to thank the Global Muon Detector
Network (GMDN) collaboration [http://hdl.handle.net/
10091/0002001448] for providing access to the data.
The work used measurement data from the cosmic ray
station Yakutsk included into the Unique Research Fa-
cility "Russian National Ground-based Network of
Cosmic Ray Stations". The work was carried out pursu-
ant to Government assignment of the Ministry of Sci-
ence and Higher Education of the Russian Federation
(Theme No. FWRS-2021-0012).
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MHD WAVES IN THE PRE-FRONT REGION OF THE INTERPLANETARY SHOCK
ON MAY 10, 2024

S.A. Starodubtsev

Yu.G. Shafer Institute of Cosmophysical Research
and Aeronomy SB RAS,

Yakutsk, Russia, starodub@ikfia.ysn.ru

Abstract. The article reports on the study of the dy-
namics of the IMF turbulent component from the quiet
period on May 7, 2024 to the arrival of an interplanetary
shock wave in the second half of May 10, 2024. To
achieve the stated goal, 1-minute direct measurements
of interplanetary medium parameters on the ACE,
DSCOVR, and WIND spacecraft are involved in the
analysis. Spectral analysis methods are used to study the
evolution of power spectra of fluctuations in IMF modu-
lus and MHD waves in the inertial portion of the SW
turbulence spectrum at frequencies ~2.5-10%-8.3:1073
Hz. The contribution of Alfvén, fast, and slow magneto-
sonic waves to the observed power spectrum of the IMF
modulus measured by each of the three spacecraft is
determined, and power spectra of MHD waves of these
types are identified. It is shown that the power of the
spectra of fluctuations in the IMF modulus and MHD

waves increases by more than an order of magnitude as
the shock wave approaches the point of its recording on
the spacecraft. It is concluded that this is due to the gen-
eration of MHD waves by fluxes of energetic storm
particles (ESP) — cosmic rays with energies ~1 MeV,
observed in the region ahead of the interplanetary shock
wave front. Analysis of all measurement data allows for
the assumption that a significant increase in low-energy
CR fluxes (~1 MeV) and SW turbulence levels may lead
to a change in the IMF direction in the region adjacent
to the IPS front.

Keywords: MHD waves, solar wind, interplanetary
magnetic field, interplanetary shock.

INTRODUCTION

Nowadays, space weather forecasting is one of the
most relevant areas of research in space physics. For
this purpose, observations from various ground- and
spaced-based instruments are used and diverse predic-
tive models are being developed. When making a fore-
cast, it is necessary to take into account the current state
of the interplanetary medium and have an idea about the
physical processes that occur in the solar wind plasma
under certain conditions.

The interplanetary magnetic field (IMF) is an im-
portant component in space plasma. It plays a signifi-
cant role in the generation and propagation of cosmic
rays (CRs) in the heliosphere, as well as in the occur-
rence of geomagnetic storms and the formation of pulsa-
tions of various types in Earth's magnetosphere. In
many cases, its turbulent component is also important.

Properties of turbulence in SW, in particular in the vi-
cinity of interplanetary shock (IPS) fronts, are widely
discussed in the scientific literature. Various characteris-
tics of fluctuations in IMF magnitude and components,
density, and velocity in different parts of observed SW
turbulence spectrum are studied (see, e.g., [Li et al., 2005;
Hu et al., 2013; Borovsky, 2020; Pitna et al., 2021; Sa-
punova et al., 2024; Kim, Oh, 2024; Smith, Vasquez,
2021, 2024]). In these works, in particular, it is noted that
in the region ahead of IPS fronts an increase in the inten-
sity of fluctuations in various interplanetary medium
components is often observed in a wide range of frequen-

cies corresponding to the energy, inertial, and dissipative
parts of the SW turbulence spectrum. At the same time,
there are changes in the slopes of spectra at the corre-
sponding inflection points of the spectra. In addition,
Smith and Vasquez [2021] draw attention to the fact that,
despite the constant improvement in the quality of space-
craft data, the fundamental questions of plasma physics
concerning energy dissipation and observed heating of
thermal plasma still remain largely unanswered. Moreo-
ver, one of the reasons for this is the insufficient number
of multipoint measurements of IMF and SW parameters
by SC, which are located close enough to each other to
better study the three-dimensional dynamics of turbulent
phenomena, which underlies many physical processes in
SW plasma.

In this regard, of particular interest is to delve into
the powerful heliogeophysical events that occurred in
early May 2024. At that time, after a series of X-class
solar flares accompanied by multiple coronal mass ejec-
tions [Ram et al., 2024; Lazzus, Salfate, 2024], signifi-
cant changes in space weather and, as a consequence,
various geophysical phenomena were observed in
Earth's orbit. In particular, the passage of an intense IPS
in the second half of May 10, 2024 caused a strong ge-
omagnetic storm with sudden commencement (SSC)
(Figure 1, a). It started on May 10 at 17:05 UT
[https://www.obsebre.es/php/geomagnetisme/vrapides/s
sc_2024 p.txt] and was the most powerful in the last
two decades after the famous event on November 20,
2003, known as the Halloween Event in the scientific

This is an open access article under the CC BY-NC-ND license


https://orcid.org/0000-0002-2343-1618
mailto:starodub@ikfia.ysn.ru
https://www.obsebre.es/php/geomagnetisme/vrapides/ssc_2024_p.txt
https://www.obsebre.es/php/geomagnetisme/vrapides/ssc_2024_p.txt

MHD waves in the pre-front region

0| :
£ -150|
Z 300,
450 . L o uy
g o MMWWMWMWMWMMWW\\ - OLEns b-
% 6 |- —— NM Yakutsk W&“WWWW’M
5 | —— NM Tixie Bay 3 "
s : : petalans ol s
May 2024

Figure 1. Geomagnetic activity index Dst (a) and CR intensity as measured by neutron monitors (NM) at the stations Y a-
kutsk and Tixie Bay (b) on May 7-12, 2024. The dotted line shows the beginning of the geomagnetic storm and the Forbush
effect on May 10, 2024; arrows indicate the sudden commencement (SSC) of the magnetic storm and the ground-level en-

hancement of CRs (GLE74)

literature. This storm was followed by a major Forbush
effect (see Figure 1, b), powerful auroras even at low
latitudes [Lazzis, Salfate, 2024], and an unusual re-
sponse from the low-latitude ionosphere near the equa-
torial anomaly in India [Jain et al., 2025]. In addition,
on May 11, 2024, the worldwide neutron monitor net-
work recorded a ground-level enhancement of cosmic
rays (GLE74) [https://www.nmdb.eu]. Thus, this ex-
traordinary heliogeophysical event requires a compre-
hensive study.

This paper is a sequel to our previous work
[Starodubtsev, Shadrina, 2024] and is devoted to exper-
imental study of generation, properties, and evolution of
SW MHD turbulence in the IPS pre-front region, which
was recorded by a constellation of three spacecraft, lo-
cated at a relatively short distance from each other in the
second half of May 10, 2024, and caused a number of
vivid manifestations of space weather on Earth.

1. DATA AND METHOD

The work uses one-hour data on the geomagnetic
disturbance index Dst [https://omniweb.gsfc.nasa.
gov/form/dx1.html] and one-hour pressure-corrected
data on CR intensity from the stations Yakutsk and
Tixie Bay [https://mww.ysn.ru/fipm], as well as one-
hour data on CRs recorded on board ACE SC by a
detector LEMS120 during the EPAM experiment.
This detector is designed to measure low-energy CR
fluxes (mainly protons) in eight different differential
energy channels: 0.047-0.068, 0.068-0.115, 0.115-
0.195, 0.195-0.321, 0.321-0.580, 0.587-1.06, 1.06—
1.90, and 1.90-4.80 MeV [https://izw1.caltech.edu/ACE/
ASC/level2/index.html].

In order to study properties of the IMF turbulent
component and to identify MHD waves, we have used
one-minute direct measurements of IMF and SW parame-
ters from three spacecraft: the Deep Space Climate Ob-
servatory (DSCOVR), Advanced Composition Explorer
(ACE), and WIND, located near the libration point L1.
Detailed information about these spacecraft and data on
various interplanetary medium parameters are publicly
available at [https://omniweb.gsfc.nasa.gov/ftpbrowser/
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wind_min_merge.html;  https://services.swpc.noaa.gov/
json/rtsw/rtsw_mag_1m.json;
https://services.swpc.noaa.gov/
json/rtsw/rtsw_wind_1m.json]. Especially noteworthy is
that SC measurements are initial, contain small gaps and
failures, so they should be used with caution.

When analyzing the SC measurement data, the loca-
tion of each of the spacecraft in near-Earth space was
also taken into account [https://sscweb.gsfc.nasa.
gov/cgi-bin/Locator.cgi].

Using the entire set of spacecraft data, IMF and
MHD-wave spectral characteristics and their dynamic
changes in the inertial part of the spectrum of SW turbu-
lent fluctuations at frequencies ~2.5-10*-8.3:10°Hz
were examined. Note that the first of the frequencies
roughly corresponds to the boundary between the ener-
getic and inertial parts of the spectrum of SW turbulent
fluctuations, which changes little with solar cycle [Ko-
valenko, 1983], and the second is determined by the
Nyquist frequency vy=1/(2At), where At=60 s is the
sampling increment of the data in use. Spectral analysis
methods based on the Blackman—Tukey algorithm with
the Tukey correlation window were employed to gain
useful information from direct measurements [Jenkins,
Watts, 1971; Otnes, Enoxon, 1982]. Its application made
it possible to estimate the IMF fluctuation power spectra
with a 95 % confidence interval corresponding to the
number of degrees of freedom equal to 66.675 [Jenkins,
Watts, 1971]. All original time series of data were pre-
liminarily subjected to the standard procedure of prepa-
ration for analysis. At this stage, observed failures and
outliers were excluded from the data, with gaps in the
initial series filled in with values obtained by interpolat-
ing adjacent measurements. Further, all time series of
data were reduced to the zero mean, and then they were
filtered by a digital bandpass filter in the frequency
band indicated above [Otnes, Enokson, 1982].

Note that when studying properties of IMF fluctua-
tions, the spectral characteristics of its magnitude and
components are often examined. This is due to the fact that
from the type of spectra we can draw a definite and reason-
able conclusion about the presence of longitudinal or
transverse waves and oscillations in SW during the time
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periods of interest. In particular, it is known that for trans-
verse Alfvén waves there are fluctuations in the field direc-
tion rather than in its magnitude. In this case, the difference
between the power spectra of IMF components and
strength may be as great as an order of magnitude. For the
fast mode (compression waves), the power spectra of IMF
components and strength are of the same order, which in-
dicates fluctuations in both the IMF direction and magni-
tude [Kovalenko, 1983]. However, from these IMF fluctu-
ation power spectra it is impossible to conclude about the
contribution of MHD waves of a certain type to the spectra
observed in SW. But all of them contribute to the IMF
magnitude in any way. Therefore, when identifying spec-
tral characteristics of MHD waves of different types, their
known properties were taken into account. They consist in
that Alfvén waves (AW) are characterized by a correlation
between the IMF magnitude B and the SW velocity V; for
fast magnetosonic waves (FMSW), between B and the
plasma density n; and for slow magnetosonic waves
(SMSW), between n and V [Neugebauer et al., 1978; Top-
tygin, 1983]. Nonetheless, since this work deals with spec-
tral properties of IMF fluctuations, the coherence coeffi-
cient is used which is a generalization of the concept of
correlation to the frequency domain rather than the correla-
tion coefficient that characterizes the relationship between
certain physical quantities in the time domain [Luttrell,
Richter, 1986, 1987; Starodubtsev et al., 2023]. Note that,
by definition, the coherence coefficient is a positive value
of the square root of the coherence function. It varies from
0to 1 and is a function of frequency. The procedure adopt-
ed in this work for estimating the spectral characteristics of
fluctuations in IMF and SW plasma parameters, the corre-
sponding coherence coefficients, as well as the method for
identifying MHD waves, and their difference from oscilla-
tions are described in detail in [Starodubtsev et al., 2023].

2. RESULTS AND DISCUSSION

Figures 2-4 display the IMF magnitude B and B,
component (a), density n (b), velocity V (c), and tem-
perature T (d) recorded by each of the three spacecraft
on May 7-12, 2024. The dotted line indicates the arrival
time of IPS for each spacecraft. Its arrival at DSCOVR
was recorded on May 10, 2024 at 16:35 UT (see Figure 2);
at ACE, at 16:37 UT (see Figure 3); at WIND, at 17:05
UT (see Figure 4). It is apparent (see Figures 2—4) that
from May 7 until the arrival of the large-scale SW dis-
turbance (coronal mass ejection accompanied by IPS) at
Earth's orbit in the second half of May 10, conditions in
near-Earth space were relatively quiet, and IMF and SW
parameters did not experience any significant changes
despite sufficiently high SW n, V, and T [Toptygin,
1983].

Figure 5, a— in the GSE coordinate system shows the
location of the constellation of three spacecraft relative to
Earth on May 7, 2024. The distance is given in Earth radii
Re. Blue segments represent the direction of the mean IMF
vector in different projections on the YX (a), ZX (b), and
ZY (c) planes. Compared to the distance from the Sun to
Earth (1 AU=285185 Rg), all SC are located quite close to
each other. Nevertheless, it can be noted that WIND is
located somewhat away from Earth; and the other two SC,
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at a distance of ~100 Rg (a, ¢). However, the direction of
mean IMF during this time period is seen to be nearly the
same for all spacecraft.

Let us now examine the spectral characteristics of SW
turbulence, using the results of analysis of one-minute di-
rect measurements of interplanetary medium parameters
from the three spacecraft. We will begin with the quiet
period of May 7, 2024. Figure 6, a—c presents calculated
coherence coefficients I'g\(V), ['sn(v), and I'y,(v) as func-
tion of frequency v. Their values determine the contribu-
tion of MHD waves of one type to the observed power
spectrum of IMF fluctuations at a certain frequency v. The
coherence values are seen to be not very high, except for
[vo(3.5-10° Hz)=0.86 and T'gy(3.4-10™ Hz)=0.55 (panel b),
which means a significant contribution of SMSW and AW
to the observed power spectrum of IMF fluctuations at
these frequencies (panel €) during the period considered.
As for the contribution of other types of MHD waves at
other frequencies, it is much smaller and does not exceed
50 % as a whole. In general, in order to establish the fre-
quency spectra of MHD waves of a certain type, it is nec-
essary to multiply the power spectra of IMF fluctuations
P(v) by the corresponding values of the coherence coeffi-
cient I'(v), which are calculated for each SC. Panels d—f
exhibit the observed power spectra of IMF fluctuations,
their approximation by the least square method, and the
corresponding power laws that describe them. Note that the
corresponding powers for DSCOVR and ACE are greater
than -1, whereas for WIND, on the contrary, they are
much smaller than —1. From May 8 as the IPS front is ap-
proached, the spectral indices calculated from ACE and
DSCOVR data gradually decrease, tending to the well-
known Kolmogorov turbulence spectrum of —5/3, and for
WIND they abruptly reach this value and remain almost
the same up to the shock front. Perhaps this is somehow
related to the location of WIND with respect to Earth and
other spacecraft, from which it is at a distance of ~100 R
along the Y-axis outside the boundary of the magneto-
sphere (

es 6, d—f also presents the established MHD wave
spectra of all three types — AW, FMSW, and SMSW.
As expected, they do not exceed the IMF fluctuation
power spectra, and their sums within 95 % confidence
intervals are comparable to the fluctuation power spec-
tra of the IMF magnitude measured by each spacecraft.
At the same time, the maximum power spectra in the
frequency range considered correspond well to quiet
conditions in SW [Kovalenko, 1983] and even at a low
frequency 2.5-10~* Hz they do not exceed 10 nT?/Hz.

Another pattern is observed just before thsee Figures
5and9).

Figure arrival of IPS. In Figure 7, a—f is the same in-
formation for the time interval before the arrival of IPS
as in Figure 6, a—f. Values of all coherence coefficients
I'(v) are seen to change; and the IMF fluctuation power
spectrum, to increase by an order of magnitude, becom-
ing steeper with powers less than —1. This also fully
applies to each spectrum characterizing an MHD wave
of a certain type (see Figure 7, d—f). Moreover, behind the
IPS front in the transition turbulent region, the spectral
indices on the three spacecraft drop sharply to —(2.0+2.2)
within 2-3 hrs, and then slowly tend to recover to —5/3.
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Figure 2. IMF B and B,(a), SW density n (b), velocity V (c), and temperature T (d) measured by DSCOVR on May 7-12,
2024. The dotted line is the IPS arrival time
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Figure 5. Location of the constellation of three spacecraft DSCOVR, ACE, and WIND during the quiet period on May 7,
2024 relative to Earth in projection on different planes in the GSE coordinate system. Blue segments represent the direction of
the mean IMF in each spacecraft on that day
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Noteworthy is the shape of the IMF fluctuation power
spectrum calculated from WIND data (see Figures 6, f and
7, f). In the IPS pre-front region, it also increases by an
order of magnitude, but in both cases its index a<—1. This
raises a certain question, but may be due to the IMF spa-
ghetti structure in front of the IPS front or due to the wavy
structure of the IPS front itself, as we have assumed earlier
in [Starodubtsev, Shadrina, 2024].

More detailed analysis of the dynamics of power
spectra of IMF fluctuations and MHD waves shows that
as IPS approaches SC the spectra become steeper and
their power increases. Why this happens can be under-
stood by considering the theoretical works [Berezhko,
1986, 1990; Chalov, 1988; Berezhko, Starodubtsev, 1988;
Reames, 1989; Vainio, 2003], which suggest that MHD
waves can be generated by low-energy CR fluxes. These
authors have developed mechanisms for the generation of
Alfvén and magnetosonic waves due to the formation of
plasma instabilities in the interplanetary medium by low-
energy solar CRs (also called solar energetic particles
(SEP)) or particles accelerated at IPS fronts, which are
called energetic storm particles (ESP) in the scientific
literature. The determining factor in these processes is the
presence of low-energy (~1 MeV) CRs in the interplane-
tary medium, which feature large fluxes and gradients.
Indeed, at the time in question there were such CR fluxes
after a series of powerful solar flares in Earth's orbit.
Figure 8, as Figures 2—4, shows raw data. From May 8,
2024, as ACE is approached, the low-energy CR flux,

which consists of SEP and ESP with a maximum at the
IPS front and is characterized by a large spatial gradient, is
seen to increase by many orders of magnitude. Taking into
account the results of the above-mentioned studies, this
allows us to draw a reasonable conclusion about the cause
for the observed increase in the level of IMF fluctuations,
which occurs due to generation of MHD waves by these
particles in the IPS pre-front region on May 10, 2024.

An interesting fact is that, in contrast to the situation
depicted in Figure 5, mean IMF changes direction, as
observed in all three spacecraft located relatively close
to each other. This is illustrated in Figure 9.

. It can be assumed that the presence of significant
storm particle fluxes with an energy of ~1 MeV and a
corresponding increase in the SW turbulence level cause
the mean IMF to change direction in the region of space
directly adjacent to the IPS front. It is, however, still too
early to make certain conclusions about the reasons for
this since very few statistics of observations of such
events from sufficiently closely located spacecraft have
been collected (only 35 cases).

CONCLUSIONS

Thus, studying the May 10, 2024 IPS event recorded
by three spacecraft located near the libration point L1
allows the following conclusions to be drawn.
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Figure 8. Low-energy CR fluxes in eight different differential channels recorded on board ACE during the EPAM experi-
ment (LEMS120 detector) on May 7-12, 2024. A legend for the differential energy channels is shown. The dashed line is the
time of IPS arrival at ACE, which coincides with the maximum CR flux of different energies
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Figure 9. The same as in Figure 5 for the pre-front region of IPS recorded by three spacecraft on May 10, 2024

1. Using spectral analysis methods with direct meas-
urements of IMF and SW plasma parameters from
DSCOVR, ACE, and WIND spacecraft, we have identi-
fied MHD waves of three types: Alfvén, fast, and slow
magnetosonic waves observed during the period of inter-
est in the inertial part of the SW turbulence spectrum in
the frequency range ~2.5-10-8.3:107° Hz.

2. It has been shown that during this event there is a
significant increase, by about an order of magnitude, in
the power of fluctuations in the IMF strength and MHD
waves of all three established types in the IPS pre-front
region.

3. The reason is low-energy CRs of solar and inter-
planetary origin (SEP and ESP), characterized by large
fluxes and gradients whose presence in the IPS pre-front
region led to the generation of MHD waves.

4. It is assumed that a significant increase in low-
energy CR fluxes (~1 MeV) and the SW turbulence
level can cause IMF to change direction in the region of
space directly adjacent to the IPS front.

I would like to thank the teams of the Space Weather
Prediction Center of the National Oceanic and Atmos-
pheric Administration, NASA/Goddard Space Flight
Center, ACE Science Centers and the Data Analysis Cen-
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Abstract. We have studied properties of Pi3 pulsa-
tions with a period of ~30 min in the magnetosphere—
ionosphere system, using satellite and ground-based
observations. According to the data from ground-based
magnetic stations in the pre-noon sector of the magneto-
sphere, propagation of pulsations was revealed in azi-
muth from the dayside to the nightside at a velocity 3-9
km/s in the band of corrected geomagnetic latitudes
@'=76°-79°. Along the meridian, the signal propagated
poleward at a velocity 0.5-5 km/s. Analysis of signal
spectra at stations located along different meridians
shows three maxima: one latitude-independent maxi-
mum at a frequency of 0.55 mHz, and two latitude-
dependent maxima at frequencies of 0.82 and 0.96 mHz
respectively, at higher and lower latitudes. The first
maximum corresponds to ULF waves penetrating from
the solar wind; the other two, to magnetospheric field
line resonances. The equivalent current system (ECS)
during the pulsation recording was obtained by two
methods: the method of spherical elementary current
systems and the magnetogram inversion technique.
Analysis of ECS derived by both methods has demon-
strated that they match each other. The ECS during pul-
sations in the pre-noon sector is a large vortex consist-
ing of smaller vortices that propagate in the ionosphere
along the “sea-land” boundary line, i.e. meridional
poleward propagation at velocities close to the average
pulsation propagation velocities prevailed. According to
the map of field-aligned current distribution in the iono-
sphere, the width of the maximum of the westward elec-
trojet lies at the latitude of the ECS maximum (in the
south of the large vortex) on the boundary between the
regions of inflowing and outflowing field-aligned cur-

rents (regions 1 and 2), where field line resonances are
observed. The obtained ECS corresponded to the DP2
current system with a predominant westward electrojet
in the pre-noon and night sectors. Satellite data analysis
has shown the following. In the solar wind, ULF waves
in the Pi3 pulsation range propagated at a velocity of
186.4 km/s, which is significantly lower than the veloci-
ty of the medium being as high as 550 km/s. This veloc-
ity is explained by the fact that the waves propagate
toward the Sun and are carried by the solar wind to
Earth. In the magnetosphere, pulsations with a predomi-
nant compression component propagated from the
nightside to the dayside at a velocity 90-110 km/s; from
the delays in the onset of maxima of energetic electron
differential fluxes, velocities 2040 km/s were identified.

Pulsations in this event were caused by both ex-
ternal (oscillations in the solar wind) and internal
sources (magnetospheric resonator, which could be ex-
cited, among other things, by a substorm). The dynam-
ics of the “fine structure” of a large vortex — small vor-
tices, in the magnetosphere as a whole coincides in
propagation velocity and direction with geomagnetic
pulsations.

Keywords: geomagnetic Pi3 pulsations, equivalent
current vortices, azimuthal and meridional propagation,
penetration of ULF waves from the interplanetary medi-
um into the magnetosphere, field line resonance.

INTRODUCTION

It is known that Pi3 pulsations are irregular long-
period oscillations in the geomagnetic field, which can be
generated during a magnetospheric substorm [Saito,
Matsushita, 1967]. The review [Saito, 1978] provides a
classification according to which Pi3 is divided into sub-
categories: Ps6 and Pip. Ps6 pulsations (T>400-600 s)
prevail in the D component of the geomagnetic field; Pip

pulsations (T<400 s) have comparable amplitudes in all
components. Sources of Pi3 and other geomagnetic pulsa-
tions are spatio-temporal variations in the intensity of
three-dimensional current systems [Saito, 1969]. The Pi3
pulsations associated with a substorm are generally lo-
calized in the night sector of the magnetosphere. At the
same time, the Pi3 pulsations are known to be linked
with variations in interplanetary medium parameters

This is an open access article under the CC BY-NC-ND license
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[Han et al., 2007]. Alimaganbetov and Streltsov [2018]
have carried out a statistical analysis of wave disturb-
ances in the solar wind (SW) during substorms and have
found that wave disturbances with frequencies 0.6-0.7
mHz are often observed during substorms both in SW
and on Earth. Presumably, Pi3s caused by outside forces
should not only be recorded in the night sector of the
magnetosphere, but also form a high-latitude current
system of appropriate spatial scales.

It is known that the interaction of the diamagnetic
structure (DS) with Earth's magnetosphere gives rise to
phenomena similar to substorms, which can occur with
Pi3 pulsations [Parkhomov et al., 2017]. These struc-
tures are in fact magnetic flux ropes filled with plasma
[Eselevich, Eselevich, 2005]. A diamagnetic current
flows on their surface, reducing the magnetic field in-
side and increasing it outside the flux tube.

An important characteristic of pulsations is their
propagation whose direction may indicate their source.
Moiseev et al. [2020] from ground-based geomagnetic
observations have revealed azimuthal propagation of
pulsations with a velocity 0.6-10.6 km/s to the east
and west from midnight; along the meridian, the pulsa-
tions propagated to the equator at a velocity 0.75-7.87
km/s. Pulsation propagation can also be estimated
from a shift of their current systems. In [Moiseev et al.,
2024a], propagation velocities of geomagnetic pulsations
localized on the dayside and designated as TCVs (traveling
convection vortices) were compared with phase delays in
the pulsations and based on motion of their equivalent cur-
rent systems. The propagation velocities measured by these
methods differ about two times (mostly in phase delays).

In this paper, we analyze the distribution of Pi3 pul-
sations recorded globally from ground-based and satel-
lite observations. Field-aligned currents during pulsa-
tions are studied using the magnetogram inversion tech-
nique. As far as we know, the dynamics of global pulsa-
tions and vortices of the corresponding spatial scales
have not been examined before.

The purpose of the work is to study the morphol-
ogy and dynamics of large current vortices — a high-
latitude current system of global Pi3 pulsations, as
well as to assess the contribution of external and in-
ternal sources to the frequency spectrum of pulsa-
tions. For analysis, we have selected the September
11, 2015 event during which geomagnetic Pi3 pulsa-
tions were observed.

1. EXPERIMENTAL DATA

To examine meridional and azimuthal propagation
of geomagnetic Pi3 pulsations and equivalent current

vortices, we have used geomagnetic observations from
the well-known SUPERMAG database [Gjerloev, 2012;
https://supermag.jhuapl.edu/mag/]: coordinates of the
stations are given in Tables 1 and 2. To construct equiv-
alent current systems by the method of spherical ele-
mentary current systems (SECS), we have employed 61
SUPERMAG stations with geographic latitudes 45.14°—
77.47° and longitudes 199.54°-267.89°; by the magne-
togram inversion technique (MIT), 144 SUPERMAG
stations in the Northern Hemisphere. Measurements
from the CDAWEB database were used on satellites
[http://cdawe b.gsfc.nasa.gov/]. Coordinates of the satel-
lites are listed in Table 3. To study propagation, we rely
on data from ground stations with a time resolution of
60 s since the duration of phase delays in signals >60 s.
Satellite data had a time resolution of 3 (Themis), 60
(Geotail), 4 (Cluster), and 5 s (GOES).

2. ANALYSIS METHOD

We compared azimuthal propagation velocities ob-
tained by two methods: from phase delays in magnetic
variations at stations and from motion of vortices of
equivalent ionospheric currents. The methods are de-
scribed in [Moiseev et al., 2024b]. In the event of interest,
there were pulsations with a well-defined shape at high
latitudes, so their azimuthal propagation was studied
only along corrected geomagnetic latitudes ®'=76°-79°.

Field-aligned currents (FACs) of Pi3 pulsations were
examined using MIT [Bazarzhapov et al., 1979; Mishin,
1990; Penskikh, 2020]. This method can calculate key
electrodynamic parameters of the ionosphere with 1-min
time resolution from data on the field of geomagnetic
variations from the global network of ground magne-
tometers. In this work, with MIT we have obtained
equivalent current functions, FACs with homogeneous
conductivity, as well as boundaries of FAC zones
[Lunyushkin, Penskikh, 2019; Penskikh et al., 2021]. To
separate Pi3 pulsations from geomagnetic data, we em-
ployed a digital bandpass filter tuned to the frequencies
corresponding to these pulsations [Moiseev et al.,
2024h].

3. RESULTS

Figure 1 presents measurements of plasma and in-
terplanetary magnetic field (IMF) parameters in SW:
IMF components and ion concentration (a—d), V, com-
ponent of ion velocity and SW dynamic pressure Py (e, f)
from THEMIS-B (ThB) data in the September 11, 2015

Table 1
Coordinates of ground stations (SMAG) employed to study azimuthal propagation of pulsations
Average o Geogr_aphic Cor_rected .
: Abbreviation coordinates geomagnetic coordinates
latitude
latitude | longitude latitude longitude
GHC 68.63 264.15 77.54 -31.68
IGC 69.30 278.2 78.43 -5.39
76-79 UPN 72.78 303.85 78.93 40.20
NAL 78.92 11.95 76.57 109.96
DMH 76.77 341.37 77.34 84.38
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Table 2

Coordinates of ground magnetometric stations,
used to study meridional propagation of geomagnetic pulsations

Geographic Corrected
Abbreviation Network coordinates geomagnetic coordinates
latitude | longitude latitude longitude
THL 77.47 290.77 84.72 29.24
SVS 76.02 294.9 83.00 32.87
KUV 74.57 302.82 80.69 41.92
UPN 72.78 303.85 78.93 40.20
UMQ 70.68 307.87 76.38 42.58
GDH Grw 69.25 306.47 75.25 39.39
ATU 67.93 306.43 73.99 38.19
STF 67.02 309.28 72.64 40.87
SKT 65.42 307.10 71.43 37.22
FHB 62.00 310.32 67.41 39.05
NAQ 61.16 314.56 65.75 43.19
IGC 69.30 278.20 78.43 -5.39
RPB 66.52 273.77 75.99 -13.51
CDC 64.20 283.40 73.47 3.04
TA7 62.20 284.35 7151 4.23
T53 60.82 281.85 70.39 0.08
T46 USAE 60.05 282.71 69.60 1.36
T44 58.47 281.92 68.14 -0.04
T31 56.50 280.80 66.31 -1.92
T52 53.79 282.38 63.54 0.26
T51 48.05 282.22 57.86 -0.43
OoTT 45.40 284.45 54.98 2.52
RES 74.69 265.11 82.93 —35.54
GHC 68.63 264.15 77.54 -31.68
BLC 64.32 263.99 73.60 -30.06
RAN 62.82 267.89 72.45 -23.12
FCC USAC 58.76 265.91 68.50 —25.59
GIM 56.38 265.36 66.16 —-26.08
PIN 50.20 263.96 59.96 -27.43
C08 45.87 264.92 55.72 —-25.69
T56 45,59 267.03 55.60 —22.65
YKC 62.48 245,52 69.42 -56.85
SMI 60.03 248.07 67.48 -52.27
FMC 56.66 248.79 64.28 -50.02
T36 54.71 246.69 61.95 -52.09
C06 USAW 53.35 247.03 60.64 -51.24
RED 52.14 246.16 59.25 -51.96
T43 50.87 245.70 57.86 -52.17
TO3 50.37 247.02 57.60 -50.40
LET 49.64 247.13 56.88 -50.07

event. At the bottom in panels g, h are the AL and SYMH
indices for the interval considered. From 9:00 to 11:00
UT, three ~30 min oscillations were observed in IMF B,
and Py, which manifested themselves on Earth's surface
in AL variations and geomagnetic Pi3 pulsations. The
oscillations were preceded by a period in which IMF B,
was southward from 07:30-09:00 UT. At that time,
B«<0, B,>0, and the SW V, component increased from
450 to 550 km/s. The ion concentration during this peri-
od varied in antiphase with IMF, such variations in
plasma concentration and magnetic field are observed in
DS [Parkhomov et al., 2017], and are also typical of
slow mode oscillations [Hada, Kennel, 1985]. As the
geomagnetic indices show, the event was recorded dur-
ing a moderate magnetic storm and when an intense
substorm, whose explosive phase lasted from 08:14 to

09:40 UT, ended.

Figure 2 illustrates changes in the magnetic field
recorded by satellites in the noon and dawn sectors of
the magnetosphere at 9:00-11:00 UT. Observations in
SW are given with a shift of 10 min to make it easier
to compare the shape of oscillations in SW and in the
magnetosphere.

From top to bottom are B and B,,,. Figure 3 displays
the same data after bandpass filtering: the filter is seen to
cause no phase distortions in raw signals. Variations in SW
recorded by ThB, ThC and in the noon sector of the mag-
netosphere by Geotail (GL) are similar, which means that
the pattern of field variations in the noon sector is largely
due to their penetration from SW.

The ULF wave velocity V=186.4 km/s (lower than
Vsw=550 km/s) was found from the phase delay in vari-
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Figure 1. Plasma and interplanetary magnetic field parameters in SW: IMF component, its magnitude B, ion concentration
(a—d), ion velocity V, component, and SW dynamic pressure (e, f) according to THEMIS-B data in the September 11, 2015 event
at 07:00-11:00 UT, AL and SYMH (g, h) for the period under study
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Figure 2. Satellite measurements of the magnetic field (B
and By, in SW (THEMIS-B, THEMIS-C) and in the magne-
tosphere (GEOTAIL and GOES-13)). Data on SW is shifted
by 10 min and is given with a weighted factor

ations of |B| between ThC and ThB and from the dis-
tance between them. We estimated the DS normal direc-
tion whose front was detected at 09:10 UT (see Figure
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1). Parameters of the normal were calculated using the

ThB *5 ThC *5 Gl13——GL

P PO
e
ol ! ! ! i
gv&v%f’*’“
LA A A
S v/

09:00 09:30 10:00 10:30 11:00 UT

Figure 3. Satellite measurements of the magnetic field (B
and By, in SW (THEMIS-B, THEMIS-C)) and in the magne-
tosphere (GEOTAIL and GOES-13) filtered within 1000—
2400 s. Data on SW is shifted by 10 min and is given with a
weighted factor

mixed data method [Abraham-Shrauner, Yun, 1976] and
the complanarity theorem [Colburn, Sonett, 1966]
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based on which the DS velocity was determined
Vos=((p2V2-p1V1)n)/(p2-p1) )

where B1, V1, pl, B2, V2, p2 are magnetic field, velocity,
and plasma density ahead of and behind the DS front.

The normal to the DS front is directed toward the Y
component (n=[0.095, 0.912, 0.3953] in the GSE coordi-
nate system), the DS front velocity Vps=182.8 km/s match-
es well the ULF wave propagation velocity in SW, deter-
mined above from phase delays between the satellites. The
observed propagation velocities can be explained by the
fact that ULF waves propagate upward along the incoming
stream toward the Sun and are carried away by SW to
Earth.

The field variations on GOES-13 (G13), located in the
dawn sector, differ in frequency from those observed in the
noon sector, and it is impossible to study propagation of
pulsations from phase delays on these satellites.

Figure 4 exhibits the magnetic field magnitude B,
the filtered magnetic field magnitude By, and the field-
aligned component By in Mean Field Aligned coordi-
nates on satellites located in the sector from dawn to
midnight local time. Measurements are shown from
satellites located at 10:00 UT in the following MLT

Table 3

Coordinates of satellites in the magnetosphere on September
11, 2015 at 10:00 UT in the GSE system

. GSE coordinates, R,
Satellites X v 7
THEMIS-B 61.78 | -20.97 | -3.26
THEMIS-C 60.27 | -24.56 | -3.94
GEOTAIL 8.59 3.62 | -0.02
GOES-13 -1.64 -594 | -2.39
THEMIS-D -4.61 -9.03 | -2.09
GOES-15 —6.35 -1.85 | -0.19
CLUSTER-4 | -8.70 -2.71 | -12.05
CLUSTER-2 | -10.07 -2.00 | -11.39

GL(BW/3) Gl3 Cc2

nT
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Figure 4. From top to bottom: the magnetic field magni-
tude B, the magnetic field magnitude B filtered within 1000—
2400 s, the field-aligned component B, in Mean Field Aligned
coordinates in the magnetosphere on GEOTAIL, GOES-13,
THEMIS-D, GOES-15, and CLUSTER-2 satellites
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sectors: G13 (05 MLT), THEMIS-D (ThD, 04 MLT),
GOES-15 (G15, 01 MLT), and CLUSTER-2 (C2, 02:30
MLT). The similarity in the waveform in the field mag-
nitude on different satellites allows us to estimate the
propagation velocity from the nightside to the dawnside:
the velocity of C2-ThD is ~95 km/s; G15-G13, ~113.7
km/s. The similarity in the pulsation shape in the bottom
and middle panels suggests a significant contribution of
the SW compression component to geomagnetic pulsa-
tions, which is confirmed by B, whose maximum ampli-
tude is observed in the noon sector; the minimum, in the
midnight sector.

Figure 5 illustrates the dynamics of energetic electron
fluxes in the magnetosphere J,=30-50 keV on G13 and
G15, J.=40 keV on ThD, and J.>>40 keV on Cluster-4
(C4, 3 MLT). On satellites other than ThD, rapid increases
in fluxes are seen to be replaced by slower decreases.
This is due to the fact that particles gradually leave the
localized region, where they were injected, through
magnetic drift (on ThD, rates of increase and decrease in
fluxes coincide). From phase delays in variations in the
fluxes (indicated by arrows), we can conclude that J. prop-
agate from the nightside to the dayside at velocities of 39.3
(C4-ThD) and 23.8 km/s (ThD-G13). They are close to the
propagation velocities of substorm injections (24 km/s)
estimated in [Reeves et al., 1996].

Figure 6, a illustrates filtered variations in the H
component of magnetometers distributed in azimuth at
@'=76°-79°; on the right is the LT dependence of the
azimuthal propagation velocity (b), FAC distributions
constructed using MIT for a negative half-wave on
magnetograms at 09:50-10:00 UT in panel c, for a posi-
tive half-wave at 10:05-10:20 UT (d); at the bottom are
distributions of equivalent ionospheric currents con-
structed by the SECS method at the same time points (e,
f). The dynamics of vortices was analyzed by this meth-
od based on a software code written in MatLab
[Vanhamaki, Juusola, 2020], available at
[https://link.springer.com/chapter/10.1007/ 978-3-030-
26732-2_2#Sec18]. As follows from the phase delays in
magnetic pulsations (panel a, the maxima from which
propagation was analyzed are marked with asterisks),
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Figure 5. Fluxes of J,.=30-50 keV (GOES-13), 40 keV
(THEMIS-D), 30-50 keV (GOES-15), J,>40 keV (CLUS-
TER-4)
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Figure 6. Geomagnetic field H component at azimuthally distributed stations at corrected geomagnetic latitudes 76°-79°,
which was filtered within 2000-2400 s (a); MLT dependence of the azimuthal propagation velocity along ®'=76°-79° (b); distribu-
tion of field-aligned currents with MIT (c, d); distribution of equivalent ionospheric currents with the SECS method (e, f) for a nega-
tive half-wave at 09:50-10:00 UT (c, €) and for a positive one at 10:05-10:20 UT (d, f) in geomagnetic Pi3 pulsations (panel a)

they propagated from the dayside to the nightside at
velocities 3-9 km/s. The MIT FAC distribution maps
show the inflowing (blue) and outflowing (red) FACs
(panels ¢, d). Between sheets of opposite FACs, west-
ward Hall currents are amplified in the dawn sector; and
eastward ones, in the dusk sector (green and black ar-
rows respectively in panel d). This location of the elec-
trojets corresponds to the DP2 current system. The MIT
FAC distribution maps indicate that during a positive
half-wave the westward current is more extended in
longitude and we can say that in addition to DP2 the
DP1 current system is also amplified. SECS in panel e
exhibits a large Hall vortex located in the dawn sector.
The westward Hall current on the MIT maps corre-
sponds to the lower part of this vortex at ®'=70°-80°.
According to the map of FAC distribution in the iono-
sphere, the latitudinal maximum of the westward elec-
trojet is at the latitudes of maximum ECS (in the south
of the large vortex) on the boundary between regions of
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inflowing and outflowing FACs (regions 1 and 2). For
negative and positive half-waves, this current differs in
direction due to the opposite directions of Hall currents
inside and outside the vortex (the direction is indicated
by white arrows in panels e, f). Oppositely directed
ECSs were also recorded during global Pc5 pulsations
[Huang, 2021].

We have analyzed the dynamics of the vortices indicat-
ed by white arrows (panel f): trajectories of the vortices,
meridional and azimuthal propagation velocities are shown
in Figure 7. Displacement trajectories of high-latitude (a)
and low-latitude (b) vortices are located along the sea—
land boundary line. The vortices propagate along the me-
ridian to the north at velocities 1.6-4 km/s (c). Opposite
propagation velocities +25 km/s (d) are recorded along the
azimuth, from which we can conclude that the vortices do
not propagate along the azimuth. Localization of vortices
along the sea—Iland boundary line can be attributed to the
so-called coastal effects.
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Figure 7. Vortex trajectories at higher (a) and lower (b) latitudes and velocities of meridional and azimuthal propagation
along these trajectories (c, d) at 10:10-10:20 UT; LL, HL are low-latitude and high-latitude vortices

To study the frequency spectra of Pi3 pulsations, their
dynamics in the meridional direction, as well as to identify
latitudes of field line resonances, we have selected four
meridional chains of ground magnetic stations whose co-
ordinates are given in Table 2. Location of these chains is
shown schematically in Figure 8, c. Panel a presents power
spectra of ULF waves in SW, spectra of Pi3 pulsations on
Earth at different latitudes, latitude dependence of the me-
ridional velocity of pulsation propagation (b), and MLT
dependence of westward electrojet and field line resonance
latitudes (d). It can be seen (a) that the oscillation spectra in
SW and on Earth have a common peak at a frequency of
0.55 mHz (designated by number 1), it shows up in all IMF
components and in the SW velocity. Peaks at frequencies
of 0.82 and 0.96 mHz (2.3) on spectrograms from ground
stations have an explicit latitude dependence: they are ob-
served with maximum intensity at higher and lower lati-
tudes respectively. These peaks are also present in spectra
of the interplanetary medium parameters B, B,, and N. We
determined the latitude of field line resonant oscillations
@'k g, Using the technique [Glassmeier et al., 1999], from
maximum amplitude and phase difference of the oscilla-
tions along the meridional chain of stations. ®'r r is plot-
ted on distributions of meridional velocities of Pi3 pulsa-
tions along these meridians. It is apparent that poleward
pulsation propagation along the meridian prevails to which
correspond negative velocities 0.5-5 kmy/s; at @'k g, the
velocities are subject to discontinuity. Locations of the
westward electrojet and @'k, r coincide (panel d).

4. DISCUSSION

Thus, we have studied the frequency spectrum and
dynamics of global Pi3 pulsations at high latitudes and
their equivalent current systems in the magnetosphere
and ionosphere in the extended sector of longitudes 0—
12 MLT. We have revealed that the pulsation spectrum
has three peaks: at all latitudes at a frequency of 0.55
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mHz, two peaks at 0.82 and 0.96 mHz at higher and
lower latitudes respectively. We have found similar
dynamics of small vortices, which are the fine structure
of a large vortex, and pulsations in the ionosphere, but
only along the meridian, as well as pulsation propaga-
tion from the dayside to the nightside in the ionosphere
and in the opposite direction in the magnetosphere. The
detected features are described below.

4.1. External and
sources of Pi3 pulsations

In [Parkhomov et al., 1998], as in the event we deal
with, two maxima were found in the spectrum of Pc5
pulsations: latitude-independent at 2.3 mHz and lati-
tude-dependent at 4-6 mHz. The authors suggested
that oscillations of the first type are associated with
oscillations at the magnetopause, whereas oscillations
of the second type are caused by intramagnetospheric
resonances. The boundary of the FMS waveguide, the
oscillations in which caused the first peak, according
to their assumption, lies outside the magnetopause. In
the event of interest, the latitude-independent peak of
oscillations was detected at 0.55 mHz in SW, whereas
ULF waves were recorded at 0.4-0.7 mHz. Latitude-
dependent peaks at 0.82 and 0.96 mHz on ground-
based magnetograms are present in IMF spectra and
concentration. This is consistent with the conclusions
drawn in [Kepko, Spence, 2003], in which when ana-
lyzing a number of geomagnetic pulsation events
caused by Py variations it has been found that discrete
frequencies of intramagnetospheric resonances of 0.7,
1.3, 1.9, 2.6, and 3.4 mHz are observed in SW con-
centration variations and presumably reflect the ex-
istence of structures of certain sizes in the interplane-
tary medium. The oscillation frequencies in the event
considered are close to the first harmonic of intra-
magnetospheric resonances, division by which is fair-

intramagnetospheric
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Figure 8. ULF wave spectra in SW, spectra of Pi3 pulsations on Earth at different latitudes, along different meridians (a),
pulsation propagation velocities along different meridians (b), a map of meridional chains of stations (c), MLT dependence of the
geomagnetic latitude of the westward electrojet and the latitude of field line resonances (d)

During the event of interest, several conditions are
implemented which are favorable for penetration of
waves from SW and for generation of globally record-
ed field variations in the magnetosphere: extreme IMF
B,, variations in Py (ratio APy/P4~0.5), and ~550 km/s
SW velocity. Simultaneous variations in N and B are typ-
ical of compression MHD waves: fast magnetosonic
(FMS) and slow magnetosonic (SMS). For an FMS wave,
these parameters change in phase, and for an SMS wave
they change in antiphase [Baumjohann and Treumann,
1996], which is observed in our case in the interplanetary
medium and in the magnetosphere. The Alfvén SW veloci-
ty according to ThB data is ~90 km/s, which coincides by
an order with the ULF wave velocity in SW (168 km/s);
thus, waves in SW correspond to SMS waves. It should be
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added that Alfvén waves do not pass through the tangential
discontinuity, which is the magnetopause, and MS waves
can partially penetrate through it [Leonovich et al., 2003].

4.2. Dynamics of geomagnetic Pi3 pulsations
and equivalent current vortices

Observations show that pulsations at latitudes ®'=76°-
79° propagate along the azimuth from the dayside to the
nightside with V,,=3-9 km/s; along the meridian, poleward
with V,=0.5-5 km/s. The large Hall vortex ~3500 km in
diameter, observed in the dawn sector, is generally station-
ary; however, there may be small vortices in it — the so-
called fine structure of the large vortex 1000-1500 km in
diameter. Small vortices also propagate poleward with
comparable velocities 1.6-4 km/s.
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Moiseev et al. [2024a, b] have examined meridional
and azimuthal propagation of geomagnetic pulsations
and 5-10 min small TCVs responsible for them. Com-
parison between propagation velocities of pulsations
and vortices made in these works and in our work has
shown that propagation velocities of pulsations and vor-
tices coincide in the meridional direction, whereas in the
azimuthal direction the vortices propagate faster with
V=5-25 km/s; in this case, TCVs do not experience a
coastal effect and propagate along longitude in a sector
up to 12 MLT. Both TCV and Pi3 phenomena are reso-
nant, but if in the case of TCVs the location of their
centers coincided with field line resonances (FLRS), in
the case of Pi3 the location of FLR coincided with the
westward electrojet, which is the lower part of the large
vortex.

Huang [2021], when studying global Pc5 pulsations,
has established that the pulsations did not propagate in the
azimuthal direction; the author attributed the phase varia-
tion along the meridian to the evolution of the pulsation
current system. The large vortex in the event considered
does not propagate either, and to understand the difference
in propagation of Pi3 pulsations and small vortices, we
have examined azimuthal propagation at the same stations
(see Figure 6, a) in terms of the D and Z components.
Analysis of the components has revealed that no propaga-
tion was observed (not shown). Perhaps this explains the
different dynamics of ECS and pulsations since all compo-
nents are applied to ECS.

Coastal effects in auroras [Samsonov, Zaretsky,
1963; Nadubovich, 1967] and ionospheric currents
[Shpynev et al., 1977] were actively studied from ob-
servations in the Soviet Arctic (a region in Yakutia with
a center in Tixie Bay) during SiblZMIR and ICRA SB
AS USSR expeditions in the winter of 1968-1969.
These effects are naturally associated with the well-
known Senko—Mansurov coastal effect [Senko, 1959;
Mansurov, 1959], which implies that induced currents in
the sea or land areas with increased conductivity are
displaced to the shores or edges of these land areas due
to the skin effect. lonospheric effects involved an in-
crease in the density of ionospheric currents in the
coastline area, as well as the formation of regular vortex
structures in ionospheric currents. lonospheric projec-
tion of these phenomena was located on land at ~100—
200 km from the boundary line. The SECS method al-
lowed us to examine the evolution of small ionospheric
vortices over time with 1-min resolution and to con-
clude that the location of the vortices at a distance of
~200 km from the coastline is consistent with the results
obtained from the study of coastal ionospheric effects.
Shpynev et al. [1977] state that local irregularities with
spatial scales ~100-300 km are manifested in iono-
spheric coastal effects, which allows us to assume that
small vortices 1000-1500 km in diameter (according to
the SECS method) actually exist.

4.3. Comparison between satellite and

ground-based measurements

Moiseev et al. [2020] have investigated the event
of Pi3 pulsations whose sources were IMF B, varia-
tions. In the magnetosphere in the range of Pi3 pulsa-
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tions, propagation from the nightside to the dayside
was found from phase delays in energetic electron
fluxes and on Earth from phase delays in bay-like
disturbances in riometric absorption. In this work,
satellite and ground-based observations show the op-
posite propagation direction, and below we explore
possible reasons for this.

To compare pulsation propagation observed on
Earth and in the magnetosphere, ground stations located
along latitudes ®'=76°-79° were projected into the
equatorial plane of the magnetosphere by the Tsyganen-
ko model Ts04 [Tsyganenko, Sitnov, 2005]. The projec-
tion of the ground stations and the location of the satel-
lites in the equatorial plane of the magnetosphere on
September 11, 2015 at 10:00 UT are shown in Figure 9.
The minimum distance between field line projections
corresponding to the ground stations and locations of
the satellites are seen to be ~5 R.. Thus, ground-based
and satellite observations can cover different regions of
the magnetosphere; therefore, the nature of pulsation
propagation differs.

It is also possible that the propagation pattern we
have recorded reflects the plasma convection direction:
from the dayside to the nightside according to observa-
tions at high latitudes and in the opposite direction in
the equatorial plane of the magnetosphere. This may be
supported by the fact that the pulsation period of ~30
min makes it possible to classify them as Ps6 pulsations
that are accompanied by auroras having a shape corre-
sponding to the letter Q [Akasofu, Kimball, 1964]. In
the region of these auroras, convection is sunward in the
equatorial plane and antisunward at high latitudes. Un-
fortunately, the lack of ground-based and satellite ob-
servations of auroras during this event does not allow us
to draw definitive conclusions.

Using ThD observations, we have estimated the
electric drift velocity (convection velocity) at 75 km/s,
comparable to propagation velocities estimated from
phase delays in both the magnetic field and energetic
electron fluxes.

Using the Ts04 model, distances in the XY plane were
estimated between projections of stations in the equato-
rial plane of the magnetosphere; and propagation velocities
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Figure 9. Projection of ground stations located along cor-
rected geomagnetic latitudes 76°—79° (circles) and location of
satellites (rhombs) in the equatorial plane of the magneto-
sphere on September 11, 2015 at 10:00 UT
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VNAL_DMH:861 VDMH_UPN:734-21 VUPN_ch:2074-7,
Viec_enc=272.9 km/s, from ground-based time delays;
the indices indicate the stations between which the ve-
locities were measured. The minimum value of these
velocities is in the order of the convection velocity, and
the maximum value is close to the Alfvén velocity of
2225 km/s according to ThD data.

CONCLUSION

From the analysis we can draw the following con-
clusions. Propagation of Pi3 pulsations and small vorti-
ces coincides in magnitude and direction along the me-
ridian. In the azimuthal direction, the vortices show the
presence of a coastal effect. Propagation as observed on
satellites and on Earth has the same direction as plasma
convection: from the dayside to the nightside according to
observations at high latitudes and in the opposite direction
in the equatorial plane of the magnetosphere. ULF waves
penetrating from SW and magnetospheric resonances also
contribute to the frequency spectrum of pulsations.

Thus, we can conclude that pulsations in this event
were caused by both external (oscillations in SW) and
internal sources (the magnetospheric resonator that
might have been excited by a substorm). The dynamics
of the fine structure of a large vortex (small vortices) in
the magnetosphere generally coincides in propagation
velocity and direction with geomagnetic pulsations.

We are grateful to managers of the following pro-
jects for providing access to the data: SUPERMAG in-
cluding the IMAGE network, (Pl Liisa Juusola),
GREENLAND COAST CHAIN data, (Pl Anna N.
Willer), Themis, CANMOS, Geomagnetism Unit of the
Geological Survey of Canada; GIMA,; Intermagnet;
USGS, as well as satellite observation dataset from
CDAWEB (D.J. McComas, R. Lepping, K. Ogilvi, G.
Paschmann).

The results were obtained using data from the magne-
tometric complex included in the Shared Equipment Cen-
ter «Angara» [http://ckp-angara.iszf.irk.ru/]. The work was
carried out as part of the Government assignment
(SHICRA SB RAS and ISTP SB RAS).
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PREDICTION OF ELECTRON FLUXES IN A CIRCULAR POLAR ORBIT:
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Abstract. We have investigated the relationship of
variations in >0.7 and >2 MeV electron fluxes of Earth's
outer radiation belt in a circular polar orbit with solar
wind and interplanetary magnetic field parameters, as
well as with geomagnetic indices and the logarithmic
electron flux in the geostationary orbit in order to ex-
plore the possibility of predicting them. We have select-
ed the optimal input features for predicting electron
fluxes in low polar orbits, which is important for ensur-
ing the radiation safety of future space missions.

We have examined integral and maximum electron

fluxes of these energies over the span of a day. We have
obtained forecasts with a horizon of 1 and 2 days for an
interval of 2 months in 2020 for daily maximum and
integral fluxes based on linear regression.

Keywords: Earth’s radiation belts, relativistic elec-
tron fluxes, forecasting, machine learning, circular polar
orbit.

INTRODUCTION

Radiation conditions in near-Earth space are largely
determined by charged particle fluxes in Earth's radia-
tion belts (ERB). The contribution of ERB particles is
especially significant during solar minimum when there
are practically no solar cosmic ray fluxes. While particle
fluxes of inner ERB are relatively stable and there are
generally accepted models that can be used to reliably
predict particle fluxes in it, Earth's outer radiation belt
(EORB) is very unstable: its electron fluxes can vary by
several orders of magnitude within 24 hours. EORB
electrons were first detected a long time ago — during
the second space flight in the history of mankind, using
scientific equipment of SINP MSU [Vernov et al.,
1958]. Since then, a large number of experiments on
recording EORB electrons by Russian and foreign
spacecraft (SC) have been carried out [Williams et al.,
1968; Li et al., 2001; Kataoka, Miyoshi, 2008; Kuz-
netsov et al., 2007; Li, Hudson, 2019; Osedlo et al.,
2022; Stepanova et al., 2024]. Nonetheless, the problem
of reliably predicting the state of EORB through model-
ing has not yet been solved. This is due to the fact that
to date there is no generally accepted theory of accelera-
tion and scattering of EORB electrons which could ex-
plain the available set of experimental data.

Monitoring and prediction of EORB electrons is also
of practical interest since the influence of high fluxes of
relativistic and sub-relativistic EORB electrons can nega-
tively affect the electronic equipment installed on board
SC because Single Event Upsets (SEU), both reversible
and irreversible, can occur when the electrons penetrate
into integrated circuits [Cole, 2003; Belov et al., 2004;
Romanova et al., 2005; lucci et al., 2005; Pilipenko et al.,
2006; Kudela, 2013] (in English literature, they are also
called killer electrons), SC can be electrified as well
[Novikov, Voronina, 2021].

On the one hand, it is impossible to predict with suf-
ficient accuracy variations in EORB electron fluxes
through theoretical calculations; on the other hand, there
is a practical need to predict them to ensure radiation
safety with modern machine learning methods that help
identify the relationships between analyzed variables by
approximating empirical dependences.

Satellite measurements made in Earth's inner magne-
tosphere are employed not only to describe the EORB
dynamics, but also to develop forecasting models based
on machine learning. Data from GOES satellites having
a long time series of experimental measurements is most
often applied for these purposes because GOES SC have
been launched since the 1970s (see, e.g., [Wei et al.,
2018; Myagkova et al., 2019; Sun et al., 2021; Landis et
al., 2022; Son et al., 2022]). Currently, one of the most
widely used methods for predicting the total relativistic
electron flux over the span of a day (fluence) in EORB
is the forecast presented on the portal of the Space
Weather Prediction Center [http://www.swpc.noaa.gov/].
This model, known as REFM (Relativistic Electron
Forecast Model), was developed based on research evi-
dence [Baker et al., 1990]. The forecast uses the fact
that daily fluences of >2 MeV electrons, measured in
geostationary orbit, can be predicted a day ahead with
the aid of a linear filter, which utilizes the SW velocity
or the geomagnetic indices K, and AE as input data.
Studies have shown the presence of characteristic tem-
poral dynamics in the behavior of electron fluxes in
geostationary orbit. A significant increase in the elec-
tron flux is observed two days after the SW velocity
reaches its maximum and three days after recording
peak values of the geomagnetic indices. This time delay
is due to the structural features of SW streams, includ-
ing the region of the increased interplanetary magnetic
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field (IMF) preceding the SW velocity peak. The IMF
peak initiates geomagnetic activity leading to an in-
crease in K,. Thus, there is a significant delay between
the geomagnetic indices (K, AE) and an increase in the
electron flux as compared to direct measurements of
SW parameters. It is worth mentioning the model for
predicting >2 MeV relativistic electron fluxes in geosta-
tionary orbit, which is based on solving a system of con-
tinuity equations, provided that particle acceleration is
affected not only by the SW velocity, but also by geo-
magnetic activity, and losses are influenced by the SW
density. Taking into account additional factors having
an effect on electron acceleration and losses in ERB
made it possible to improve the accuracy and stability of
forecasts [Lyatsky, Khazanov, 2008]. For low energies
(1 eV —40 keV), there is also a forecasting model with a
1-hr horizon based on IMF and SW velocity [Denton et
al., 2016]. In addition to solving the continuity equa-
tions, there are other methods for predicting electron
fluxes. For example, Potapov et al. [2016] employed the
multiple regression method with a sliding window to
predict the >1+2 MeV relativistic electron flux. Particu-
larly noteworthy is the NARMAX model (nonlinear
autoregression with running mean with external input
signals) [Balikhin et al., 2011]. One of the stages of the
algorithm involves analyzing the Error Reduction Ratio
ERR, which makes it possible to rank the parameters
affecting fluxes in ERB. It was this analysis that led the
authors to the conclusion that the SW density, rather
than its velocity, has the greatest effect on electron flux-
es in ERB. Given a fixed density, the fluxes increase as
the velocity reaches a certain saturation level decreasing
with increasing SW density. There is also an approach
to predicting charged particle fluxes in ERB by the BAS
Global Dynamic Radiation Belt Model [Glauert et al.,
2014], based on solving the 3D Fokker-Planck equation.
The developed model relies on a comprehensive ap-
proach to describing the dynamics of charged particles
and includes the following physical processes: radial
diffusion of particles in Earth's magnetosphere, parti-
cle—wave interaction, and collisional processes respon-
sible for particle losses from radiation belts.

A separate problem is to predict fluxes of relativistic
and sub-relativistic electrons detected in circular polar or-
bits, where the satellite crosses EORB four times during
one orbital period — twice in the Southern Hemisphere
and twice in the Northern Hemisphere. For circular polar
orbits, we can solve the problem of predicting the daily
maximum electron flux and/or the total flux (fluence),
which is accumulated over the span of a day at all satellite
crossings of EORB.

This study focuses on EORB and variations in
electron fluxes in the circular polar orbit similar to
the orbit considered in [Botek et al., 2023]. The au-
thors have predicted electron fluxes with energies
500-600 keV and 1-2.4 MeV for the circular polar
orbit, using data from PROBA-V SC and the long
short-term memory (LSTM) model, for which data
on the satellite's position and the geomagnetic index
SYM was taken as input parameters. An array of
measurements for 2015-2018 was used as initial da-
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ta. For EORB, the Root Mean Square Error (RMSE)
was 0.153 for 500-600 keV with a horizon of 1 day.

The relevance of this study stems from the fact that a
similar low polar orbit is planned to be employed in the
Russian Orbital Station (ROS) project. In this regard, the
development of methods for predicting radiation condi-
tions at such orbits is of considerable practical interest
for ensuring the safety of SC and crews.

The purpose of this study is to develop methods for
predicting variations in >0.7 and >2 MeV EORB rela-
tivistic and sub-relativistic electron fluxes in the circu-
lar polar orbit, utilizing SW, IMF parameters, geomag-
netic indices, and electron flux in geostationary orbit as
input features, as well as to assess the effectiveness of
such forecasting.

1. FORECASTING METHOD

Spacecraft data processing, machine learning model
training, and forecasting have been carried out with a
program developed using Python.

In this paper, we address the problem of predicting
time series, where the target variable is y;.,, with h be-
ing the forecast horizon (the number of days for which
the forecast is made), and features are formed based on
the lags (delays) of the series:

),

Xe ={Yiar Yior o Ve Fons Figooom

where F, is a time series of additional features, such as
SW parameters, etc., and p is the number of lags. The
prediction formula in the general form is

Yien = f(Xl),

where f is a prediction function.

We have employed a machine learning model (linear
regression) to predict electron fluxes in the circular polar
orbit. Linear regression is a regression model used in sta-
tistics for the dependence of one (explicable) variable ¥ on

=

t=p

another or several other variables X with a linear depend-
ence function.

Vi = Xy +a, Xy 48, Xy + 3y,

where i is the observation number; a,, a,, ..., a, are the

parameters to be estimated (for more detail, see
[Demidenko, 1981]).

In order to compare the quality of forecasts, made
using linear regression in the future, we produced a
forecast with a naive model. The naive forecasting
model is a model whose value at a forecast point is

equal to the last known value of the predicted variable.

2. INPUT DATA

We have selected the following features as input data
for forecasting.

1. SW parameters at the Lagrange point L1 be-
tween Earth and the Sun: SW velocity and density ob-
tained by SWEPAM (Solar Wind Electron Proton Alpha
Monitor) during the experiment on ACE SC.

2. IMF parameters: the field vector magnitude B, and
B, obtained by the ACE MAG magnetometer.


https://ru.wikipedia.org/wiki/%2525252525D0%2525252525A1%2525252525D1%252525252582%2525252525D0%2525252525B0%2525252525D1%252525252582%2525252525D0%2525252525B8%2525252525D1%252525252581%2525252525D1%252525252582%2525252525D0%2525252525B8%2525252525D0%2525252525BA%2525252525D0%2525252525B0
https://ru.wikipedia.org/wiki/%2525252525D0%2525252525A0%2525252525D0%2525252525B5%2525252525D0%2525252525B3%2525252525D1%252525252580%2525252525D0%2525252525B5%2525252525D1%252525252581%2525252525D1%252525252581%2525252525D0%2525252525B8%2525252525D0%2525252525BE%2525252525D0%2525252525BD%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D0%2525252525BC%2525252525D0%2525252525BE%2525252525D0%2525252525B4%2525252525D0%2525252525B5%2525252525D0%2525252525BB%2525252525D1%25252525258C
https://ru.wikipedia.org/wiki/%2525252525D0%2525252525A0%2525252525D0%2525252525B5%2525252525D0%2525252525B3%2525252525D1%252525252580%2525252525D0%2525252525B5%2525252525D1%252525252581%2525252525D1%252525252581%2525252525D0%2525252525B8%2525252525D0%2525252525BE%2525252525D0%2525252525BD%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D0%2525252525BC%2525252525D0%2525252525BE%2525252525D0%2525252525B4%2525252525D0%2525252525B5%2525252525D0%2525252525BB%2525252525D1%25252525258C
https://ru.wikipedia.org/wiki/%2525252525D0%25252525259F%2525252525D0%2525252525B5%2525252525D1%252525252580%2525252525D0%2525252525B5%2525252525D0%2525252525BC%2525252525D0%2525252525B5%2525252525D0%2525252525BD%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D0%2525252525B2%2525252525D0%2525252525B5%2525252525D0%2525252525BB%2525252525D0%2525252525B8%2525252525D1%252525252587%2525252525D0%2525252525B8%2525252525D0%2525252525BD%2525252525D0%2525252525B0
https://ru.wikipedia.org/wiki/%2525252525D0%25252525259B%2525252525D0%2525252525B8%2525252525D0%2525252525BD%2525252525D0%2525252525B5%2525252525D0%2525252525B9%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D1%252525252584%2525252525D1%252525252583%2525252525D0%2525252525BD%2525252525D0%2525252525BA%2525252525D1%252525252586%2525252525D0%2525252525B8%2525252525D1%25252525258F
https://ru.wikipedia.org/wiki/%2525252525D0%25252525259B%2525252525D0%2525252525B8%2525252525D0%2525252525BD%2525252525D0%2525252525B5%2525252525D0%2525252525B9%2525252525D0%2525252525BD%2525252525D0%2525252525B0%2525252525D1%25252525258F_%2525252525D1%252525252584%2525252525D1%252525252583%2525252525D0%2525252525BD%2525252525D0%2525252525BA%2525252525D1%252525252586%2525252525D0%2525252525B8%2525252525D1%25252525258F

A.O. Belova, I.N. Myagkova

3. Geomagnetic indices: Dst and K, from the World
Data Center for Geomagnetism (Kyoto).

4. Logarithm of maximum and integral electron
fluxes over the span of a day in EORB (>0.8, >2
MeV) from GOES measurement data.

We have used three-hour K, hourly Dst, and other
features averaged over 1 min. The maximum flux was
defined as the largest 1-min average for each parame-
ter for each specific day.

The data was acquired from open sources, namely
from the SINP MSU Space Weather Data Analysis Cen-
ter [https://swx.sinp.msu.ru/].

Data from the first three stations was converted to
daily values by calculating the mean and the maximum
magnitude per day. After such conversions, the num-
ber of features doubled. Later, we analyzed the signifi-
cance of each of these features, and left only one of
two similar variants for each of them.

The choice of the first three stations is based on the
experience of forecasting the daily average flux in geo-
stationary orbit in [Koons, Gorney, 1991; Ling et al.,
2010], as well as in recent works by the SINP MSU
research team [Myagkova et al., 2021; Kalegaev et al.,
2019, 2023].

Time series forecasting models are usually trained
on the t previous values of the series. t is called the
window width. We have adopted a window width of a
multidimensional time series equal to 26 days. Lags
equal to 1 (only for the forecast for 1 day in advance), 2,
3,4,5,6, 7, 13, and 26 days were taken from this win-
dow. The lags corresponding to one week are applied to
the model to effectively use the current available infor-
mation about the features; the lags equal to 13 and 26
days are linked to the 25-27 day solar rotation period.
As shown below, the recurrent fluxes associated with
solar rotation can have a significant effect on IMF and
SW parameters, thereby considerably altering charged
particle fluxes in radiation belts.

Our work relies on a 9-month data array from June 1,
2019 to March 1, 2020, which was divided into training
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and test datasets as 7:2. The data from June 01, 2019 to
December 31, 2019 inclusive was used for the training
dataset. The data from January 01, 2020 to March 01, 2020
was utilized as the test dataset — independent data em-
ployed to assess the forecast quality.

In the study, we selected a limited time interval cor-
responding to the period of minimum geomagnetic ac-
tivity. This approach provided the most stable condi-
tions for conducting a comparative analysis whose main
purpose was to compare the temporal dynamics of daily
integral and maximum electron fluxes in EORB at low
altitudes with the similar dynamics of electron fluxes
recorded in geostationary orbit.

This study was carried out taking into account the
fact that forecasting models of electron fluxes in geo-
stationary orbit based on machine learning methods
have been developed and successfully operate.

The training was done on the basis of data on EORB
electron fluxes, measured by Meteor-M2 (launched on
July 08, 2014). The forecast was made for daily maxi-
mum and integral electron fluxes in EORB (>0.7, >2
MeV). The Meteor-M2 orbit is circular and sun-
synchronous, with an altitude at the ascending node
h=832 km, an inclination i~98.85°, and an orbital peri-
od T=101.3 min. Thus, during one orbital period the
satellite crossed EORB four times (Figure 1).

From the data collected during each orbital period,
we identified intervals where the Mcllwain parameter L
varied from 3 to 6. Integral fluxes were calculated for
these intervals, using the trapezoid formula; the daily
integral flux was obtained by summing integral fluxes
for each such interval. The daily maximum flux was
computed as the largest flux recorded on these intervals.

Note that instead of the fluxes we employed their
decimal logarithms for both the target variable and the
features, namely electron fluxes in geostationary orbit.
This is due to the fact that the fluxes have a wide dy-
namic range occupying several orders of magnitude.

100

‘N
‘W il

0.

03:31:00 2019_0

08-02

1

5 3:44:0
08.05 0 2(

:00
2019, 8-02

Figure 1. Electron fluxes in a circular polar orbit according to Meteor-M2 data (>0.7 MeV) and the Mcllwain parameter L
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3. INPUT DATA ANALYSIS

During the study, we have analyzed daily integral
(Figures 2, 3) and maximum (Figures 4, 5) electron
fluxes from Meteor-M2 and GOES data for >2 and >0.7
MeV (>0.8 MeV for GOES since there is no channel
with the required energy threshold in the device). It has
been found that there is a noticeable correlation between
these fluxes, the moment of increase on both satellites
coincides, whereas the decrease in the polar orbit is
slower and smoother compared to the geostationary one.

In addition, we have analyzed daily average Dst, Ky,
SW density and velocity, and IMF vector modulus (Fig-
ures 6-8). During the period considered, average Dst
did not fall below —40 nT, which indicates the absence
of strong geomagnetic storms during this period. How-
ever, the SW velocity periodically increased to 600—-700
km/s with a period of ~26 days, which suggests the arri-
val of high-speed recurrent SW streams causing signifi-
cant changes in near-Earth space and an increase in
charged particle fluxes in radiation belts.

4. SELECTION OF INPUT FEATURES

The number of features obtained for the specified
lookback window size is 126. This number may lead to

-
o

Integral flow, cm~2 sr™1

10°

Jun Jul

2019

Aug

overfitting of linear regression on the time interval in
use, so it is necessary to reduce the number of features.
It is believed that the number of parameters in the ma-
chine learning model should be at least an order of
magnitude smaller than the learning sample size [Al-
wosheel et al., 2018]. The corresponding calculation for
our case (seven months, daily forecast) gives an esti-
mate 10-20 for the maximum number of features.

The selection is based on the correlation coefficient
of the feature considered with the target variable. The
features with maximum (absolute) correlation are used
for further forecasting.

The correlation coefficients for the integral electron
flux with energies >2 and >0.7 MeV are shown in Fig-
ures 9 and 10 respectively. The maximum correlation of
the >2 MeV integral electron flux is expected to be ob-
served with the GOES integral flux, exceeding all others
more than three times. This suggests that it is this flux
which will make the main contribution to the forecast.
The next most important are also expected to be the SW
velocity, K, and Dst, which is consistent with existing
concepts.
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Figure 2. Total integral electron fluxes >2.0 MeV over the span of a day according to Meteor-M2 and GOES-Primary
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Figure 3. Total integral electron fluxes >0.7 and >0.8 MeV over the span of a day according to data from Meteor-M2 and

GOES-Primary respectively
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Figure 4. Daily maximum electron fluxes >2.0 MeV according to Meteor-M2 and GOES-Primary data
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Figure 5. Daily maximum electron fluxes >0.7 and >0.8 MeV according to data from Meteor-M2 and GOES-Primary
respectively
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Figure 10. Modulus of the correlation coefficient of >0.7 MeV daily integral electron flux

For an energy of 0.7 MeV, the maximum correlation
coefficient also belongs to the GOES integral flux, yet
in this case it slightly exceeds the other coefficients,
which indicates a higher variability in sub-relativistic
electron fluxes compared to relativistic ones.

Note that the daily averages show a higher (abso-
lute) correlation than the maximum values, which con-
firms the need to use them for forecasting.

S. FORECAST RESULTS

Daily forecasts for integral and maximum electron
fluxes, made using linear regression and the naive
model, are shown in Figures 11-18 (k is the number
of features employed to make this forecast).

75

The results of prediction of >2 MeV electron fluxes
appeared to be much better, which is probably due to
their higher quasi-stationarity. Maximum fluxes are
predicted less accurately than integral ones since they
have a large spread of values over the span of several
days.

To assess the quantitative measure of the forecast
quality, we calculated the multiple determination coeffi-
cient R? and the root mean square error. The calculation
was made with the test dataset, i.e. the data that was not
used for training the model.

To analyze the quality of the model for solving this
problem, we made a forecast with the aid of the naive
model and calculated its characteristics. The values are
presented in Table. The best indicators for each of the
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forecast horizons and for a given energy are highlighted  maximum fluxes. With an increase in the forecast horizon,
in blue. It can be seen that in all cases the naive forecast a significant deterioration in the quality of forecasts for
shows worse results than that made with linear regression.  both energy ranges is expected.

It has also been found that for E>0.7 MeV the forecast of

integral fluxes is better; and for E>2 MeV, the forecast of

Metrics of machine learning models
used in the problem of forecasting >0.7 and >2 MeV electron fluxes

Forecast for 1 day Forecast for 2 days

Forecast of >0.7 MeV daily integral electron fluxes

Model\Metrics R? RMSE R? RMSE
Naive forecast 0.663 0.325 0.382 0.439
Linear regression 0.696 0.308 0.550 0.375

Forecast of >0.7 MeV daily maximum electron fluxes

Model\Metrics R? RMSE R? RMSE
Naive forecast 0.372 0.471 —0.046 0.608
Linear regression 0.558 0.395 0.316 0.492

Forecast of >2 MeV daily integral electron fluxes

Model\Metrics R? RMSE R? RMSE
Naive forecast 0.819 0.156 0.603 0.232
Linear regression 0.825 0.154 0.708 0.199

Forecast of >2 MeV daily maximum electron fluxes

Model\Metrics R? RMSE R? RMSE
Naive forecast 0.852 0.144 0.721 0.198
Linear regression 0.888 0.125 0.776 0.177
Real data \
Linear regression, 1 day (k = 10) \ _
~ 40 —— Naive forecast, 1 day \/

10° | j-/ \/ \/\’I'\J’* . \/v V% \

2
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Figure 11. Forecast of >0.7 MeV daily maximum electron fluxes for 1 day
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Figure 12. Forecast of >0.7 MeV daily maximum electron fluxes for 2 days
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-~ Real data
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Figure 13. Forecast of >0.7 MeV daily integral electron fluxes for 1 day
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Figure 14. Forecast of >0.7 MeV daily integral electron fluxes for 2 days
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Figure 15. Forecast of >2 MeV daily maximum electron fluxes for 1 day
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Figure 16. Forecast of >2 MeV daily maximum electron fluxes for 2 days
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Figure 17. Forecast of >2 MeV daily integral electron fluxes for 1 day
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Real data
Linear regression, 2 days (k = 28)
—— Naive forecast, 2 days
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Figure 18. Forecast of >2 MeV daily integral electron fluxes for 2 days

CONCLUSION

The paper presents the results of the study of the
possibility of predicting variations in >0.7 and >2 MeV
electron fluxes (with the logarithm of flux) from Earth's
outer radiation belt, measured in a circular polar orbit.
The forecast was made using machine learning, where
the solar wind and interplanetary magnetic field pa-
rameters, as well as geomagnetic indices and the loga-
rithm of EORB electron flux in geostationary orbit were
used as input features. We have selected optimal input
features for predicting the electron flux in a low polar
orbit. It has been found that in the polar orbit the maxi-
mum correlation of the >2 MeV integral electron flux in
EORB is observed with the integral flux in geostation-
ary orbit (GOES). In combination with the available
results of prediction of electron fluxes in geostationary
orbit for several days in advance [Myagkova et al.,
2021; Kalegaev et al., 2023], the formulation of the
problem of predicting electron fluxes in polar orbits can
be considered promising.

From the results received during the study we can
assume that in order to develop more accurate forecast-
ing models the next possible step should be to expand
the time series of experimental data in use, as well as to
examine more complex machine learning models within
this problem, such as artificial neural networks and gra-
dient boosting.

The work was financially supported by the Russian
Science  Foundation  (Grant No.  22-62-00048)
[https://rscf.ru/project/22-62-00048/].
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Abstract. The paper presents the results of experi-
ments on the impact of powerful high-frequency radio
emission from the SURA mid-latitude heating facility
(56.1° N, 46.1° E) on Earth's ionosphere. The disturb-
ance in the ionosphere was created by a radio wave of
extraordinary polarization under conditions when the
ordinary component of the powerful wave was not re-
flected by the ionosphere. The probing of the disturbed
region was carried out with a probe radio wave of the
same polarization at a frequency higher than the heating
frequency by 228-400 kHz. During the impact on the
ionosphere, a weak scattered signal with an amplitude

40-60 dB lower than the amplitude of the specular re-
flection signal from the F-region was received from the
height of reflection of the powerful radio wave. This
means that the artificial disturbance of the plasma densi-
ty occurred in the region of reflection of the powerful
radio wave of extraordinary polarization. Possible caus-
es of the disturbance are discussed.

Keywords: ionosphere, plasma, high-frequency heat-
ing, sounding with a probe radio wave, artificial periodic
irregularities, SURA heating facility.

INTRODUCTION

Studies of the ionosphere exposed to powerful HF
radio emission from heating facilities, which began in
the 1960s, have revealed many phenomena both theoret-
ically predicted and justified, and somewhat unex-
pected. Extensive literature is devoted to the results of
these studies, including monographs and tens of hun-
dreds of scientific publications. Among them are mono-
graphs [Gurevich, Schwarzburg, 1973; Mityakov et al.,
1989; Blagoveshchenskaya, 2001; Frolov, 2017; Kelley,
2009], reviews [Ginzburg, Gurevich, 1960; Utlaut, Co-
hen, 1971; Stubbe, Hagfors, 1997; Leyser, 2001;
Gurevich, 2007; Gurevich, 1999; Grach et al., 2016;
Streltsov et al., 2018; Belikovich et al., 2007; Frolov et
al., 2007; Blagoveshchenskaya, 2010, 2020; Blagovesh-
chenskaya et al., 2020, 2022; Kuo, 2021], which provide
extensive references to theoretical and experimental
studies on artificial ionospheric disturbance by powerful
radio emission. A wide range of phenomena was inves-
tigated in experiments with the heating facilities Areci-
bo, HAARP, EISCAT, Zimenki, and SURA on the im-
pact of powerful radio waves of ordinary polarization on
the ionosphere. One of them was the occurrence of arti-
ficial turbulence in ionospheric plasma due to the develop-

ment of plasma instabilities of various types near the
upper hybrid resonance, i.e. the height of the resonant
interaction between the high-power wave field and ion-
ospheric electrons [Gurevich, 2007; Vas'kov, Gurevich,
1973, 1975a, b, 1979]. A detailed review of the results
of numerous experiments on the impact of powerful
radio emission on the ionosphere is given in the mono-
graph [Frolov, 2017], in [Streltsov et al., 2018; Rietveld
et al.,, 1993, 2016; Blagoveshchenskaya, 2020; Kuo,
2021]. An important condition for enhancing the heating
effects was emission of a powerful radio wave by
transmitters of the facility toward the magnetic zenith
[Gurevich et al., 2002; Pedersen et al., 2003].

For a long time, ionospheric disturbances during radio
heating were associated with a complex of nonlinear pro-
cesses developing in the field of a powerful ordinary
wave and causing the formation of a developed structure
of plasma inhomogeneities strongly elongated along the
geomagnetic field. Radio waves of extraordinary polari-
zation were emitted to study the ionosphere and the neu-
tral atmosphere by the method of creating artificial peri-
odic inhomogeneities (APIs) of ionospheric plasma, first
implemented at the Zimenki heating facility and subse-
quently developed at the SURA facility [Belikovich et al.,
1975, 1999; Belikovich et al., 2002; Bakhmetieva,
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Grigoriev, 2022]. The monograph [Frolov, 2017] de-
scribes in detail and discusses the results of experiments
on ionospheric disturbance by an extraordinary radio
wave, during which it was found that small-scale inho-
mogeneities with a scale transverse to the geomagnetic
field 1,=10-20 m were not excited; decameter small-scale
inhomogeneities with 50-200 m transverse scale and
medium-scale ones with 1,~3 km were excited only in
the evening and at night, whereas large-scale inhomoge-
neities with 1,~10-20 km or larger were excited during
the same hours, provided that the heating frequency was
close to the F-layer critical frequency for the extraordi-
nary wave [Frolov et al., 2014; Frolov, 2015]. The best
result was achieved by emitting a powerful radio wave in
the direction of the magnetic zenith.

A large amount of research on nonlinear phenomena in
plasma disturbed by a powerful radio wave of extraordi-
nary polarization has been carried out by an international
team at the EISCAT high-latitude heating facility [Blago-
veshchenskaya et al., 2018; Blagoveshchenskaya et al.,
2020; Blagoveshchenskaya et al., 2019, 2020, 2022; Ka-
lishin et al., 2021; Borisova et al., 2023]. These experi-
ments have shown that in the quiet high-latitude iono-
sphere the powerful radio wave of extraordinary polariza-
tion, emitted in the direction of the magnetic zenith, can
affect the F-region of the ionosphere more effectively and
cause a stronger disturbance of ionospheric plasma than the
radio wave of ordinary polarization.

Based on the experience we have gained due to
many years of research of the ionosphere by the method
of resonant scattering of radio waves by APIs, a new
cycle of experiments was launched at the SURA mid-
latitude facility in 2006 to explore the disturbed region
of the ionosphere formed during the impact of powerful
radio waves of extraordinary polarization on the iono-
sphere. Sounding of the disturbed region with probe
radio waves of the same polarization at a frequency
close to the heating frequency was carried out at a par-
tial reflection facility. Probe radio waves from the re-
gion disturbed by the radio wave of extraordinary polar-
ization were scattered irregularly, under certain condi-
tions. The purpose of this paper is to discuss the results
of these experiments.

1. CREATING AN ARTIFICIAL
DISTURBANCE IN THE
IONOSPHERE AND ITS
DETECTION BY PROBE
RADIO WAVES

The measurements were made on October 10-11,
2006, September 1-2 and October 8, 2014, May 18,
2016, and September 24-25, 2024 in the evening hours,
sometimes under conditions of strong F-layer diffusivi-
ty. In the text, we use Moscow Time (MSK) at which
the SURA heating facility and the diagnostic complex
operate, indicating Universal Time Coordinated (UTC)
in parentheses.

October 10-11, 2006
The experiment was conducted from 19:00 to 22:00
MSK (UTC+4). The ionosphere was affected in phase
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by three transmitters with radiated power P;=210 kW,
P,=220 kW, and P3=190 kW at a frequency of 4.3
MHz. A powerful radio wave of extraordinary polariza-
tion was emitted to the zenith.

The disturbed region was also detected by an ex-
traordinary radio wave at a frequency fyope=4.7 MHz
(i.e. higher than the heating frequency by 400 kHz)
with the transmitter Poisk of the partial reflection fa-
cility. In the ionospheric heating mode, SURA contin-
uously emitted powerful radio waves for 30 s with a
60-s pause. The experiment was carried out under con-
ditions when the F2-layer critical frequency f,F2 was
lower than the heating frequency and ordinary waves
were not reflected by the ionosphere. lonospheric con-
ditions were monitored by the ionosonde Basis. During
the experiment, natural F-spread occurred in which
specular wave reflection from the F layer became
blurred [Brunelli, Namgaladze, 1988]. During heating
and the pause in operation of the facility, impulse
sounding of the perturbed region of the ionosphere was
performed. To record characteristics of amplitudes and
phases of signals reflected and scattered by the iono-
sphere, we employed dedicated equipment designed
for studying the ionosphere by the partial reflection
technique, which is also used to explore the ionosphere
and the neutral atmosphere by the APl method [Be-
likovich et al., 2003]. The transmitter of the partial
reflection facility radiated linearly polarized radio
waves to the zenith in a pulsed mode with a pulse
length of 25 (50) us and a repetition frequency of 25
(50) Hz. The transceiver antenna system of the facility
has 12 vibrators for each of the two mutually orthogo-
nal polarizations. When received, a wave correspond-
ing to the extraordinary component was generally
identified. The received signals were amplified by a
receiver with a 40 (80) kHz band, and their quadrature
components were recorded digitally in increments 0.7-
1.4 km in the virtual altitude range 0-700 km. The
experiment has shown that, when an extraordinary
radio wave had an impact on the ionosphere, a weak
scattered signal appeared in the virtual altitude range
3040 km below the specularly reflected signal, which
disappeared after the end of heating.

September 1-2, 2014

The experiment took place from 21:25 to 07:10
MSK (UTC+4). The ionosphere was heated by two
transmitters with P;=150 kW and P,=160 kW at a fre-
quency fne=4.3 MHz. Probe waves were emitted, as in
2006, at a frequency fyope=4.7 MHz. After 00:16 MSK,
the ordinary component of a probe wave stopped re-
flecting from the ionosphere. In general, the conditions
of the 2006 experiment were met, yet without F-spread.
Scattered signals during the impact on the ionosphere
were not recorded. After 02:45 MSK, the heating wave
stopped reflecting from the ionosphere.

October 8, 2014

The experiment was carried out from 22:30 to 24:00
MSK (UTC+4). Three transmitters with P;=170 kW,
P,=150 kW, and P3;=150 kW at fn.4=4.3 MHz were
used for heating. The probe wave diagnostic transmitter
and the frequency of probe radio waves were the same
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as in September 2014. Scattered signals during the im-
pact on the ionosphere were not recorded.

May 18, 2016

The experiment was conducted from 18:25 to 20:00
MSK (UTC+3). Heating was performed at a frequency
of 5.750 MHz by two transmitters with P;=200 kW and
P,=120 kW, the frequency of probe waves was changed
from 5.600 to 5.900 MHz. By the end of the work, the
F-layer critical frequency (x component) had decreased
to 5.5 MHz, i.e. during this experiment, ionospheric
sounding with the partial reflection facility was some-
times performed at a frequency lower than the heating
frequency. Scattered signals during the impact on the
ionosphere were not recorded.

September 24-25, 2024

The experiment was performed from 21:30 to 23:15
MSK (UTC+3) on September 24 and from 05:30 to 07:15
MSK (UTC+3) on September 25. The ionosphere was
continuously heated by two SURA transmitters with
P1=220 kW and P,=200 kW at a frequency of 5.227 MHz.
Probe radio waves at a frequency of 5.455 MHz, i.e.
higher than the heating frequency by 228 kHz, were emit-
ted by the third transmitter with P;=170 kW with a pulse
length of 50 us and a repetition frequency of 50 Hz.

To receive and record all the reflected and scattered
ionospheric signals, an antenna system of the partial reflec-
tion facility and a receiving complex based on a 14-bit
board (National Instruments) were exploited. The reception
bandwidth was 850 kHz.

2. IONOSPHERE RESPONSE
TO THE IMPACT OF
A POWERFUL RADIO WAVE

Here are the main results of each measurement cycle.

2.1. Scattered signal characteristics on Octo-
ber 10-11, 2006

As mentioned above, during the impact of an ex-
traordinary wave on the ionosphere, a weak scattered
signal appeared at virtual altitudes, mainly 30—-40 km
below the height of the specular reflection of the signal
from the F-region. The scattered signal was recorded
from 19:40 to 21:00 MSK on October 10, 2006 and

heating

Virtual height, km

heating

LT

from 20:45 to 21:57 MSK on October 11, 2006. The
effect was so pronounced that the appearance and de-
velopment of the scattered signal during heating of the
ionosphere were observed in real time without addition-
al processing. Figure 1 gives a fragment of real-time
recording of the amplitude of the signal, which ap-
peared during the impact on the ionosphere, in virtual
altitude —time coordinates. The amplitude of the scat-
tered signal was by 40-50 dB lower than the amplitude
of the specular reflection of the probe radio wave from
the ionospheric F layer and changed rapidly with alti-
tude and time. The signal developed for ~1 s, and the
relaxation time was about a fraction of a second. The
signal was noise-like: the correlation time interval did
not exceed 0.2 s.

Above 340-350 km, there are diffuse specular re-
flections of the probe wave from the F-region. At ~105
km, the sporadic E (E;) layer is observed with f,E;=2.5—
3.1 MHz. The corresponding ionograms obtained by the
ionosonde Basis are presented in Figure 2. Under these
conditions, an ordinary radio wave with a frequency of
4.3 MHz was not reflected from the ionosphere.

Figure 3 displays amplitudes of scattered and specu-
larly reflected signals for a series of heatings after 21:30
MSK in the same coordinates. Above 310 km, there is
a diffuse specular signal at the probe wave frequency.
In Figure 3, above 270 km under the altitude of the
specular reflection of the probe wave (~310-320 km),
there is a 4.7 MHz scattered signal, whose development
correlates with the moments when the heating is
switched on. In the middle of the fifth heating session
after 21.71 MSK (the time is given in fractions of an
hour), the power emitted by transmitters of the heating
facility decreased. The amplitude of the scattered signal
is seen to noticeably decrease as well, which means that
it directly depends on the heating power. By the end of
the seventh heating session after 21.75 MSK, the receiv-
ing voltage was turned down (20 dB attenuation was
manually turned on in the receiver), which caused the
amplitude of the received signal to decrease. The spo-
radic E layer was observed at an altitude 100-105 km
during the entire measurement period.

heating

Amplitude, dB

Figure 1. Fragment of real-time recording of the amplitude of a signal that appeared during the impact on the ionosphere in three
heating sessions. Separate white or black vertical lines indicate incorrect scans due to failures in receiving equipment. Heating inter-
vals are marked with dark stripes at the top. Time is given in fractions of an hour
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Figure 2. lonograms obtained by the ionosonde Basis on October 11, 2006 during the experiment. Time on the ionograms is in MSK
(UTC+4). Arrows indicate frequencies of heating and probe radio waves. Intense F-spread is seen to occur during the experiment
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LT
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Figure 3. Fragment of real-time recording of the amplitude of a signal, which appeared during the impact on the ionosphere,
for nine heating sessions after 21:30 MSK. Heating intervals are indicated by dark stripes at the top

From the analysis of the altitude electron density pro-
files recovered from vertical sounding ionograms it fol-
lows that the 4.7 MHz probe radio wave was reflected at
altitudes close to that of reflection of the 4.3 MHz heating
wave. Recall that here we are dealing with extraordinary
components of heating and probe radio waves.

During heating, the F-layer diffusivity changed and
hence the specular signal reflected from the F layer ac-
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quired a finer height and time structure. This is clearly seen
in Figure 4, which illustrates the development of a scat-
tered signal in the session starting at 20:55:03 MSK
(h:min:s). It follows from Figures 3 and 4 that the ampli-
tude of the scattered signal changed irregularly with height
and time. Within each individual heating session, scattered
signals occupied a virtual altitude range from 20 to 100
km. There are 5-10 s quasiperiodic amplitude changes.
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The receiving part of the partial reflection facility was
designed in such a way that the ordinary and extraordi-
nary probe wave modes could be received alternately
(every other sounding pulse). Note that there was no scat-
tered signal in the ordinary component. This is illustrated
in Figure 5 which presents the result of alternating (every
other sounding pulse) reception of both probe wave com-
ponents during the session at 21:21:54 MSK.

The scattered signal is clearly seen to appear during
heating only in the extraordinary probe wave (Figure 5, a),
and it was absent in the ordinary one (Figure 5, b).
Since at that time the 4.7 MHz ordinary wave was not
reflected by the ionosphere (the F-layer critical frequen-
cy was lower than the probe wave frequency), the signal
above 320 km in Figure 5, b is a probe wave signal of
extraordinary polarization, attenuated due to insufficient
decoupling of the magnetoionic components in the re-
ception path of the partial reflection facility.

Notice that the results of the October 10-11, 2006
experiment were not published or reported at confer-
ences in due course. The authors were faced with the
problem of repeating the experiment, re-obtaining the
observed effect, and uncovering the reason for the appear-
ance of a scattered signal when the ionosphere is heated by
a radio wave of extraordinary polarization and the dis-
turbed region is sounded with a probe radio wave of the
same polarization, but at a frequency several hundred kilo-

400 §

[
(=1
S

Virtual height, km
g

-
o
S

hertz higher than the heating frequency. Several such ex-
periments were carried out later, and their results are pre-
sented below. As far as we know, such experiments have
not been conducted before.

2.2. Results of the 2014 and 2016 experi-
ments

September 1-2, 2014 (evening, night, morning)

After 0:16 MSK, the ordinary component of the probe
wave stopped reflecting from the ionosphere and the condi-
tions of the 2006 experiment were met, but no F-spread
was observed. Scattered signals similar to those recorded in
2006 were not observed either. Probably, the transmitter
power (two transmitters of 150 and 160 kW worked)
turned out to be insufficient. After 02:45 MSK, the heating
wave stopped reflecting from the ionosphere.

October 8, 2014

Under seemingly suitable experimental conditions,
there were no scattered signals during heating. The heat-
ing was performed by three transmitters of 170, 150, and
150 kW with natural diffusivity of the F layer without
intense F-spread. Figure 6 shows the amplitude of the
specular reflection of the extraordinary component of the
4.7 MHz probe wave. The wave of ordinary polarization
was not reflected by the ionosphere.

Amplitude, dB

Virtual height, km

Figure 4. Development of a scattered signal in the heating session starting at 20:55:03 MSK: in a virtual altitude range 0—

700 km (a); in a narrower altitude range 260—-360 km (b)

a

heating

Amplitude, dB

600[ :
R e o

400
300 ERs

Virtual height, km

600»—145
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Figure 5. Example of recording of a scattered signal of extraordinary (a) and ordinary (b) polarization of a probe wave in the ses-

sion at 21:21:54 MSK (h:min:s)
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May 18, 2016

Two transmitters with P;=200 kW and P,=120 kW at
a frequency of 5.750 MHz operated for heating, probe
waves were transmitted in the range 5.6-5.9 MHz. At the
beginning of observations, the probe wave frequency was
lower than the heating wave frequency, then it was in-
creased, and the difference between them was 150 kHz.
A result similar to that presented in Figure 6 for October
8, 2014 was obtained, i.e. scattered signals were not rec-
orded during heating.

2.3. Characteristics of the scattered signal on
September 24-25, 2024

As noted above, in the next experiment in September
2024 ionospheric signals were received by the antenna
system of the partial reflection facility, and a probe signal
was emitted by one of the three transmitters of the SURA

heating facility. The signals were recorded digitally, using
a 14-bit NI board with a vertical data sampling step of 150
m. The difference between the heating frequency
fhear=5.227 MHz and the probe frequency fp5e=5.455 MHz
of radio waves was 228 kHz. Due to the fact that the re-
ceiver's bandwidth was wider, during subsequent pro-
cessing the received signals were filtered by a sixth-order
Bessel filter with a 40 kHz bandwidth, which made it pos-
sible to almost completely eliminate the heating frequency
signal from the data. The work schedule was designed to
include dusk (night) hours in conditions of diffuse iono-
spheric F layer and early dawn hours in conditions of
more regular ionosphere. Figure 7 displays fragments of
recording of ionospheric signals during 30 s heating and 60
s pause in operation of the heating transmitters.

Virtual height, km

=N
o 9
=]

Amplitude, dB

2355 236 2365 238 2385 239 2395

Figure 6. Specular reflection of a probe wave from the F layer on October 8, 2014, heating intervals are marked with light

stripes on the top axis
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Figure 7. Appearance of scattered signals below the virtual altitude of 350 km under the altitude of the specular reflection of
a probe wave and E-region signals at an altitude of 100 km during the impact on the ionosphere: in the session starting at
21:45:50 (top); in the session starting at 21:15:50 (bottom). Heating periods are well identified by vertical stripes, which indicate

an incompletely filtered powerful signal at the heating frequency
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Probe waves of extraordinary polarization with a
frequency of 5.455 MHz were reflected above 350 km,
and F-layer diffusivity was observed. During heating,
scattered signals appeared below the reflection altitude
of the probe radio wave. The scattered signal was by
60-70 dB weaker than the specular signal and occupied
the virtual altitude range 20-25 km, being directly adja-
cent to the altitudes of the specular signal reflection (in
contrast to the 2006 experiment). The signal developed
for ~1 s and disappeared for a shorter time, as in 2006.
In addition, signals from the E-region appeared (intensi-
fied) during heating. At this time, a semi-transparent
sporadic E layer with 2.5-3.1 MHz critical frequency
was occasionally observed on ionograms at 100-105
km. At the same time, a weakening of the scattered sig-
nal in the F layer was detected when the amplitude of
the reflected signal from the E layer increased during
ionosphere heating sessions.

During the morning hours at sunrise and after sun-
rise under conditions of a rapid increase in critical fre-
quencies, a decrease in the height of the F layer, and
pronounced ionospheric dynamics, there was no scat-
tered signal at the 5.455 MHz probe wave frequency
during the impact of the 5.227 MHz extraordinary wave
on the ionosphere. Figure 8 exhibits a fragment of re-
cording of ionospheric signals for 12 min in the session
starting at 06:30:50. Both probe wave components are
shown. Multiple off-angle reflections are seen below the
virtual altitude of 200 km, oblique reflections near 150 km,
and radio reflections from meteor trails near 100 km.

Thus, the scattered signal at a frequency differing by
228-400 kHz from the heating frequency was observed
only in two of the five experiments we conducted dur-
ing different years on the impact of a powerful radio
wave of extraordinary polarization on the ionosphere
and on sounding of the perturbed region by probe radio
waves of the same polarization.

3. DISCUSSION

Analysis of altitude electron density profiles ob-
tained from vertical sounding ionograms on October
10-11, 2006 has shown that the region of appearance of
scattered signals practically coincided with the reflec-

500 ‘,,.'f

&

tion level of the powerful wave at a true altitude of
223.4 km. This means that the artificial plasma density
disturbance occurred in the region of reflection of the
powerful radio wave of extraordinary polarization.
There are two possible explanations for the observed
effect.

3.1. Hypothesis 1 — Plasma wave excitation
and induced ion scattering

The October 10-11, 2006 experiment has revealed
that a powerful radio wave of extraordinary polarization
causes a plasma density disturbance in the region of its
reflection from the ionosphere. The question about the
nature of the disturbance in the ionosphere when it is
heated by a powerful radio wave of extraordinary polar-
ization is considered in detail in [Vas'kov, Ryabova,
1997]. This disturbance can be created either directly by
the electric field of a radio wave or by the field of excit-
ed plasma oscillations. In the case of large wave vec-
tors, such oscillations can propagate below the reflec-
tion level of an extraordinary radio wave of close fre-
quency and can be excited by a powerful radio wave
due to the development of various striction instabilities.
The cause for this is the excitation of high-frequency
plasma oscillations as a result of induced ion scattering
of an extraordinary radio wave, for which, as shown in
[Vas'kov, Ryabova, 1997], the threshold field value
turns out to be relatively small. Calculations based on
this work have shown that under conditions of October
10-11, 2006 experiments at the frequency of the heating
wave of extraordinary polarization fy.,=4.3 MHz and its
effective radiation power ~100-120 MW, we would
expect a sufficiently strong excitation of plasma waves
in the order of 10 s. However, the experiment has re-
vealed that the excitation of plasma waves by the field
of the extraordinary radio wave, if it did occur, was
strongly suppressed. This is evidenced by the low inten-
sity of the scattered signal and its location near the level
of reflection of the powerful wave from the ionosphere,
where its electric field increases due to focusing. In the
absence (or with strong suppression) of plasma waves,
artificial inhomogeneities must be created directly by the
field of a powerful radio wave. As a result, the amplitude

Amplitude, dB

Virtual height, km

Figure 8. Fragment of recording of ionospheric signals for 12 min in the session starting at 06:30:50. The 30 s heating inter-

vals are indicated by dark red stripes on the top axis
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of a scattered signal should increase in direct proportion
to the intensity of the powerful wave. The experiment
with a step-by-step increase in heating power was
planned, yet was not carried out for technical reasons.

3.2. Hypothesis 2 — Scattering of probe
radio waves by artificial periodic inhomoge-
neities of ionospheric plasma

As is known, APIs in the field of a powerful wave
are most effectively created by an extraordinary radio
wave (X-mode) [Belikovich et al., 1999; Belikovich et
al., 2002; Bakhmetieva, Grigoriev, 2022]. They exist
throughout the ionosphere in the D-, E-, and F-regions,
and the interlayer E-F depression. Near the specular
reflection point in the F-region, APIs increase due to the
"swelling" of the field of the powerful wave and an in-
crease in its length [Ginzburg, 1967]. Under quiet condi-
tions, APIs replicate the structure of the standing wave
field described by the Airy function [Ginzburg, 1967]
and scatter only probe radio waves of the same polariza-
tion as the heating wave if frequencies of heating and
probe radio waves coincide, i.e. the condition of spatial
synchronism is fulfilled [Belikovich et al., 1999; Be-
likovich et al., 2002]. We determined the synchronism
frequency band during the July 16, 2006 experiment
[Bakhmetyeva, Belikovich, 2007, 2008], which was
aimed at studying the effect of the Eg layer on APIs. To
identify the synchronism frequency band when APIls
were detected for receiving scattered signals, we se-
quentially selected frequencies spaced away from the
4.785 MHz heating frequency by 30, 35, and 20 kHz to
the 4.700 MHz frequency. It appeared that with sequen-
tial detuning from the frequency of API creation, the
amplitudes of signals scattered by periodic inhomogene-
ities decreased; and with detuning at 85 kHz (the 4.700
MHz receiving frequency), the signals from APIs disap-
peared completely, only specular reflections from the F
layer, E-region, and Eg layer were recorded. The syn-
chronism frequency band, we have experimentally de-
termined [Bakhmetyeva, Belikovich, 2007, 2008], under
these conditions did not exceed 85 kHz (complete dis-
appearance of the scattered signal from APIs) with a
probe pulse duration of 30 ms and a receiver bandwidth
of 40 kHz.

According to the synchronism frequency band found
under quiet conditions with the 228-400 kHz frequency
difference between the heating and probe radio waves,
the scattered API signal should not have been observed.
Nonetheless, during the October 10-11, 2006 experi-
ment there was intense F-spread apparently caused by
natural ionospheric disturbance (natural plasma inho-
mogeneities). This disturbance might have distorted the
ordered structure of quasi-periodic inhomogeneities and
led to a broadening of the angular and frequency spec-
trum of a signal scattered by APIs. This was probably
responsible for the appearance of the scattered signal
during heating in a certain altitude region near the alti-
tude of reflection of the lower-frequency powerful
wave. We believed that a test of this hypothesis could
be to conduct such an experiment under quiet conditions
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and in the presence of F-spread, which, to a certain ex-
tent, was an objective of the October 24-25, 2024 ex-
periment. The experiment has confirmed that the scat-
tered signal during heating was observed in the evening
under conditions of F-layer diffusivity and was not rec-
orded in the early morning under conditions of a rapid
increase in critical frequencies, a decrease in the F-layer
height, and pronounced dynamics of the ionosphere.

What could cause the natural disturbance of the F
layer? It is known that in the F layer there are plasma
streams directed upward during the day and downward
at night from the magnetosphere or the conjugate hemi-
sphere [Brunelli, Namgaladze, 1988]. If we assume that
F-spread is created by similar streams with velocities of
20 m/s or higher, the periodic structure (API), which is
formed in such a moving medium, will be distorted and
shifted downward in altitude in the evening. Then a
vertical velocity gradient will appear, the periodic struc-
ture will be compressed, and the synchronism condition
will be met at a higher frequency due to a decrease in
the altitude API period [Belikovich et al., 1999; Be-
likovich et al., 2002]. We can assume that in this case
under conditions of strong natural disturbance, the syn-
chronism frequency band may exceed the previously
found 85 kHz and APIs will scatter probe signals in a
wider frequency band.

There was no E-region on the ionograms at that
time, and the semi-transparent Es layer with f,E;=2.5—
3.1 MHz was occasionally observed at 100-105 km. As
noted above, during the ionosphere heating sessions
with an increase in the amplitude of the signal reflected
at the altitude of 100 km, the scattered signal in the F
layer generally weakened, which is clearly seen in Fig-
ure 7. This can be explained by an increase in the reflec-
tion coefficient of the probe wave from the E layer due
to an increase in the electron density in it during heat-
ing. In [Gershman, Ignatiev, 1997; Ignatiev, 1975], the
question about perturbation of the ionospheric E-region,
including the E; layer, when exposed to powerful radio
emission, is examined in detail. When the ionosphere
heats up in the E-region, the effective recombination
coefficient decreases with increasing electron tempera-
ture [Gurevich, Shvartsburg, 1973], thereby causing the
electron density to rise under the influence of powerful
radio emission. As a result, the reflection coefficient of
the powerful wave in the lower ionosphere increases,
which leads to a decrease in the impact on the F layer
and hence to a decrease in the intensity of probe wave
scattering in the F layer. The semi-transparent E layer
has the same effect if it is formed by the redistribution
of atmospheric NO* and O," ions rather than metal ions,
which is possible in the evening and night hours
[Gershman, Ignatiev, 1997; Ignatiev, 1975]. Note also
that during the night hours the electron density in the E-
region decreases markedly, but does not disappear com-
pletely [Danilov, Vlasov, 1973; Brunelli, Namgaladze,
1988]. Studies of the ionosphere at sunset and sunrise,
we have carried out using the method of resonant scat-
tering of radio waves by APIs in different years, have
shown that sufficient ionization in the E-region can per-
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sist all night [Belikovich et al., 2002; Bakhmetieva et
al., 2005, 2024]. Measurements performed by the API
method on September 23-24, 2024 have shown that at
least until 23 MSK, i.e. after sunset in the ionosphere,
signals scattered by APIs were reliably recorded in the
altitude range 90-130 km. Note that the method based
on resonant scattering of radio waves by APIs allows us
to detect ionospheric regular and sporadic layers with
low ionization, undetectable by ionosondes [Belikovich
et al., 1999; Belikovich et al., 2002; Bakhmet'eva, Be-
likovich, 2007, 2008].

4, BASIC REQUIREMENTS FOR
DESIGNING
AN EXPERIMENT

After analyzing the conditions and results of exper-
iments in different years, we made the following con-
clusions on the optimal organization of such an experi-
ment on the impact of emission of a powerful radio
wave of extraordinary polarization to the zenith on the
ionosphere at the SURA heating facility.

The experiments have shown that stable, preferably
maximum heating power is required. Unfortunately, the
capabilities of the SURA facility are limited in this regard.
The power of the diagnostic transmitter is not so important,
as can be seen from the results of the experiments in 2006
and 2024 when using a low-power transmitter of the partial
reflection facility as a source of probe waves; a distinct
scattered signal was recorded in real time. Thus, the inten-
sity of the scattering effect largely depends on the heating
power and to a much lesser extent on the diagnostic trans-
mitter power.

The optimal situation is when the heating frequency
is higher than the F2-layer critical frequency for the
ordinary component and lower than the F2-layer critical
frequency for the extraordinary one; in this case, only
the powerful wave of extraordinary polarization is re-
flected by the ionosphere. In our opinion, the 228-400
kHz frequency difference between the heating and
probe waves was large, it probably should be smaller.
At the same time, a narrow reception band of the probe
signal is desirable in order to adjust to the heating fre-
quency. Finally, we should take into account the strong
dependence of the result on the state of the ionosphere:
in our conditions, a more pronounced effect was ob-
served during intense F-spread or diffusivity of the ion-
osphere and was not observed in their absence.

Unlike the experiments on the impact on the iono-
sphere performed at the EISCAT heating facility [Bla-
goveshchenskaya, 2010; Blagoveshchenskaya, 2020;
Borisova et al., 2023], in the experiments from 2006 to
2024 at the SURA facility the effects of ionospheric
disturbance by a powerful radio wave of extraordinary
polarization when detected by probe radio waves of the
same polarization, but of a different frequency, were
observed irregularly and were rather weak. Obviously,
the power of the heating wave was of crucial im-
portance. The emission power comparable to that of the
EISCAT high-latitude facility is unattainable at SURA.
Moreover, the powerful radio wave was emitted to the
zenith, rather than to the magnetic zenith, which might
have enhanced the observed effect.
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CONCLUSION

During the impact of a powerful radio wave of ex-
traordinary polarization on the ionosphere and when
sounding the disturbed ionosphere with probe radio
waves of the same polarization at a frequency close to the
heating frequency, but differing by 228-400 kHz, a scat-
tered signal appeared at virtual altitudes below the alti-
tude of specular probe wave reflection. In October 2006,
the scattered signal amplitude was 40-50 dB lower than
the specular signal amplitude, and it occupied a range of
virtual altitudes 30—40 km lower than the altitude of the
signal mirrored from the F layer. The development time
of the scattered signal was ~1 s, and the relaxation time
was by an order of magnitude shorter. The signal was
noise-like, and its amplitude changed rapidly with height
and time. The effect was observed in the evening under
conditions of strong F-layer diffusivity (F-spread phe-
nomenon). In September 2024, in the late evening, a scat-
tered signal with an amplitude 50-60 lower than the am-
plitude of the signal mirrored from the F layer appeared
directly below it and occupied a virtual altitude range 15—
25 km. During 30 s heating sessions, a signal from the E-
region or sporadic E layer appeared (intensified) for 1 s or
less. When a scattered signal appeared in the E-region, a
scattered signal in the F layer generally weakened.

Analysis of vertical electron density profiles has
shown that a probe wave of extraordinary polarization
with a frequency by 228-400 kHz higher than the fre-
quency of the heating wave of the same polarization
was reflected almost at the altitude of reflection of the
latter and a scattered signal appeared near this altitude.
This implies that the powerful radio wave of extraordi-
nary polarization caused a disturbance in the plasma
density in the region of its reflection from the iono-
sphere. During the morning hours after sunrise under
conditions of a rapid increase in critical frequencies of
the ionosphere, such a scattered signal was not observed
during the impact on the ionosphere.

We have proposed two explanations of the observed
phenomenon. At present, it seems preferable to suppose
that probe radio waves are scattered by artificial period-
ic inhomogeneities of ionospheric plasma, which arise
in the field of a powerful radio wave. Scattering of radio
waves by APIs when the polarization of heating and
probe radio waves coincide, and a scattered signal ap-
pears at a frequency other than the heating one, may be
due to a change in synchronism conditions and an ex-
pansion of the band of observed frequencies during scat-
tering by APIs under conditions of intense F-spread.
This is confirmed by the absence of a scattered signal in
a more regular ionosphere in the morning after sunrise.
Nevertheless, it has to be stated and the experiments
carried out have convincingly shown that the question
about the mechanisms of formation of plasma inhomo-
geneities in the field of a powerful radio wave of ex-
traordinary polarization remains theoretically open.

We gratefully remember Belikovich Vitold Vi-
talievich and Vas'kov Viktor Viktorovich died prema-
turely in 2009, who took an active part in experiments
we started in 2006; the results are presented in this paper.
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Abstract. The ionospheric electric potential (EP) is
utilized as a characteristic of the solar forcing to deter-
mine the tropospheric response during strong disturb-
ances. We compare EP calculations carried out using
the 2001 and 2005 versions of the Weimer model. Dif-
ferences in the spatial distribution of EP during geo-
magnetic superstorms have been revealed for the mod-
els considered. The behavior of EP anomalies and con-
trast averaged over high latitudes is shown. The EP con-
trast is the difference between EP anomalies averaged
over regions of the same sign. It has been found that
changes in EP anomalies differ in different versions of
the model, whereas EP contrast variations, calculated by
both versions, behave synchronously during disturb-
ances. Correlation analysis of variations in the averaged

EP contrast with variations in the PC geomagnetic index
has shown that both can be used as indicators of solar
activity to study individual geomagnetic superstorms.
An increase in the EP contrast is accompanied by an
increase in the contrast of the meteorological parame-
ters, in particular in the contrast of high clouds during
disturbances.

Keywords: ionospheric electric potential, geomagnetic
superstorm, geomagnetic index, outgoing longwave radia-
tion, cloud, water vapor, climate.

INTRODUCTION

The second wave of climate warming over the in-
strumental observation period, which began in the 1970s
and intensified in the 1990s, is currently manifested as a
sharp increase in the number of dangerous phenomena
on the planet [Mokhov, 2023; https://www.ipcc.ch/
report/ar6/syr/]. One of the possible causes of the cli-
mate changes is the effect of solar activity on Earth's
atmosphere. The absence of a direct mechanism of the
effect of solar activity on the lower atmosphere led to
the search for an indirect mechanism of the influence of
solar processes on the incoming radiation budget.
Sources of solar influence include short-wave and UV
radiation and corpuscular fluxes (GCRs, solar proton
precipitation, high-energy particles). Their effects
change the state of the ozone layer and the global elec-
trical circuit, as well as strato-tropospheric circulation
and cloud microphysics [Mironova et al., 2015;
Krivolutsky et al., 2017; Harrison, Lockwood, 2020;
Veretenenko et al., 2023a]. The physical model devel-
oped at ISTP SB RAS describes the electromagnetic
interaction between the components of the magneto-
sphere—ionosphere—troposphere system. In contrast to
the Tinsley model [Tinsley, 2008], in this model a
change in the optical properties of water vapor in the IR
range, namely, a change in the absorption of radiation
by water dimers in the water vapor lines and continuum,
results in an increase in the greenhouse effect, which
causes dynamic changes in the troposphere. Since water
vapor is unevenly distributed in space, an inhomogeneous
tropospheric response is observed, in particular as for-
mation or redistribution of clouds in height, which re-

duces the outgoing longwave radiation (OLR), thereby
changing the radiation budget of the troposphere [Mo-
lodykh et al., 2020].

Let us take a closer look at the description of IR radia-
tion absorption by water vapor. The infrared spectrum of
water vapor absorption is known to consist of separate
spectral lines and atmospheric windows located between
them. In these windows, the absorption is weakly selective,
or continuous, and the absorption spectrum is a water va-
por continuum. Absorption by water dimers (complexes of
two molecules) is the dominant factor in the absorption of
self-continuum, i.e. water vapor absorption in a clear at-
mosphere.

Since the discovery of continuous absorption of ra-
diation by water vapor, a large number of studies have
been conducted, mainly in the atmospheric windows of
near-IR and visible ranges. It has been experimentally
established that the continuous absorption in the 8-12
pm atmospheric window is proportional to the square of
the partial pressure of water vapor and decreases expo-
nentially with increasing temperature [Ptashnik, 2015].

The features of the continuum make it possible to
distinguish it spectrally against the background of a
stronger intensity of water absorption lines, as a result
the restoration of the continuum in atmospheric mi-
crowindows between water vapor absorption bands
worked out. The mechanism based on the absorption of
radiation by water dimers well explains the main tem-
perature and spectral dependences of the water vapor
continuum in the absorption bands. Properties of water
dimers (dissociation energy and lifetime) allow them to
be classified as stable (bound), or s-dimers, and meta-
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stable (quasibound), or m-dimers, having different spec-
tral characteristics. Absorption of stable or metastable
dimers prevails in the continuum of water absorption,
depending on thermodynamic conditions: s-dimers are
common at lower temperatures; and m-dimers, at higher
temperatures. The transition temperature in one direc-
tion or another depends on the intermolecular potential
and varies for different molecular pairs, for example, for
water dimers it is close to room temperature. Accord-
ingly, the proportion of stable and metastable dimers in
water vapor is approximately the same for atmospheric
conditions. Model calculations have shown that the
semi-empirical model of water dimer absorption better
reproduces the experimental in-band self-continuum in
the near IR range. Due to its spectral length (the atmos-
pheric window in the mid-IR range and the contribution
of spectral sections of water absorption lines), continu-
ous absorption of water vapor can lead to a decrease in
OLR, thereby affecting the radiation budget of the cli-
mate system [Simonova et al., 2022]. Based on the
above ideas, in this paper we analyze the relationship of
variations in the electric potential (EP) of the ionosphere
with meteorological parameters (OLR, radiation absorp-
tion by water vapor in the 8-12 pm atmospheric win-
dow, upper cloudiness) for disturbed conditions in in-
terplanetary space.

DATA AND ANALYSIS METHOD

The observed climatic changes, especially at high
latitudes, require a more detailed study of the influence
of physical processes occurring in near-Earth space on
the lower atmosphere. This is necessary to parameterize
them in order to include them in numerical climate
models. We have previously used the PC geomagnetic
activity index, which describes geomagnetic disturb-
ances in the polar cap [Troshichev et al.,, 1988;
https://pcindex.org /], as a solar activity proxy to study
solar-tropospheric relations. This geomagnetic index
reflects the expected physical processes, yet their pa-
rameterization results in the following disadvantages: 1)
the integral characteristic of solar activity at the bounda-
ry of the magnetosphere; 2) the need to include a model
of the magnetosphere; 3) the integral characteristic of
solar activity in the ionosphere. These disadvantages
complicate the use of the PC index due to the irregulari-
ty in the tropospheric response to solar influence. In this
regard, we have taken EP as the optimal characteristic
of solar influence on the troposphere. This heliogeo-
physical parameter describes the expected physical pro-
cesses, and applying the Weimer model to its calcula-
tion allows us to parameterize processes in the magneto-
sphere and to obtain a spatial distribution of EP in the
ionosphere.

A few words about the Weimer model, which we
use to calculate EP. We have employed the 2001 ver-
sion in our research before; in this work, calculations
are performed with the latest version of the model, i.e.
the 2005 version [Weimer, 2001, 2005]. Let us focus on
the main modifications made to the model to improve it:
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1. More accurate field values and more precise loca-
tion of the low-latitude boundary of the convection elec-
tric field.

2. Spherical harmonic functions are used only within
a small region at the pole. At lower latitudes, potentials
are constructed from several functions of the Fourier
series of longitude with discrete latitude steps, i.e. the
calculation is made in a circle with a radius that varies
depending on interplanetary magnetic field (IMF) and
solar wind parameters with a constant shift of 4.2 °.

3. Nonlinear effects of saturation of the relationship
between the solar wind and the magnetosphere are bet-
ter reproduced for normal IMF conditions, but it is nec-
essary to control the results of applying the model to
cases with strong IMF.

Figure 1 illustrates the spatial distribution of EP cal-
culated for the events on November 20, 2003 (left) and
July 15, 2000 (right). As a quiet period, we have taken
2009. The top panel presents calculations with the 2001
model; the bottom panel, with the 2005 model.

The spatial distribution of EP for the quiet period ac-
cording to the 2005 model differs from that obtained by
the 2001 model by a slight increase in positive and nega-
tive potentials. Significant differences in the EP structure
are observed during disturbance maximum: in the 2005
model, there is an increase in both the region and the
magnitude of the negative potential, whereas in the 2001
model, the positive potential increases more considerably.
The detected differences are related to the shift in the
convection zone to the nightside due to improvements
made to the 2005 model.

For further analysis, the spatial contrast of EP was
utilized as a characteristic of solar influence. This pa-
rameter was obtained as follows. In the first step, the
2005 Weimer model  [https://zenodo.org/records/
2530324] was employed to calculate the spatial distribu-
tion of EP anomalies whose structure consists of two
regions (of negative and positive sign). The EP anoma-
lies were calculated from the formula

ER, = ER —(EP), (1)

where i is the hour number; <EP> is the average over
seven preceding days.

In the second step, the spatial distribution of the EP
contrast was constructed according to the formula

AER = (ER")-(ER"), 6
where i is the hour number; <EP;> is the average over
the region of one sign.

Changes in the EP anomalies and contrast averaged
over latitudes above 60° N were analyzed using the No-
vember 20, 2003 and April 23, 2023 events (see Table),
triggered by a classical coronal mass ejection, as an
example. The selected magnetic superstorms are similar
in conditions of development of interplanetary disturb-
ances, which caused the storms [Grechnev et al., 2014;
Abunina et al., 2024]. The choice of the magnetic storms in
different seasons also allowed us to additionally take into
account seasonal variations of geomagnetic activity with a
maximum in spring and autumn, which can manifest them-
selves in variations of meteorological parameters during
disturbances [Karakhanyan, Molodykh, 2025].
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Figure 1. Spatial distributions of EP calculated using two Weimer model versions for quiet conditions in 2009 and powerful

geomagnetic storms on November 20, 2003 and July 15, 2000

Interplanetary medium parameters during magnetic superstorms

Event date Vinax, km/s | n, cm™ i NT By, nT | AL, nT | Date and value of Dst, nT
Nov. 20-21, 2003 703 7.6 -50.9 225 | -1790 Nov. 20, 2003,
Dst=—422 nT
Apr. 23-24, 2023 7117 102" | —324" | 25 |-1015 Apr. 24, 2023,
Dst=—213" nT

*Preliminary data [https://omniweb.gsfc.nasa.gov/html/ow_data.html; https://wdc.kugi .kyoto-u.ac.jp/wdc/Sec3.html]

lonospheric EP was calculated by the Weimer
model from hourly data on the solar wind and IMF
parameters obtained from the OMNI database
[https://omniweb.gsfc.nasa.gov/html/ow_data.html].

The method of calculating the EP contrast was also
employed to compute the contrast of meteorological
parameters in order to conduct a comparative analysis
of EP with meteorological parameters during disturb-
ances. We used hourly meteorological values in a
1.0°x1.0° grid from the dataset [Wielicki et al., 1996;
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd
41Selection.jsp/]. Note that in the troposphere there is a
natural synoptic period (NSP) — a period during
which cyclones/anticyclones continue to move and the
location of their centers in a certain region of Earth or
in the entire hemisphere (NSP ~7 days) remains un-
changed. To minimize the influence of synoptic pro-
cesses, weather parameter anomalies were calculated
relative to the average over seven days before the
event. OLR is represented by the broadband heat flux
observed by CERES at the upper boundary of the trop-
osphere (h~20 km); radiation absorption by water vapor
in the 8-12 um atmospheric window, by the radiated
heat flux (h~20 km) of the CERES infrared atmospheric
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window (8-12 pm). The upper cloudiness is character-
ized by the number of high-level clouds (from 300 hPa
to the tropopause) as a percentage of sky cover.

RESULTS

Spatial distributions of EP during disturbances (see
Figure 1), obtained by the 2001 and 2005 versions of the
Weimer model, differ significantly.

Let us analyze the dynamics of EP variations aver-
aged over latitudes above 60° N during November 20,
2003 and April 23, 2023 geomagnetic superstorms. Fig-
ure 2 illustrates variations in EP anomalies (top panels)
and EP contrast (bottom panels), calculated by the two
Weimer model versions. Comparative analysis has
shown that during the magnetic superstorms the contri-
bution of negative EP values to the overall variability in
EP anomalies is greater in the 2005 model than in the
2001 model. This difference is related to the above
modifications made to the 2005 model. Variations in EP
contrast during disturbances, calculated by the 2001
model, correlate well with those obtained by the 2005
model. The EP contrast behavior in the two Weimer
model versions agrees better than the dynamics of EP
anomalies for the high-latitude region.
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Figure 2. Variations in EP anomalies (top) and EP contrast (bottom), averaged over latitudes above 60° N, during magnetic
superstorms: the 2001 Weimer model (black line), the 2005 Weimer model (red line); onset of the geomagnetic storm (vertical
line); zero on the X-axis is 00 UT of the day when the geomagnetic storm began
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Figure 3. Variations in EP contrast (top panels, red line) and contrast of meteorological parameters (bottom panels)

averaged over latitudes above 60° N: OLR (green line); radiation absorption by water vapor in the 8—12 pm atmospheric
window (I, purple line); upper cloudiness (Ci, blue line), as well as variations in the PC geomagnetic index (top panels,
black line) during magnetic superstorms. The vertical line indicates the onset of the geomagnetic storm; zero on the X-axis

is 00 UT of the day when the geomagnetic storm began

Let us examine the linear relationship of variations in
the EP contrast, averaged over latitudes above 60° N,
with variations in the PC geomagnetic index during the
November 20, 2003 and April 23, 2023 magnetic super-
storms. The correlation is 0.71+0.5 between variations in
the EP contrast, calculated by the 2001 Weimer model,
and variations in the PC index for the cases considered.

The EP contrast variations calculated by the 2005
model correlate better with the PC index variations for
the geomagnetic storms under study (Figure 3, top pan-
els). The high correlation coefficient between the pa-

rameters allows us to say that the PC index can be used
as an indicator of solar activity during isolated magnetic
superstorms.

To determine the tropospheric response to changes
in the potential during the magnetic storms, we use the
EP contrast calculated by the 2005 Weimer model (see
Figure 3, at the top). During the November 20, 2003
magnetic superstorm, an increase in the EP contrast was
accompanied by an increase in the contrast of meteoro-
logical parameters, especially in the contrast of upper
cloudiness. The maximum contrast of meteorological
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parameters was observed within the first 12 hrs relative
to the maximum contrast of EP. For the April 23, 2023
geomagnetic storm, the noted features in the change in
the parameters considered are less pronounced, possibly
due to the influence of substorm activity observed be-
fore the onset of the magnetic storm and resulting from
amplification of field-aligned currents caused by the
electric field of magnetospheric convection, which oc-
curs when the solar wind and IMF interact with the
magnetosphere.

Variations in upper cloudiness anomalies have a
unidirectional trend with the dynamics of EP anomalies
at high latitudes during geomagnetic superstorms (Fig-
ure 4). The features characteristic of the dynamics of the
contrast of the parameters under study persist in the
behavior of their anomalies. However, the amplitude of
the response of positive upper cloudiness anomalies to a
change in positive EP is by an order of magnitude high-
er than the amplitude of the response of negative upper
cloudiness anomalies to a change in negative EP. Look
at the maps of EP anomalies and the spatial distribution
of upper cloudiness anomalies (Figure 5) during the
April 23, 2023 magnetic storm. Under quiet conditions
at latitudes above 60° N, upper cloudiness anomalies are
uniformly distributed and amount to few percent. The
greatest increase in upper cloudiness is observed in the
region of increased positive potential, which has a non-
linear effect on properties of water vapor, in this case
coming from midlatitudes with cyclones that occur near
the eastern coast of Eurasia and, moving to the north-
east, reach their maximum near the Aleutian Islands.

DISCUSSION

Our planet as an open system is affected by changes
in the solar wind due to active processes on the Sun.

20 November 2003 storm

Rapid climate changes on Earth sustain the discussion
about the magnitude and nature of solar influence on the
lower atmosphere. The spatial inhomogeneity of the
tropospheric response to solar influence may show up to
a greater extent in the regional climate variability due to
changes in the optical properties of water vapor in the
troposphere during geomagnetic disturbances [Karak-
hanyan, Molodykh, 2025]. Local climate changes (high
latitudes, inland regions) under the influence of solar
processes can be examined in detail on the basis of data
obtained from the ISTP SB RAS instrumentation, in
particular from the Unique Research Facility “Optical
Instruments” [https://iszf.irk.ru/usu-optical-instruments/].

In our study, we have used the contrast in EP varia-
tions, which is a proxy of solar activity. This enabled us to
minimize the differences between its calculations for dif-
ferent Weimer model versions (see Figure 2). A high corre-
lation is shown between variations in the EP contrast aver-
aged over the high-latitude region and variations in the PC
geomagnetic index (see Figure 3). This finding allows us to
recommend both characteristics as an indicator of solar
activity when studying magnetic superstorms. The spec-
trum of meteorological parameters consists of high-
frequency (daily, seasonal, annual, and 2-5-year varia-
tions) and low-frequency components. The latter contains
variations close to heliogeophysical periods, in particular a
~22-year variation similar to the Hale magnetic cycle on
the Sun was found in the variability in trajectories of extra-
tropical cyclones in the North Atlantic [Veretenenko et al.,
2023b]. Since the solar signal present in the meteorological
parameters has an amplitude lower than the amplitude of
their daily and seasonal variations, we study variations not
in the value itself, but in the anomalies or deviations of the
meteorological parameters from their mean during disturb-
ance. By the example of geomagnetic superstorms of

23 April 2023 storm
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Figure 4. Variations in positive (top) and negative (bottom) EP anomalies (red curves) and upper cloudiness anomalies (blue
curves), averaged over latitudes above 60° N, during magnetic superstorms. The vertical line indicates the onset of the geomag-
netic storm; zero on the X-axis is 00 UT of the day when the geomagnetic storm began
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-100

Figure 5. Spatial distributions of EP anomalies (top) and upper cloudiness (bottom) during the quiet period (left) and during
their maximum (right) for an average of 3 hrs from 18 UT to 20 UT for latitudes above 60° N during the April 23, 2023 geomag-

netic superstorm. The midday meridian is indicated by arrows

solar cycles 23 and 25, which are moderate and the second
components of the 22-year magnetic activity cycle [Ishkov,
2010, 2024], we have shown that during individual severe
disturbances an increase in the EP contrast is accompanied
by an increase in the contrast of meteorological parameters,
especially in the contrast of upper cloudiness (see Figure
3). For meteorological parameters, the contrast was utilized
as an integral characteristic to illustrate the amplitude of
variations in the meteorological response to solar influence
due to the inhomogeneous structure of the tropospheric
response in space. The results of the study have been ob-
tained using the model of the mechanism of indirect influ-
ence of solar processes on the radiation budget of the cli-
mate system, developed at ISTP SB RAS. They will help
to parameterize physical processes in the troposphere in
accordance with the proposed scenario and hence to in-
clude solar activity, along with the solar constant, in cli-
mate models.

CONCLUSIONS

Analysis of the relationship of EP variations with varia-
tions in meteorological parameters during magnetic super-
storms allowed us to obtain the following results.

Spatial distributions of EP obtained using the 2001
and 2005 Weimer model versions differ most consider-
ably during the maximum of the disturbance.

Variations in EP anomalies averaged over latitudes
above 60° N differ significantly in the Weimer model
versions considered. However, variations in the average
EP contrast calculated by the 2001 and 2005 versions
occur synchronously during severe disturbances.
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Correlation analysis of variations in the average EP
contrast with variations in the PC geomagnetic index has
shown that both characteristics can be used as a proxy of
solar activity to study isolated severe disturbances.

During the disturbances, an increase in the EP con-
trast is accompanied by an increase in the contrast of
meteorological parameters, especially in the contrast of
upper cloudiness.

The work was financially supported by the Ministry of
Science and Higher Education of the Russian Federation.
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Abstract. We present an overview of the history, the
main scientific results and prospects of the Chinese-
Russian Joint Research Center on Space Weather. The
Chinese-Russian Joint Research Center was established
by the Institute of Solar-Terrestrial Physics SB RAS
(ISTP SB RAS) and National Space Science Center
CAS (NSSC CAS) in 2000. The center deals with fun-
damental issues in modern solar-terrestrial physics, such
as quantitative description of the processes in complex
interconnected system Sun — interplanetary medium —
magnetosphere — ionosphere — atmosphere, assessment
of capabilities of predicting interactions within this sys-
tem, development of effective models for forecasting
the state of the atmosphere and near-Earth space. Over
the 24-year period, the Joint Research Center has united
more than 10 scientific institutes in Russia and China;
about 60 scientific projects have been implemented, and
more than 400 joint scientific articles have been pub-

lished. Joint efforts of Russian and Chinese researchers
allowed obtaining important results in study of physical
processes in near-Earth space. The Chinese-Russian
Joint Research Center has proven its usefulness and
continues studying the Sun, solar-terrestrial relations,
and near-Earth space.

The future work of the Joint Research Center will be
closely linked to the implementation of major unique
projects in China and Russia: the International Meridian
Circle Program (IMCP) led by NSSC CAS, and the Na-
tional Heliogeophysical Complex of the Russian Acad-
emy of Sciences (NHC RAS) led by ISTP SB RAS. We
describe these projects in this paper.

Keywords: Chinese-Russian Joint Research Center,
space weather, international cooperation, International
Meridian Circle Program, National Heliogeophysical
Complex of the Russian Academy of Sciences.

INTRODUCTION

In the new millennium, near-Earth space has become
an area of intense practical activity. The rapid develop-
ment of technosphere and its growing expansion to
space lead to the fact that the processes occurring on the
Sun and in near-Earth space (known as space weather)
significantly affect space-borne and ground-based tech-
nological systems, such as spacecraft, television, com-
munication, navigation, electric power grids, and pipe-
lines. Space weather factors can also pose a threat to
human health and life. It is therefore essential to have
complete information about these processes, to be able
to diagnose and predict space weather, and to assess the
potential consequences. Thus, space weather monitoring
and forecasting are major scientific challenges for the
scientific community of the XXI century. To provide an
adequate response to these major challenges, many
countries have established special National Space
Weather programs. These programs identify priorities in
near-Earth space research: development of diagnostic
tool networks, advancement of fundamental knowledge
about processes in near-Earth space, development and
improvement of empirical and theoretical models.

However, physical processes in all regions of near-
Earth space are closely interrelated. The system Sun —
interplanetary medium —  magnetosphere —

ionosphere — atmosphere should be studied as a
whole. New tools and methods are required to solve this
complex problem. International cooperation is also essen-
tial, as the processes under study are global in scale. The
Chinese-Russian Joint Research Center on Space Weather
is focused on solving these problems. The main research
areas of the Joint Research Center include:

- solar activity related to solar disturbances;

- propagation of solar disturbances through the solar
corona and interplanetary space;

- dynamic processes of various spatial and temporal
scales associated with the near-Earth space disturb-
ances;

- propagation of disturbances from high to middle
and low latitudes of Earth’s ionosphere and atmosphere;

- diagnostics of near-Earth space and forecasting
techniques; interaction between near-Earth space and
Earth’s atmosphere;

- global space weather system and its response to ex-
ternal influences.

MILESTONES

The Chinese-Russian Joint Research Center on
Space Weather was established by the Institute of Solar-
Terrestrial Physics of Siberian Branch of the Russian
Academy of Sciences (ISTP SB RAS) and the National

This is an open access article under the CC BY-NC-ND license
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Space Science Center of the Chinese Academy of Sci-
ences (NSSC CAS, until 2010 known as the Center for
Space Science and Applied Research CAS, CSSAR CAS).

Agreement for Scientific Cooperation between the
Russian Academy of Sciences and the Chinese Acade-
my of Sciences signed on December 18, 1992 and
Agreement for Scientific Cooperation between the Chi-
nese Academy of Sciences and Siberian Branch of the
Russian Academy of Sciences signed on October 13,
1999 served as the basis for creating the Joint Research
Center. Within the framework of these agreements, Di-
rector of CSSAR CAS Professor Gu Yidong and Direc-
tor of ISTP SB RAS Academician Geliy A. Zherebtsov
signed the Agreement for Joint Studies on Solar-
Terrestrial Physics and Its Applications in Beijing on
November 2, 2000. In December 2000, the first joint
workshop was held in Irkutsk. Representatives of
CSSAR CAS and ISTP SB RAS took decision to estab-
lish the Joint Research Center on Space Weather, and
signed its Charter. The first co-directors of the Joint
Research Center were Academician Geliy A. Zherebtsov
and Professor Wu Ji. Since 2018, co-director of the Joint
Research Center from the Chinese side is the Director
General of NSSC CAS Academician Wang Chi. In
2012-2017, co-director of the Joint Research Center
from the Russian side was the Director of ISTP SB
RAS, Corresponding Member of RAS Aleksandr P. Po-
tekhin. Today, co-director of the Joint Research Center
is the Director of ISTP SB RAS Corresponding Member
of RAS Andrey V. Medvedev.

In accordance with the Charter of the Joint Research
Center on Space Weather, workshops are held alternate-
ly in Russia and China on a regular basis. At workshops
researchers present their scientific results and discuss
the prospects for further joint research. The first work-
shop took place in Irkutsk in 2000. The 10th Anniver-
sary Meeting was held in Beijing in 2010. In 2024, ISTP
SB RAS hosted the 15th Anniversary Workshop in Ir-
kutsk (Figure 1).

At the 15th Russian-Chinese Workshop, special at-
tention was given to the International Meridian Circle
Program (IMCP) that is led by NSSC CAS and aims to
study atmospheric and near-Earth space phenomena and

——

processes using ground-based scientific instruments
located along the 120° E and 60° W meridians. China
and Russia play a special role in this program since a
significant part of the 120° E meridian passes through
their territories. New opportunities for IMCP can be
provided by the National Heliogeophysical Complex of
the Russian Academy of Sciences (NHC RAS), which is
being created by ISTP SB RAS. The development of
cooperation within IMCP was discussed during the 15th
Russian-Chinese Workshop. In the following sections,
we address some of the issues related to this coopera-
tion.

The Joint Research Center promotes expanding mul-
tilateral cooperation. Many Russian and Chinese institu-
tions have joined our investigations: National Astro-
nomical Observatories of China CAS (NAOC CAS),
Institute of Geology and Geophysics CAS (IGG CAS),
Peking University (PKU), Yunnan Astronomical Obser-
vatory CAS (YNAO CAS), China Research Institute of
Radiowave Propagation (CRIRP), Shandong University
(SDU), Yu.G. Shafer Institute of Cosmophysical Re-
search and Aeronomy SB RAS (SICRA SB RAS),
Space Research Institute RAS (IKI RAS), Pushkov In-
stitute of Earth Magnetism, lonosphere and Radio Wave
Propagation RAS (IZMIRAN), Central Astronomical
Observatory of RAS at Pulkovo (GAO RAS), Institute
of Cosmophysical Research and Radio Wave Propaga-
tion FEB RAS (IKIR FEB RAS), Polar Geophysical
Institute RAS (PGI RAS).

Over the 24-year period, approximately 60 scientific
projects have been implemented, around 200 exchange
visits took place, and more than 230 joint scientific re-
ports have been presented at workshops and confer-
ences. Additionally, over 400 joint scientific articles and
two monographs have been published.

MAIN SCIENTIFIC RESULTS

Joint efforts of Russian and Chinese researchers al-
lowed obtaining important results in study of physical
processes in near-Earth space. The most interesting sci-
entific results obtained during our cooperation are pre-
sented in this Section.

Figure 1. The 15th Russian-Chinese Workshop on Space Weather, Irkutsk, September 2024
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First observations of a microwave zebra pat-
tern (ISTP SB RAS, NAOC CAS)

In 2003, researchers from the Institute of Solar-
Terrestrial Physics and the National Astronomical Ob-
servatories of China first detected a zebra pattern in the
microwave range [Altyntsev et al., 2005a, 2005b]. Zeb-
ra patterns are intriguing fine spectral structures that
look as a number of parallel bright and dark stripes in
the dynamic spectra of the solar radio emission. To date,
there is no definite conclusion about the formation
mechanism of zebra patterns, with more than a dozen of
different models proposed. Zebra patterns are generally
observed in the metric and decimetric wavelength rang-
es. In the microwave range, the radio burst was first
recorded simultaneously with the Siberian Solar Radio
Telescope (at frequencies of 5.70, 5.72, and 5.76 GHz)
and the spectropolarimeter of the Huairou Solar Observ-
ing Station (in the 5.2-7.6 GHz range). This combina-
tion has allowed us to determine not only spectral, but
also spatial characteristics of the event. The radio burst
consisted of three (possibly, four) parallel equidistant
bright stripes with a synchronous temporal evolution.
The frequency interval between the stripes was ~160
MHz. The emission had 100 % circular polarization
corresponding to the extraordinary mode. The sources
of different zebra stripes were found to coincide spatial-
ly. It was concluded that the most probable generation
mechanism of the zebra pattern considered was nonline-
ar interaction between harmonics of plasma waves
known as Bernstein modes. In this case, the magnetic
field in the emission source, as determined by the fre-
quency separation of the zebra stripes, was ~60 G.

Fine wave dynamics in umbral flash sources
(ISTP SB RAS, YNAO CAS)

For the first time, information has been obtained on
the dynamics of wave processes occurring in small an-
gular solar magnetic structures associated with the Um-
bral Flashes (Us) [Sych and Wang, 2018]. Fast periodic
disturbances related to wave activity in the sunspot um-
bra were observed over a three-hour period. These dis-
turbances align with the continuous diffuse brightening
of specific wave fronts described by Yuan et al. [2014].
Additionally, short-term emergences of small local
sources, known as UFs, were identified. The observed
umbral brightening can be categorized into two types.
The first type consists of background UFs, which exhib-
it random brightening of separated parts of wave fronts
during propagation. These UFs are constantly observed
in the umbra and lack stable shapes and spatial localiza-
tion. The second type consists of local UFs, which are
associated with increased wave activity near the foot-
points of magnetic loops. These sources demonstrate
pronounced wave dynamics and do not change spatial
position over time. Different spatial shapes were ob-
served for the local UF sources. Point sources are locat-
ed at the footpoints of large magnetic loops and display
activity with rare low-power pulses. Extended sources
are related to the footpoints of low magnetic loops with
large inclinations, exhibiting series of recurrent UF
pulses. The emergence of the main UF maximum coin-

cides with the peak power of three-minute oscillation
trains in separated loops. This wave dynamics follows
previously described background UFs by a number of
authors, but it is localized within magnetic loops. A cor-
relation exists between UF emergence in the photo-
sphere and increased power of three-minute wave trains
in the corona. The observed UF parameters are primari-
ly influenced by the wave cut-off frequency. Further
research will focus on investigating the relationship
between the shape of local UF sources and the inclina-
tion of magnetic loops near their footpoints.

The origin of the helicity hemispheric sign
rule reversals in the mean-field solar-type dy-
namo (NAOC CAS, ISTP SB RAS, IZMIRAN)

Observations at Huairou Solar Observatory of prox-
ies of magnetic felicity in the Sun over the past two so-
lar cycles have revealed reversals of the helicity hemi-
spheric sign rule (negative in the Northern Hemisphere
and positive in the Southern one). The mean-field solar
dynamo model was used to study changes in the sign of
the magnetic helicity for the dynamo, which operate in
the bulk of the solar convection zone. The reversal of
the sign of the small-scale magnetic helicity was found
to follow the dynamo wave propagating inside the con-
vection zone. Thus, the spatial configuration of the
magnetic helicity reversals reflects the processes that
contribute to the generation and evolution of large-scale
magnetic fields. On the surface, the patterns of the he-
licity rule reversals are determined by the magnetic he-
licity boundary conditions at the top of the convection
zone. The obtained results suggest that the magnetic
helicity of a large-scale axisymmetric field can be treated
as an additional observational tracer for the solar dynamo
and it probably can be used for the solar activity fore-
cast [Pipin et al., 2013].

Improvement of full-disk measurements of
solar longitudinal magnetic fields at the Huair-
ou observatory (NAOC CAS, ISTP SB RAS)

Magnetograms of the full solar disk are a necessary
element of space weather forecasting algorithms. The
Solar Magnetism and Activity Telescope (SMAT) of the
Huairou Solar Observatory is one of the few instruments
in the world capable of receiving full-disk magnetograms.
As a result of joint Russian-Chinese studies of the in-
strumental characteristics of SMAT, some problems were
identified that impede high-precision measurements of
weak background magnetic fields of the Sun. Nonethe-
less, methods to improve the quality of SMAT measure-
ments were proposed, resulting in a significant increase in
data reliability [Demidov et al., 2018]. These techniques
will allow us to utilize SMART measurements to address
a wide range of solar physics issues related to studies of
global solar magnetism and space weather.

Saturation of the magnetosphere and the po-
lar cap during superstorms (ISTP SB RAS,
NSSC CAS)

Using data from more than 110 ground-based geo-
magnetic observatories and the magnetogram inversion
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method developed at ISTP SB RAS, new patterns of the
magnetosphere saturation process have been obtained:
stopping the growth of the electromagnetic energy flux
through the magnetosphere boundary and the polar cap
from the solar wind (SW) with its unusual intensification
during superstorms [Mishin et al., 2016]. Saturation was
shown to be caused not only by an increase in the south-
ern component of the interplanetary magnetic field, but
also by an increase in the solar wind dynamic pressure
(Figure 2, a). Saturation was explained by the magneto-
sphere finite compressibility (during the increasing SW,
the compression of the magnetopause — a decrease in the
radius of its subsolar point — stops quickly due to the
geomagnetic field pressure increasing earthward (Figure
2, b)), which also causes a stop in the growth of the polar
cap and the flow of energy into the ionosphere through it.
This result was confirmed by numerical simulation using
a global MHD model and the Piecewise Parabolic Method
with a Lagrangian Remap (PPMLR) [Hu et al., 2009;
Wang et al., 2014] (Figure 2, a, ¢).

Estimated peak density of atomic oxygen be-
tween 2000 and 2004 at 52°N (NSSC CAS, ISTP
SB RAS)

A method for deriving the peak density of atomic
oxygen in the Mesosphere and Low Thermosphere
(MLT) region from atomic oxygen [OI] 557.7 nm
nightglow intensity has been developed. The method is
based on the photochemical model for [Ol] 557.7 nm
emission and an approximate expression for the altitude
distribution of the atomic oxygen density in the MLT
region. This method was used to derive the peak density
of atomic oxygen from the 557.7 nm airglow data ob-
tained at the ISTP SB RAS Geophysical observatory in
2000-2004 [Hong Gao et al., 2009]. Nighttime and
seasonal variations in the [OI] 557.7 nm intensity and
the derived peak density of atomic oxygen were ana-
lyzed. The results show that the nighttime variations
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Figure 2. Saturation during an increase in the SW dynamic
pressure Py in the November 20, 2003 storm: electromagnetic
energy flux Qg (a), subsolar magnetopause radius Ly, (b, ¢)

in the 557.7 nm emission intensity depend on season.
The monthly mean 557.7 nm airglow intensity changes
with month, showing peaks in March, June, and Octo-
ber, and larger values in winter months. Nocturnal and
seasonal variations in the peak density of atomic oxygen
are generally similar to those in the 557.7 nm airglow
intensity.

Local empirical models of regular ionospher-
ic variations (ISTP SB RAS, NSSC CAYS)

Based on long-term ionospheric measurements with
vertical sounding ionosondes located at Irkutsk, Norilsk,
and Hainan, local empirical models of regular ionospher-
ic variations were worked out (Figure 3) [Ratovsky et al.,
2014]. Using the models, common properties and re-
gional features were identified. A common property of
the high-, mid- and low latitude ionosphere is the semi-
annual daytime anomaly of the peak electron density N,,F2
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Figure 3. Diurnal-seasonal variations in N,F2 [10° cm™®] (left) and h,F2 [km] (right) under low solar activity
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under low solar activity and the intensification of the
winter anomaly with increasing solar activity. The gen-
erality is a consequence of the global thermospheric
circulation in which all regions of the ionosphere are
involved. A distinctive feature of the low-Ilatitude iono-
sphere is the semi-annual nighttime anomaly of N,F2
under low solar activity and the highest growth rate of
NmF2 with an increase in F10.7 in the evening and night
time. A regional feature of the ionosphere over Hainan
(not reproduced by the IRI model) is the multi-peak
diurnal variation in the peak height h,,F2 over Hainan. A
distinctive feature of the mid-latitude ionosphere is the
greatest intensification of the winter anomaly with in-
crease in F10.7 and the evening anomaly in the summer
diurnal variation in N,F2. A regional feature of the ion-
osphere over Irkutsk (not reproduced by the IRI model)
is the morning-evening asymmetry in the summer diur-
nal variation of N,,F2 at high solar activity. A distinctive
feature of the high-latitude ionosphere is the absence of
diurnal anomalies in any season and the absence of a win-
ter anomaly at low solar activity. A regional feature of the
ionosphere over Norilsk (not reproduced by the IRI model)
is the “polar day effect” under low solar activity (no
nighttime rise in the peak height h,F2 in the summer).

lonospheric response to geomagnetic storms
at the meridional chain of ionosondes in the
East Asian region (ISTP SB RAS, NSSC CAYS)

In 2000-2017, coordinated studies of ionospheric ef-
fects of geomagnetic storms were carried out at the me-
ridional chain of ionospheric stations located in the East
Asian sector (90°-160° E) in Russia and China (Figure 4)
[Pirog et al., 2010; Shi et al., 2011]. For some storms,
these studies were supplemented with measurements in
the European and American sectors. The following has
been revealed: (1) Medium-Ilatitude ionosphere shows
properties of high-latitude ionosphere during super-
storms. (2) There are differences in the East Asian iono-
spheric response to geomagnetic storms under high and
low solar activity. (3) Three groups of anomalous iono-
spheric disturbances caused by geomagnetic storms
and observed at low solar activity have been identified:

90-160°E
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Figure 4. Meridional chains of ionosondes in East Asia

a special type of large-scale traveling ionospheric dis-
turbances, quasi-two-day Wave Like Disturbances
(WLDs), oscillations of Short Duration (OSD). (4) Lon-
gitudinal alternation of positive and negative ionospher-
ic response during the recovery phase of some storms is
observed. Longitude variations of storm ionospheric
disturbances are determined by the local time of the
storm sudden commencement. (5) A comparative analy-
sis of the behavior of F-scattering in equatorial and high
latitudes was performed [Shi et al., 2011].

FROM MERIDIONAL CHAINS TO
THE INTERNATIONAL MERIDIAN
CIRCLE PROGRAM (IMCP)

Ground-based chains of geophysical instruments are a
powerful tool for studying and monitoring the effects of
space weather in Earth’s ionosphere and magnetosphere.
Due to the latitudinal difference in solar radiation and the
bounding of charged particles by the geomagnetic field,
space weather disturbances are usually manifested along
the meridians. As a result, observing along a specific me-
ridian line has a great deal of advantages. The effectiveness
of observations at the meridional chains has been con-
firmed by a rich history of such observations.

Observations at the Norilsk and Yakutsk me-
ridional chains of stations in Russia: 1969-1983

To study geophysical phenomena in the upper at-
mosphere of high latitudes, ISTP SB RAS and SHICRA
SB RAS organized synchronous observations at the
Norilsk and Yakutsk meridional chains of stations (Fig-
ure 5). The observations were conducted as part of the
International Magnetospheric Study (IMS) program
(1976-1979). From 1969 to 1983, a total of 6 measure-
ments campaigns (expeditions) were organized: 1969 —
at the Yakutsk meridian; 1973 — at the Norilsk meridian;
1976 — Siberia-IMS-76, start of synchronous observa-
tions at the Yakutsk and Norilmk meridians; 1979 —
Siberia-IMS-79; 1982 and 1983 — Taimyr-82. Each
expedition had its own scientific program. The observa-
tion stations were fitted with the same type of equip-
ment, and the observations were carried out according
to a unified coordinated program. The standard set of
equipment included magnetovariation station, all-sky
camera, zenith photometer, scanning photometer, and
ionosonde. The Khatanga station, located to the east of
the Norilsk meridian, was used to link observations with
data from the Yakutsk meridian chain.

As a result of this observations, we have first of all
formulated the principles for organizing meridional chains
of stations [Rakhmatullin, 2010, and references therein]:

- stations along the meridian should be positioned
with the least scatter in longitude to minimize errors
related to longitudinal effects;

- two or three meridional chains are necessary to study
longitudinal effects and control the geophysical conditions;

- stations of the chain should be equipped with geo-
physical instruments of various types, such as magne-
tometers, ionosondes, photometers, to not only record
processes in different geospheres, but also to study their
interaction and identify physical mechanisms.
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Figure 5. Norilsk and Yakutsk meridional chains of stations. Based on the materials of [Rakhmatullin, 2010]

Substorm in geomagnetic pulsations

Observations at meridional chains were essential for
understanding the mechanism of a magnetospheric sub-
storm [Rakhmatullin, 2010]. The development of geo-
magnetic pulsations during substorms was studied in
detail. This work was pioneering for that time. And the
resultant pattern of the magnetospheric substorm in ge-
omagnetic pulsations has not changed significantly so
far. For the first time, the longitudinal and latitudinal
dimensions of the sources of Pi2 and PilB pulsations
were determined, their relation to auroras was shown,
and generalized schemes of drifts of pulsation sources
were created. Fundamental differences in generation of
Pi2 pulsations at auroral and mid-latitudes were found.
It was shown that the amplitude and spectral composi-
tion of the mid-latitude Pi2 pulsations are controlled by
the state of the ionospheric F2 layer.

A method was developed to determine the longitude of
substorm development in the auroral zone from parameters
of mid-latitude Pi2 pulsations (Figure 6). After the onset,
the substorm propagates as a series of successive amplifi-
cations of magnetic activity; each occurs northwest of the
previous one and is accompanied by Pi2 generation. The
main axis of the Pi2 polarization ellipse is always directed
toward the source. With the motion of the substorm dis-
turbance, the polarization axis rotates counterclockwise.
Thus, the longitude of the substorm can be determined
from the direction of the polarization axis.
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Figure 6. Scheme of substorm development in the auroral
zone and in midlatitudes. Based on the materials of [Rakhmat-
ullin, 2010]

Model of ionospheric substorm

According to the data from the Norilsk meridian, a
morphological description of the processes in the high-
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latitude ionosphere was made [Zherebtsov et al., 1986;
Pirog et al., 1997]. Statistical schemes of ionospheric
substorm development north of the MIT in LT-K, coor-
dinates at different latitudes were constructed, and the
effect of solar activity was revealed. In addition, a re-
gional model of critical frequencies of E and F regions
for the Norilsk meridian was developed. Complex pro-
cessing of data from meridional chains made it possible
to obtain an equation describing the position of the Main
lonospheric Through (MIT) under different magnetic
activity: ® = 150.6 — 5t — 25(0.1K,” — 1.3t + 12.7)", where
@ is invariant latitude, t is the time counted from mid-
night, K; is the geomagnetic activity index.

The extensive experimental material obtained during
complex high-latitude expeditions became the basis for
further research. Nowadays, we are turning to the expedi-
tion archives to confirm this or that experimental fact. The
archives also serve as an experimental base for studying
long-term trends. The results obtained confirm the effec-
tiveness of meridional chains of geophysical instruments in
studying the magnetosphere-ionosphere interactions.

Chinese Meridian Project (CMP)

In China, the concept of the national Meridian Pro-
ject was proposed in the early 1990s
[http://imcp.ac.cn/enfabout/planning/;
https://mww.meridianproject.ac.cn/mcmp/]. Development
of the Chinese Meridian Project (CMP) began in 2005
[Wang Chi et al., 2020, 2022;
https://www.meridianproject.ac.cn/en/]. The project
rolled into realization stage in 2008 upon being ap-
proved by the government as one of the major scientific
structures. The Chinese Meridian Project is a ground-
based space environment monitoring network. It is a
joint effort of more than 10 research institutions and
universities in China, led by NSSC CAS. The Project
aims to study the propagation processes of disturbances
caused by solar activities, from the Sun to the interplan-
etary space, magnetosphere, ionosphere, until mid-to-
upper atmosphere; coupling mechanisms of different
space spheres and layers, namely solar atmosphere, inter-
planetary space, magnetosphere, ionosphere, and mid-
to-upper atmosphere; regional characteristics of the
space environment above China’s territory, and its rela-

& CMP-Phase|

Zhongshan *

Australia

tionship with global variations [Wang Chi et al., 2020].
CMP was built in two stages (Figure 7). The Phase |
construction began in 2008 and was completed in 2012.
Since 2012, Phase | has been in operation. Phase Il
started in 2019 and was successfully completed in 2024
[Wang Chi et al., 2020, 2022, 2024]. CMP Phase | con-
sists of 15 ground-based observatories located along
120° E and 30° N (Figure 7, a). Each observatory is
equipped with multiple instruments including magne-
tometers, radars, optical equipment, and sounding rock-
ets to monitor parameters of solar wind, geomagnetic
field, middle and upper atmosphere, ionosphere. CMP
Phase Il has added 16 new stations to Phase I, and thus
created a monitoring network of 31 stations and nearly
300 instruments along 100° E and 120° E, and 30° N
and 40° N (Figure 7, ¢). In addition to the usual instru-
ments, Phase Il comprises several large and advanced
devices including a radio heliograph, an interplanetary
scintillation telescope, an MST radar, a new generation
tristatic incoherent scatter radar, etc.

CMP and Chinese-Russian Joint Research
Center

Within the framework of the Chinese-Russian Joint Re-
search Center, Russian stations have joined the chain of
Chinese observatories since 2005 (Figures 4, 7, b). A
significant number of joint studies on the ionospheric
morphology over the East-Asian region under different
levels of solar and magnetic activity have been conduct-
ed. Many interesting results have been obtained, some
of them are described in the Section “Main scientific
results”. Comprehensive analysis of data from Chinese-
Russian chains allowed clarifying mechanisms of inter-
planetary, magnetospheric, and thermospheric factors'
impact on the ionospheric dynamics. It also allowed
evaluating the possibility to use the existing theoretic
models for reproducing the spatio-temporal dynamics of
the ionosphere and to identify the possible ways of cor-
recting models in order to improve their diagnostic and,
in a long run, predictive features. The results are sum-
marized in a collective monograph “lonospheric dis-
turbances in East-Asian region” [Zherebtsov et al., 2021].

Figure 7. Chinese Meridian Project: Phase | (a) and Phase Il (c) [https://www.meridianproject.ac.cn/bi/]. Observatories along
120° E making part of the Meridian Space Weather Monitoring Project in 2005 (b) [The 20th Anniversary, 2021]
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INTERNATIONAL MERIDIAN
CIRCLE PROGRAM (IMCP)

The International Meridian Circle Program (IMCP)
became an excellent development of the CMP concept
[Liu et al., 2020, 2022; Blanc et al., 2020; Wang Chi et
al., 2024; http://imcp.ac.cn/en/]. This large and unique
project of NSSC CAS was proposed to bring together
more than 1000 instrumentation from over 10 countries
along the 120° E and 60° W meridians to create a global
monitoring  network  (Figure 8) [http://imcp.ac.cn/
en/about/objectives/]. The Great Meridian Circle crosses
China, Russia, Southeast Asia, Australia, Antarctica,
Latin America, the United States, Canada. IMCP aims to
conduct all-latitude, all-weather observations of the sys-
tem formed by near-Earth space, the atmosphere, the
Earth surface. It is designed to track propagation of
space weather events from the Sun to Earth as well as to
monitor various disturbances generated within the Earth
system that impact near-Earth space [Liu et al., 2022;
Wang Chi et al., 2024].

The instruments deployed along Great Meridian Cir-
cle can provide a complete cross-sectional scan of near-
Earth space from the ground level up to approximately
3000 km, including density, temperature, magnetic and
electric fields, wind fields, planetary waves, and distri-
bution of minor species involved in Global Change
[http://imcp.ac.cn/en/about/sw/]. Due to Earth’s rotation,
this network can give a complete three-dimensional
representation of these key near-Earth space parameters
every 12 hours. Accumulated over years and decades,
this dataset will provide valuable insight on how climate
and long-term atmospheric change are influenced by
solar and terrestrial energy input. By detecting and
tracking short-term anomalies, the network can warn
about space weather and terrestrial disasters.

Currently, significant progress has been made on
IMCP [Wang Chi et al., 2024]. The IMCP scientific
program committee has been formed, and the China-
Brazil joint laboratory for space weather has also been
established. Networks in the North Pole and Southeast
Asia are under construction. IMCP is supported by an

array of Chinese and foreign research institutions, as
well as international scientific associations such as the
European Incoherent Scatter Radar Scientific Associa-
tion (EISCAT), the Scientific Committee on Solar-
Terrestrial Physics (SCOSTEP), and the Super Dual
Auroral Radar Network (SuperDARN) [http://imcp.ac.cn/
en/about/objectives/].

Moving forward, in addition to the 120° E — 60° W
meridian circle, IMCP also plans to establish network
along the 30° E — 150° W meridian circle in collabora-
tion with the International Space Weather Initiative
(ISWI) [Wang Chi et al., 2024; Blanc, 2023]. Thousands
of IMCP instruments will create a three-dimensional
information grid covering five continents. This grid will
provide real-time data on near-Earth space, helping to
protect our planet from natural and human-made hazards.

NATIONAL HELIOGEOPHYSICAL
COMPLEX OF THE RUSSIAN
ACADEMY OF SCIENCES

(NHC RAS)

The National Heliogeophysical Complex of the Rus-
sian Academy of Sciences (NHC RAS) [Zherebtsov,
2020; http://ngkran.ru/] can make a significant contribu-
tion to IMCP for mid- and high-latitude observations at
120° E meridian. NHC RAS has been developed and is
being created by ISTP SB RAS which has a long history
of expertise and operation of large heliogeophysical
instruments. In 2014, NHC RAS received the support from
the President of the Russian Federation and the Govern-
ment of the Russian Federation. The complex should pro-
vide solutions to the most important problems of solar-
terrestrial physics considering the Sun — Earth system as a
uniform and interrelated one. The National Heliogeophysi-
cal Complex has been developed on the basis of new tech-
nical solutions with the use of modern technologies. It in-
tegrates unique facilities, instruments, and devices.

The objectives of the National Heliogeophysical
Complex RAS are: to get to a new level of development
of experimental (ground-based) research in solar-terrestrial
physics; to solve urgent fundamental and applied problems

Meridian
— Project
Data Center

Figure 8. International Meridian Circle Program (IMCP) [http://imcp.ac.cn/en/about/objectives/]
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in the interest of development of new space technologies.
Fundamental research involves studying solar activity
(magnetic fields, flares, plasma ejections, etc.) and its ef-
fect on space weather; studying the magnetosphere-
ionosphere-atmosphere system and effects imposed on it
by solar factors and meteorological and lithospheric pro-
cesses. Applied research involves studying the effects of
space factors on operation of spacecraft and various engi-
neering systems (radio communications, radar, GPS-
GLONASS and others); monitoring of near-Earth space,
spacecraft and space debris; developing methods for solar
activity and near-Earth space monitoring and prediction to
the benefit of different consumers.

The NHC RAS includes five large, new generation
experimental instruments for research in the field of
solar physics and near-Earth space physics [Zherebtsov,
2020; http://ngkran.ru/]: Large Solar Telescope-
Coronagraph, Multiwave Radioheliograph, Radiophysi-
cal Complex for Atmospheric and lonospheric Re-
search, Network of Coherent lonospheric Radars, Lidar
Optical Complex (Figure 9). Collection, real-time pro-
cessing, and storage of information from NHC RAS
instruments will be performed at the Data Center which
will be established in Irkutsk (ISTP SB RAS). At pre-
sent, the first NHC RAS instruments (Radioheliograph
and Optical tools) have commenced their functioning.
The development and construction of the Large Solar
Telescope and a Radiophysical Complex are underway.

The Large Solar Telescope-Coronagraph (LST-3)

One of the most pressing issues in contemporary so-
lar physics is the observation of the small-scale structure
in the solar atmosphere at various heights (including the
chromosphere and corona). These observations can only
be conducted using large solar telescopes. The Large
Solar Telescope-Coronagraph with a mirror 3 m in di-

ameter (LST-3) is designed for observing the solar at-
mosphere and corona with previously unattainable spa-
tial, temporal, and spectral resolution [Grigoryev et al.,
2020]. Missions of LST-3 include studies of energy re-
lease in flares and other dynamic phenomena, heating
processes in the corona, the origin of solar magnetism
and cyclicity. Operation of LST-3 in coronagraphic
mode will allow us to observe space objects such as
asteroids and comets near the Sun including hazardous
ones in the daytime. The telescope will be installed at
the Sayan Solar Observatory, located at an altitude over
2000 m (Figure 10). The choice was made in favor of
the classic axisymmetric Gregory optical layout on an
alt-azimuth mount. The scientific equipment of LST-3
will consist of several systems of narrow-band tunable
filters and spectrographs for various wave ranges. The
equipment will be placed both in the main coudé focus
on a rotating platform and in the Nasmyth focus. To
achieve a diffraction resolution, high-order adaptive
optics will be used. It is assumed that with a certain
modification of the optical configuration, LST-3 will
work as a 0.7 m mirror coronagraph in near infrared
lines and can also be used for observing astrophysical
objects in the nighttime. The development of LST-3 should
make a decisive contribution to our understanding of solar
activity, which drives space weather phenomena.

The Multiwave Siberian Radioheliograph

The Multiwave Siberian Radioheliograph (MSRH)
performs all-weather monitoring of processes in the
solar atmosphere (in the range from meter to millimeter
waves, including measurements of the solar activity
index at 2.8 GHz) [Altyntsev et al., 2020; http://badary.
iszf.irk.ru]. This is essential for predicting and diagnosing
geoeffective solar activity phenomena. The fundamental

BURYAT REPUBLIC

Figure 9. NHC RAS instruments in Eastern Siberia: 1— Large Solar Telescope-Coronagraph; 2 — Multiwave Siberian Radiohelio-
graph; 3 — Complex of Passive Optical Instruments; 4 — Heating Facility; 5 — Data Center; 6 — I1S-MST Radar; 7 — Mesostrato-

spheric Lidar
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Figure 10. NHC RAS: Large Solar Telescope-Coronagraph. General view of LST-3 (a) and LST-3 building (b). Groundbreak-

ing ceremony of LST-3 on August 5, 2023 (c)

research that may be implemented with the radiohelio-
graph includes: topology of coronal magnetic fields
during the active and quiet Sun; wave processes and
shock waves in the solar atmosphere; evolution of large-
scale structures in the solar atmosphere during the 11-
year solar cycle; regular measurements of radio emis-
sion at a wavelength of 10.7 cm; assessment of geoef-
fectiveness of solar flare parameters; short-term predic-
tion of powerful solar flares with a lead time of 2 to 3
days. MSRH is located at the ISTP SB RAS Radio As-
trophysical Observatory (Figure 11, a). This allows us to
carry out observations using MSRH in conjunction with
the existing instruments. MSRH is an interferometer
that produces solar images in the 3-24 GHz frequency
range in both circularly-polarized components
[Altyntsev et al., 2020]. It consists of three separate
antenna arrays, each designed for one frequency band:
3-6 GHz, 6-12 GHz, and 12-24 GHz. The antenna
diameters for these bands are 3, 1.8, and 1 m respec-
tively. The numbers of antennas in the arrays are 129,
192, 207. Radioheliograph data is necessary to develop
and implement methods of short-term forecast of solar
flares, measurements of kinematics and characteristics
of coronal mass ejection plasma, forecast of characteris-
tics of fast solar wind streams. All-weather monitoring
of explosive processes on the Sun will enable us to
solve an important applied problem — to assess their
impact on the operation of space facilities, as well as
ground-based communication, navigation, radar, and
other technological systems. MSRH is already in opera-
tion. Figure 11, b—c show solar images obtained with
MSRH at three frequencies on September 19, 2023.

The Radiophysical Complex
The Radiophysical Complex (RPhC) for ionospheric

SRH0306 3000 MH2z Stokes |

and atmospheric research is the largest complex and
multifunctional information system in the National He-
liogeophysical Complex [Zherebtsov, 2020; Medvedev
et al., 2020; Vasilyev et al., 2020a]. RPhC includes the
most powerful and promising research instruments: a
radio wave incoherent scatter (IS) radar for ionospheric
sounding; a mesospheric-stratospheric-tropospheric
(MST) radar for sounding the neutral atmosphere; a
heating facility for modifying the ionosphere with pow-
erful HF radio waves. This cluster of large tools will be
supplemented with a system of small problem-oriented
instruments and a meridional chain of stations Norilsk —
Irkutsk (ionosondes, magnetometers, photometers, etc.).
The IS-MST Radar, which combines capabilities of IS
and MST measurements, will be able to cover layers
from the troposphere to the plasmasphere (altitude range
10-1500 km) and to study processes of energy transfer
from the lower and middle atmosphere to the ionosphere
as well as the interaction of the magnetosphere with the
upper atmosphere. Apart from atmospheric research, the
radar will allow us to track spacecraft and space debris,
determining precise coordinate characteristics. The an-
tenna system is also suitable for radio astronomical ob-
servations.

RPhC will be located near Lake Baikal in Tazheran
steppes [Medvedev et al., 2020]. The RPhC location is
unique since the complex will provide important geo-
physical data and monitor near-Earth space in the center
of Russia, significantly complementing observational
data acquired by geophysical centers in the USA, Eu-
rope, and Japan in studying global distributions of envi
ronmental parameters.

The main focus of RPhC studies is on the upper atmo-
sphere (80-1500 km) as one of the most important parts

SRH0612 6000 MHz Stokes | SRH1224 12200 MHz Stokes |
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Figure 11. NHC RAS: Multiwave Siberian Radioheliograph. MSRH antenna arrays (a). Solar images at 3.0, 6.0, 12.2 GHz

obtained by Ragioheliograph on September 19, 2023 (b—d)
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of the Sun — Earth system. The results of the iono-
spheric and upper atmospheric research with RPhC are
important for various fields of science and technology:
space and terrestrial radio communications, radar, and
navigation; near-Earth space monitoring, including
problems of comet and asteroid impact hazards and
space debris.

The IS-MST Radar

The IS-MST Radar includes two phased arrays
spaced by 100 m and have a tilt of 20° in opposite direc-
tions so as to cover as large area as possible (Figure 12)
[Medvedev et al., 2020]. The radar operating frequency
band is 154-162 MHz, and the peak transmitted power
of each array is 1 MW.

Figure 13 shows the main operating modes of RPhC
[Medvedev et al., 2020]. The MST mode (Figure 13, a)
will be used for diagnostics of dynamics (the neutral
wind parameters) in the lower and middle atmosphere.
For ionospheric research, we will utilize two operating
modes corresponding to two height ranges (below 500
and above 500 km): mode 1S-1 for studying interactions
in the atmosphere-ionosphere system and multi-
parameter diagnostics of the ionospheric plasma (Figure
13, b); mode 1S-2 for studying interactions within the
ionosphere — plasmasphere system as well as measuring
variations in the ion composition and tracks of plasma
fluxes (Figure 13, c). The SO monitoring mode will
provide monitoring of space objects (SO) such as space-
craft and space debris (Figure 13, d). In the cooperative
observation mode (Figure 13, €), an ionospheric region,
irradiated by the heater, will be scanned by the IS-MST
Radar, optical tools, HF and GNSS receivers; this will
ensure comprehensive diagnostics of phenomena occur-
ring upon powerful high-frequency impact on the iono-
sphere. The passive mode (Figure 13, f), where the radar
does not transmit, but detects space signals from various
directions, will be useful for radioastronomy observa-
tions of radiation from the Sun and space radio sources,
as well as for studying radio storms and radio signal
scintillations.

The heating facility IKAR-Al

Developed with NHC RAS, the new heating facility
IKAR-AI (Irkutsk short-wave antenna array with active
transmitters) takes into account the extensive experience
in heating in Russia and abroad [Vasilyev et al., 2020a].

Figure 12. NHC RAS: IS-MST Radar. General view near
Lake Baikal (a), antenna of IS-MST Radar (b)

The heating facility is a complex of 60 antennas on an
area of 700x700 m (Figure 14, a). IKAR-AI will radiate
in a frequency range 2.5-6.0 MHz with an effective
power of several hundred megawatts. The proposed
frequency band is the best to undertake new research at
IKAR-AI. The transfer of shortwave radiation energy to
a charged particles in the upper atmosphere is the most
effective in the lower band 2.5-3.5 MHz, where the
second electron gyrofrequency harmonic is located and
where the most intense artificial ionospheric turbulences
and optical airglow occur. The upper band part (the 4-6
MHz) allows for the efficient operation of the heating
facility periods of higher solar activity, as well as for the
use of IKAR-AI as a short-wave radar for ionospheric
diagnostics. It is important that the heater will be sur-
rounded by such multifunctional instruments as the in-
coherent scatter radar, mesostratospheric lidar, optical
and radiophisical observational systems that can enable
us to diagnose artificial plasma disturbances and artifi-
cial airglow structures (Figure 14, b).

Network of Coherent lonospheric Radars
(SECIRA)

Under the NHC RAS project, ISTP SB RAS is de-
ploying the Russian network of coherent ionospheric
radars analogous to SuperDARN [Berngardt et al.,
2020; Zherebtsov, 2020]. The Russian radars can make
observations over almost the entire territory of the Rus-
sian Federation (Figure 15, a) and are capable of study-
ing the magnetosphere-ionosphere coupling, including
effects of magnetospheric substorms and geomagnetic
storms in mid-latitude and subauroral regions. The project
of SECIRA radars has been developed at ISTP SB RAS.
The radar is based on fully digital generation and receiv-
ing of signals, which is currently the major approach in
developing new radars [Berngardt et al., 2020].

Unlike SuperDARN radars, SECIRA radars will
have T-shaped phased antenna arrays (PAA) (Figure 15,
b). Each PAA consists of 16 transmitting/receiving and
8 receiving antennas arranged in two perpendicular lin-
ear phased arrays. The distance between antennas (~15
m) coincides with distances in SuperDARN PAA. The
maximum radiation power of each antenna is 1 kW. The
SECIRA PAA geometry allows us to minimize the prob-
lems associated with the phase uncertainty of the re-
ceived signal, as well as to consistently identify signals
coming from the back lobe. The Russian system of co-
herent radars provides studies in several major areas:
solar wind interaction with the magnetosphere and iono-
sphere; internal atmospheric waves; scattering by mete-
ors and mesospheric winds; natural and artificial plasma
irregularities. The Russian SECIRA network will also
provide the solution to the following applied problems:
continuous monitoring of ionospheric disturbances in
sub-polar regions affecting the various technological
systems; monitoring of the auroral oval boundary for
efficient prediction of blackouts in high-frequency radio
channels and optimal operating frequencies under dif-
ferent geophysical conditions; near real-time diagnostics
of wave ionospheric disturbances as most unpredictable
factor of disturbances for communication and naviga-
tion systems.
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Figure 13. NHC RAS: IS-MST Radar. Operating modes of IS-MST Radar: MST mode (a); 1S-1 mode (b); 1S-2 mode (c), SO
monitoring mode (d); cooperative observation mode (e), radioastronomical (passive) mode (f) [Medvedev et al., 2020]

Figure 14. NHC RAS: Heating Facility. General view of the Heating Facility (a). Fields of view of the NHC RAS instruments at an
altitude of 250 km are (b): red circle for the Heating Facility; blue ellipses with right hatching for the IS-MST Radar; purple circle with
left hatching for the MS lidar; green trapezium with horizontal hatching for the existing Irkutsk 1S-radar; green dashed circle for the
existing ionosonde DPS-4; black circle for the all-sky camera; gray ellipses for the Fabry — Perot interferometer [Vasilyev et al., 2020a]
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Figure 15. NHC RAS: Network of Coherent lonospheric Radars. Position of coherent radars and their fields of view (a). General

view of coherent radar of NHC RAS (b)

Lidar Optical Complex (LOC)

Lidar Optical Complex (LOC) is designed to study pro-
file characteristics of physical parameters (temperature,
density, wind) and composition (gas components, aerosol)
of the middle and upper atmosphere, which are formed
under the influence of natural processes and anthropogenic
impacts [Matvienko et al., 2020; Vasilyev et al., 2020b].
The optical complex combines active laser systems [Mat-
vienko et al., 2020] and passive optical instruments for
recording the atmospheric emission [Vasilyev et al.,
2020b]. The Lidar Optical Complex will allow solving
basic problems in atmospheric research at different alti-
tudes, along with important practical problems in the field
of environmental ecology and global climate change.

The mesostratospheric lidar

The study of the upper atmosphere, including the
mesosphere and the thermosphere, requires lidar sys-
tems with large optics and high-power lasers. Such a
mesostratospheric (MS) lidar (Figure 16) will be devel-
oped as part of NHC RAS with the use of theoretical
and experimental developments, received at V.E. Zuev
Institute of Atmospheric Optics of the Siberian Branch
of the Russian Academy of Sciences (IAO SB RAS)
[Matvienko et al., 2020]. The MS lidar should allow us
to measure profiles of thermodynamic parameters of the
atmosphere and distribution of the aerosol-gas composi-
tion in the altitude range 10-100 km. The proposed ver-
sion of the MS lidar utilizes different laser sources with-
in 350-1100 nm range and corresponding narrowband
high-sensitivity detectors of lidar signals. The wide spectral
range is necessary for realizing various laser sensing meth-
ods when obtaining information about remote atmospheric
layers. The problem of combining various measurement
methods for one receiving antenna will be solved by spec-
tral selection and using the multilobe antenna pattern.

The passive optical instrument

The passive optical instruments (Figure 17) include
[Vasilyev et al., 2020b] Fabry — Perot interferometers

with diameter of etalon 70 mm, equipped with auto-
matically interchangeable light filters and an automati-
cally controlled periscope input window having a sen-
sitivity sufficient to detect wind and temperature varia-
tions in the upper atmosphere at a level of 5 m/s and 5
K respectively; all-sky cameras with spatial resolution
~0.1°-0.5° and sensitivity in several Rayleigh,
equipped with automatically interchangeable light fil-
ters; high-speed photometers with a field of view of
~10° and time resolution of 1 ms; diffraction spec-
trometers in visible and infrared spectral ranges with
~0.1 nm spectral resolution and sensitivity sufficient to
observe variations in the intensity of lines in several
Rayleigh. The complex of passive optical instruments
has been put into operation and carries out regular
measurements at the Geophysical Observatory of ISTP
SB RAS (GPO ISTP RAS). Figure 17, ¢ shows SAR-
arcs detected at GPO ISTP RAS (midlatitudes) with an
all-sky camera at a wavelength of 630 nm during the
April 23, 2023 strong geomagnetic storm.

The Data Center

The Data Center to be established in Irkutsk will
provide collection, real-time processing, and storage of
data from NHC RAS instruments; it will also allow for
data transfer to users (Figure 18). Its computing power
and hardware as well as software architecture should
ensure compliance with the requirements for speed,
storage capacity (at least 100000 terabytes per year),
generation of necessary warnings, indices, and other
indicators of the state of the Sun and near-Earth space.

The main goals of Data Center are: carrying out ex-
periments to the benefits of scientific organizations
(Shared Equipment Center); preparing data products for
end users (customers); space weather conditions: warn-
ings and alarms for consumers; online control of work-
ing modes of the instruments of NHC RAS; collecting
data from NHC RAS instruments; data processing; data
storage.
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Figure 18. NHC RAS: Data Center. General view of Data Center building

The National Heliogeophysical Complex will facil- CONCLUSION

itate the transition to a qualitatively new level of de- The foundation of the Chinese-Russian Joint Research
velopment of basic and applied research in solar-  center on Space Weather in 2000 reflected the main trends
terrestrial physics, and ensure high-level implementa- iy society and science. The center’s activities focus on ad-
tion of these works for the next 25-30 years. The geo-  dressing fundamental issues in modern solar-terrestrial
graphical location of the complex, its multifunctionality  physics, such as quantitative description of the processes in
and technical equipment will allow Russian scientists  complex interconnected system Sun — interplanetary me-
to participate in international programs including dium — magnetosphere — ionosphere — atmosphere,
IMCP and the Chinese-Russian Joint Research Center. assessment of capabilities of predicting interactions
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within this system, development of effective models for
forecasting the state of the atmosphere and near-Earth
space. The Joint Research Center is aimed at the study
of all major space weather events from the Sun to the
magnetosphere, ionosphere, and atmosphere.

In 2024, the Chinese-Russian Joint Research Center
on Space Weather celebrated its 24th anniversary. We
have been working together for two solar cycles already.
Founded by ISTP SB RAS and NSSC CAS, the Joint
Research Center has united more than 10 scientific insti-
tutes in Russia and China. About 60 scientific projects
have been implemented and more than 400 joint scien-
tific articles have been published. As part of the Joint
Research Center's work, the following important results
were obtained. Simultaneously at the Siberian Solar
Radio Telescope (Russia) and the Huairou Solar Ob-
serving Station (China), zebra patterns in the microwave
range were recorded for the first time. This allowed us
to determine not only spectral, but also spatial charac-
teristics of the event. For the first time, data was collect-
ed on the evolution of wave processes in small angular
solar magnetic structures linked to umbral flashes. The
spatial patterns of the magnetic helicity reversals in the
Sun were shown to reflect the processes which contrib-
ute to generation and evolution of the large-scale mag-
netic fields. New patterns of Earth's magnetosphere sat-
uration process were obtained: stopping the growth of
the electromagnetic energy flux through the magneto-
sphere boundary and the polar cap from the solar wind
with its unusual intensification during superstorms. Lo-
cal empirical models of regular ionospheric variations at
high, mid-, and low latitudes were created based on
long-term ionospheric measurements with vertical
sounding ionosondes in Norilsk, Irkutsk and on Hainan
island. Coordinated studies of the ionospheric effects of
geomagnetic storms in 2000-2017 were performed at
the meridional chain of ionospheric stations in Russia
and China. The medium-Ilatitude ionosphere was found
to exhibit properties of high-latitude ionosphere during
superstorms. Additionally, there are differences in the
East Asian ionospheric response to geomagnetic storms
at high and low solar activity. Furthermore, there is lon-
gitudinal alternation of positive and negative ionospher-
ic response during the recovery phase of some storms.

The future work of the Joint Research Center will be
closely linked to the implementation of major unique
projects in China and Russia: the International Meridian
Circle Program (IMCP) led by NSSC CAS, and the Na-
tional Heliogeophysical Complex of the Russian Acad-
emy of Sciences (NHC RAS) led by ISTP SB RAS.

IMCP connects 120° E and 60° W meridian chains
of ground-based observatories to enhance the ability to
monitor space environment worldwide. Currently, insti-
tutes from more than 10 countries (in particular China,
Russia, Brazil, Australia, Canada) as well as some inter-
national scientific associations (EISCAT, SCOSTEP,
SuperDARN) participate in the program. IMCP is de-
signed to track propagation of space weather events
from the Sun to Earth as well as to monitor various dis-
turbances generated within the Earth system that impact
near-Earth space. The IMCP observation system will pro-
vide monitoring and better understanding of the interac-
tions between solar activities and terrestrial processes.

NHC RAS is a complex of large heliogeophysical
instruments of new generation. NHC RAS is being de-
ployed by ISTP SB RAS in the Eastern Siberia. The
complex includes five big scientific instruments: Large
Solar Telescope-Coronagraph, Multiwave Radiohelio-
graph, Radiophysical Complex for Atmospheric and
lonospheric Research, Network of Coherent lonospheric
Radars, Lidar Optical Complex. NHC RAS should pro-
vide solutions to the most important problems of solar-
terrestrial physics, considering the Sun — Earth system
as a uniform and interrelated one. NHC RAS is aimed at
studying solar activity and its impact on space weather;
studying the magnetosphere — ionosphere — atmosphere
system and effects imposed on it by solar factors and
meteorological and lithospheric processes; studying the
effects of space factors on operation of spacecraft and
various engineering systems; monitoring of near-Earth
space, spacecraft and space debris; developing methods
for solar activity and near-Earth space monitoring and
prediction to the benefit of different consumers. NHC RAS
can make a significant contribution to IMCP for observa-
tions at middle and high latitudes at 120° E meridian.

After many years of collaboration, we can conclude
that the Chinese-Russian Joint Research Center on Space
Weather has proven its usefulness and continues its work in
studying the Sun, solar-terrestrial relations, and near-Earth
space. The Joint Research Center invites all interested insti-
tutions to further cooperation and development.

We would like to thank all those who took part in es-
tablishment of the Chinese-Russian Joint Research Center
on Space Weather, and facilitated its successful work.

The work was financially supported by the Ministry of
Science and Higher Education of the Russian Fede-ration.
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Abstract. The review of authors’ papers is devoted
to the essential role of the Rayleigh — Taylor instability
(RTI) as a trigger of flare energy release. We have ana-
lyzed two cases of RTI: near coronal loop footpoints
and at the loop top. RTI near loop footpoints requires
pre-heating of chromospheric plasma. This pre-heating
can be realized due to Joule dissipation in partially ion-
ized plasma under condition of the Cowling resistivity.
RTI at the loop top arises in current-carrying coronal
loop loaded by prominence. We have determined the

conditions of RTI as a flare trigger in both cases. It is
shown that RTI generates super-Dreicer electric field in
the chromospheric parts of a loop. This is the promising
solution of longstanding “number problem” of particle
acceleration. RTI can be also a cause of prompt (~10 s)
hot onset precursor events (HOPE).

Keywords: Sun, flare trigger, Joule dissipation, parti-
cle acceleration.

INTRODUCTION

The epigraph to this review article is a quotation
from Cornelis de Jager “Flares are different". Indeed,
the observed variety of flares does not fit into the Pro-
crustean bed of the standard model. In recent decades, it
has been found that in most flares flare plasma is heated
before the appearance of hard X-ray caused by electrons
accelerated in a flare [Veronig et al., 2002; Sharykin,
Kosovichev, 2015; Meshalkina, Altyntsev, 2024].
Moreover, in some cases there is unusually rapid (~10 s)
pre-flare heating of chromospheric plasma up to 10-15
MK at coronal magnetic loop footpoints [Hudson et al.,
2021]. A number of recent works have examined the
nature of hot onset precursor events (HOPE) (see, e.g.,
[da Silva et al., 2023; Battaglia et al., 2023]). Neverthe-
less, the mechanism of the rapid heating has not been
determined yet.

The problem of explaining the huge number of
charged particles accelerated in a flare remains unclear
in the physics of solar flares [Hoyng et al., 1976]. It has
been established that a solar flare in the impulsive phase
produces ~10%" energetic (>20 keV) electrons per sec-
ond, and the total number of such electrons during the
impulsive phase (~100 s) is 10%¥[Miller et al., 1997].
This exceeds the number of thermal electrons in the
coronal part of the magnetic loop: (1+5)10% [Emslie,
Henoux, 1995]. In giant flares, the number of electrons
with energies >20 keV can be as large as 10*! [Kane et
al., 1995], i.e. the entire plasma in the flare loop should
be in acceleration mode. One possible solution to this
problem is acceleration in denser layers of the solar at-
mosphere.

An important problem is to identify the trigger of solar
flares. A number of possible flare triggers have been dis-
cussed in the literature: thermal trigger [Syrovatskii, 1976;
Ledentsov, 2021], topological trigger [Somov, 2008;
Kusano et al., 2012], interaction between magnetic loops

[Kumar et al., 2010], trigger prominence [Pustil'nik, 1974;
Zaitsev, Stepanov, 1992]. In this paper, we investigate the
role of Rayleigh — Taylor instability (RTI) as a solar flare
trigger in the typical magnetic configuration — the current-
carrying flare loop. We examine two cases of RTI devel-
opment: near loop footpoints and at its top due to promi-
nence activity. We also study two important consequences
of RTI development as a flare trigger: plasma heating due
to Joule dissipation and acceleration of charged particles.

RAYLEIGH—TAYLOR
INSTABILITY AT FLARE
LOOP FOOTPOINT

We proceed from the representation of a flare loop as
an equivalent electric circuit [Alfvén, Carlqvist, 1967],
when an electric current is generated by convective mo-
tions in the photosphere, and the current flowing through
the loop is closed either through the photosphere at the
level of tspgo=1 [Zaitsev, Stepanov, 1992; Zaitsev et al.,
2020] or through the loop surface [Melrose, 1991]. Fig-
ure 1 schematically shows a flare loop footpoint located
in the partially ionized chromosphere. RTI is caused by
centrifugal acceleration with an appropriate magnetic
field curvature with radius R, [Zaitsev, Stepanov, 2015]:

~ fc _ 2kBT n F_éc, (1)

- 2
p mRn+n,

C

where p is the plasma number density; kg is the Boltz-
mann constant; T is the plasma temperature at the outer
boundary of the flux tube; n, n, are electron and neutral
atom densities respectively. The appropriate curvature
of the magnetic field of a loop is formed in the region of
a sharp increase in the width of the loop due to a de-
crease in external pressure; therefore, the vertical size of
the RTI region can be estimated as 1~(0.5+1.0) 10° cm.
The dynamic pressure gradient of the convective flow

This is an open access article under the CC BY-NC-ND license



The Rayleigh—Taylor Instability

Clorona

|

|
Sivdiaa [

i Phe ltuﬁ])hf‘l'f‘

Figure 1. Scheme of plasma injection from the chromo-
sphere into the magnetic loop footpoint during the develop-
ment of RTI: f. is the centrifugal force; a(z) is the radius of the
magnetic flux tube; p, is the external gas pressure; 0 is the
angle between the direction of the radius of curvature and the
vertical [Zaitsev, Stepanov, 2015]

also acts on the outer boundary of the tube.

—m; (n+n,)aV,” /or. Assuming V,(r,t) =-Vo()r/a, we

obtain the condition for RTI development (ballooning
2

mode) g, + 2\;" sin6—gcos® >0, which at H(z)=
= kB:r-:—éz) >a(z) takes the form [Zaitsev, Stepanov,
2015]:I

nT 8HV (t)

>1. 2)

2(n+n,)T, " a’g

Here, T, is the temperature inside the magnetic flux
tube; g is acceleration of gravity on the Sun. It follows
from (2) that ballooning instability develops when the
outer shell of the flux tube is heated and the convective
plasma flow velocity (dynamic force) increases sharp-
ly. To determine the temperature to which the outer
shell should be heated, we can use the modified Saha
formula for hydrogen atom [Brown, 1973]:

(n+n,)x? ~
1-x 3)

5
=7.2.10%T"? exp[—6.583— Mj
where x=n/(n+n,) is the degree of ionization. It follows
from (3) that for a chromospheric layer with a density
n+n,=10" cm™ instability criterion (2) is fulfilled at
relatively low plasma stream velocities V(t) if the flux
tube shell is heated to T~2.5-10* K. The degree of ioni-
zation x runs to 90 %, and the instability criterion takes
the form xT/(2T.)=2.6>1. In this case, the typical RTI

time in the magnetic flux tube with radius
a~(3+5)10" cm
3/2 1/2
Tar ~ (32T, /4nTg) ~ ~10s, (4)

This value is of the order of a/Vy; that takes the external
plasma tongue to penetrate the magnetic flux tube with
the thermal velocity of ions.

The Rayleigh— Taylor instability causes disturbance

of the magnetic field of a loop and compression of the cur-
rent channel leading to amplification of current and its
increased dissipation due to ion-neutral particle collisions
in chromospheric plasma.

ELECTRON ACCELERATION
IN INDUCED ELECTRIC FIELDS

Electric field acceleration of charged particles is most
effective. When the chromospheric plasma tongue pene-
trates into the loop footpoint at a velocity

V. (r,t)=-V,(t)r/a the magnetic field components B,
and B,=2l/(ca), and hence the current, according to

OB /ot = rot [\7 x ﬁ], evolve as follows:

r 200, (o
B, (r.t)=B, ;exp[g_([vo (t")dt ]
- ®)
B,(r.t)= constoexp[g.[v0 (t’)dt’}.
0

From Formula (5) and rotE:—(l/c)8§/at, we can
show that with the development of RTI the induced
electric field E = —(1/C)[\7>< I§] is perpendicular to the

magnetic field, so it does not accelerate charged parti-
cles. However, during the time t, =1/V, ~5+10s,

where |~ (0.5+1.0)10° cm is the vertical extent of the

RTI region, the magnetic field tension pulse B, "es-
capes” from the instability region at an Alfvén velocity
V as a pulse of longitudinal electric current

2 2

0°B, _ B% 0 B“’. ®)

ot? 4mp or°
The magnetic pressure pulse B,(r,t) remains in the
region of plasma tongue penetration, exciting FMS
oscillations (Figure 2).

If the current is low ( Bj <8mp, where p is the plas-

ma gas pressure), the magnetic field disturbance is bal-
anced by the gas pressure disturbance and E,=0. An
electric current pulse propagates along the loop as a

linear Alfvén wave. At B >>8np , an induced electric
field appears which is directed along the magnetic field
of the loop B, . This is due to the fact that at Bj > 8np

magnetic field disturbances are no longer balanced by
the gas pressure gradient as in the linear Alfvén pulse,
but velocity perturbations occur along the flux tube ra-
dius and along the undisturbed magnetic field B,q,
which lead to the generation of the electric field compo-
nent B, nonlinear in field and current along the flux tube
axis [Zaitsev et al., 2016]:

oE, 1 B 0B,

or  campV] ot

The electric field average with respect to the loop cross-
section

U]
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£ = 2oVadl

© 5c'BZ ot
For example, for n,=10* cm=3,B,,=300 G, 1,=10 A,
find E, 0.1 V/cm, i.e. electrons can accelerate at a

length 1~(0.5+1.0)10% cm to an energy of ~10 MeV.
The ratio of the maximum field to the Dreiser field Ep
=6-10"°n/T V/cm, when plasma electrons go into escape
mode, is [Zaitsev et al., 2016]

Tis (A
5:2.2-108—2 0(3,2) :
Ep a‘B, N Ag

L E=7-V,t. @)

)

Figure 3 displays generation regions of electric
fields, large and small Dreiser fields for typical condi-
tions in the chromosphere.

Why are electric fields of the order of the Dreiser
field necessary for effective acceleration of particles in a

(B By

20

A€

Figure 2. Magnetic field disturbance in the flux tube due
to the development of RTI. Here, | is the vertical size of the
penetrating external plasma tongue; a is the radius of the mag-
netic flux tube; AE is the size of the electric current pulse
along B, [Zaitsev et al., 2016]

n(em™)

Powerful

Small flares flares

10
Region of optical
flares (Fritzova-

Svestkova & Svestka,
1967)

0% L

S (I

N I T 1(A)
10 10" 10"

Figure 3. Plasma number density — electric current plot
for a=10" cm, B,(=2-10° G, T=2.10* K, 8A&=5-10" cm. Re-
gions of sub- and super-Dreicer electric fields (gray) are
shown which are formed at the leading edge of a current pulse
propagating along a magnetic loop from the RTI region
[Zaitsev et al., 2016]

flare? In the chromospheric part of the loop, the number
of particles in the column from the temperature mini-
mum to the transition region between the chromosphere
and the corona averages ~5-10%. This is enough to
provide injection of the required number of electrons
~10¥into the acceleration mode [Miller et al., 1997].
Since the total number of accelerated electrons does
not differ much from the total number of particles in
the chromospheric part of the loop, this indicates a
high efficiency of the acceleration mechanism when
the number density of accelerated electrons is compa-
rable in order of magnitude to the background plasma
number density. This means that when accelerated by
regular electric fields, the fields should either be
close to or exceed the Dreiser field. That is why, in
sufficiently powerful flares, acceleration of electrons
should most likely occur in the chromosphere. Oth-
erwise, it is difficult to explain the high number den-
sity of accelerated electrons n~10"°-10" cm with an
energy >20 keV. Electric fields larger than the Drei-
ser field can appear at the front of an electric current
pulse generated in a loop due to the development of
RTI if the current amplitude exceeds 10™°A (see Fig-
ure 3). The presented results on particle acceleration
in the chromosphere can be considered as déja vu —
return to the concept of a chromospheric flare [Gio-
vanelli, 1946; Fritzova-Svestkova, Svestka 1967].

FLARE ENERGY RELEASE
INITIATED BY PROMINENCE

Some authors (see, e.g., [Zimovets et al., 2020]) believe
that a shortcoming of the current interruption model is the
inability to explain the observed energy release at the loop
top, which occurs in hard X-ray “above-the-loop-top flare"
[Masuda et al., 1994]. We show that RTI caused by promi-
nence at flare loop tops can explain this phenomenon. For
the first time, the possibility of initiating a flare in magnetic
loops loaded with prominence (filament) was observed by
Pustil'nik [1974] under the assumption of magnetic recon-
nection. In fact, a dense (n,+n~10"-10" cm™) and rela-
tively cold (T~0.01 MK) prominence of thickness
D~(3+10)108 cm, located above a flare loop or an arcade of
loops with T~(1+10) MK and n~10° cm®, represents a
classical RTI pattern: heavy liquid over light (Figure 4). An
appropriate magnetic field curvature is also available. As a
result, partially ionized plasma tongues penetrate into the
hot current-carrying loop, which lead to increased Joule
dissipation under the Cowling resistivity and to accelera-
tion of charged particles, described in the previous section,
in induced electric fields. If loops are sequentially arranged
in height (see Figure 4), there may occur a Masuda flare
effect since the increased plasma number density provides
a target thick enough for generating hard X-ray by elec-
trons accelerated at loop tops. This is, briefly, our scenario
of a flare trigger due to prominence-induced RTI.

Accordingly, we make some estimates. RTI (balloon-
ing mode) occurs if the prominence thickness
D>D.=B%/(10mpg) [Pustil'nik, 1974]. Given p=m;(n,+n)=
=5-10 g/em® and B=10 G, we find D.=2-10 & cm, which
is less than the observed filament thickness.

The Joule dissipation rate per unit volume of magnetic
flux tube is determined as [Stepanov, Zaitsev, 2018]
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Figure 4. Flare loop-prominence interaction. The tongue
of dense partially ionized plasma of prominence penetrates a
loop due to RTI [Zaitsev, Stepanov, 1992]

q =(E+%V>< Bjj =
. (10)
P, e

+

2y *%  erg/(cm®s),
o (2-F)c’nmy;, g/(em’s)

where j, =1/(ra’), o=ne’/(m,v, ) is the classical
conductivity ~ (Spitzer), F=n,/(n+n,), B,=21/(ca),
v, #1.6-10F (n+n,)\T. The second term in (10)
describes dissipation due to the Cowling resistivity associ-
ated with ion-atom collisions, which in the case of injection
of neutral particles from a prominence to a magnetic loop

is predominant. Then, the dissipation rate can be represent-
ed as

4F?1*
(2-F)rc'a

cra’nmv;,
Assuming 1=10"A, F=0.5, the loop radius in the corona
a=10°® cm, n=10° cm?3, T=10* K, we obtain q~4-10°
erg/(cm 3s). If the energy release region at the loop top
is ~3-10% cm®, we get an energy release capacity of
~10% ergls.

The number of energetic electrons accelerated at
the top of the current—carrying loop when the promi-
nence plasma tongue penetrates it can be estimated as
N ~ 27nAXDV,At. For the time At=100 s at n~3-10"

cm 2, the length of the tongue penetrating the loop top
Ax~ D ~3-10° cm, V(T =10* K) ~10° cmis,,

have N=2-10%. This number of accelerated electrons
corresponds to a medium power flare.

erglcm’s (12)

q:

we

PULSE HEATING

OF THE CHROMOSPHERE
AND PROMPT FLARE
PRECURSORS

Among HOPEs, there are also unusually prompt
flare precursors. For example, Hudson et al. [2021] us-
ing observational data from GOES and RHESSI have
shown that before the flare impulsive phase on January
7, 2017 the chromospheric coronal magnetic loop foot-
points rapidly, for ~10 s, heated up to a temperature 10—
15 MK, being almost the same for 1.5 min. The emis-
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sion measure of radiating loop footpoints slowly in-

creased and, according to GOES data, ran to n®v ~10"
cm?®  With loop  footpoint  volumes  of
V ~5-10% +10% cm®, this leads to an estimate of plas-
ma number density n ~(3.0+4.5)10" cm® near the pre-

cursor region, which is typical of the chromosphere.
During the heating phase, the chromosphere was not
heated by accelerated electrons. A similar result has
been obtained in a number of other papers [Awasthi,
Jain, 2011; Battaglia et al., 2023]. Thus, pre-flare heat-
ing is not related to collisional heating of the active re-
gion by non-thermal electrons, which contradicts the
standard flare model.

We assume that the pre-flare heating is linked to a
sharp increase in the longitudinal electric current (B,)
during the development of RTI, described in the previ-
ous sections, at loop footpoints. A pulse of high-
amplitude longitudinal electric current remains in the
chromosphere for t, ~1/V, ®5+10s. During this

time, the current heats the chromospheric footpoint to
T~10" K, forming an X-ray flare precursor. Then, the
pulse of the longitudinal electric current leaves the in-
stability region as a nonlinear Alfvén wave (see Figure
2) with the induced electric field that accelerates elec-
trons to energies sufficient to form a solar flare hard X-
ray source. This is a possible scenario for a flare with a
precursor [Zaitsev, Stepanov, 2025].

Explore the conditions for the formation of such a
prompt flare precursor. First, from (11), find the time of

heating of magnetic loop footpoints to T >10" K by

electric currents. We can ignore dissipation due to the
Spitzer resistivity since at ~3-10** A such resistivity is
significant only for heights <1000 km [Stepanov et al.,
2024]. When estimating the heating time, neglect the
radiative losses caused by high temperatures, as well as
the thermal conductivity along the loop, which is sup-
pressed by a significant azimuthal magnetic field compo-
nent B, associated with the longitudinal current j,. As-

sume that at T>10° K the relative number density of
neutrals depends on temperature in the same way as in
the quasi-stationary corona, i.e. F=0.15/T [Verner,

Ferland, 1996; Zaitsev, 2015]. From the heat balance
equation

1 op P

i o200

y-1aot n“aT (12)
5

p=2knT,y= 3

determine the temperature dependence on time
4
T2 -T2 =3.25-10° (y-1) '3 +t. (13)

B
From (13), find the heating time of the chromospheric
footpoints  t, ~10°s~3 hr to T >10" Kat
| =10 A, n=4-10"cm?® and a=3-10"cm. Such a
long heating time means that we cannot use the formula for

the relative number density of neutrals for the quasi-
stationary corona, but we should take into account the
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pulsed nature of heating and the nonstationarity of ioniza-
tion process. The rate of change in the plasma electron
density during neutral atom ionization by electron impact
can be estimated from the equation

dn

Pl (04Vre ).

The hydrogen atom ionization cross-section o,, ~2-10™"

cm? at T =10" K [Andreev, 2010]. The heating time of
precursor plasma by electric current t,, ~10 s. During this

time, plasma at the loop footpoint is only partially ionized,
retaining a certain number of neutrals. The number density
of neutrals at the heating stage is estimated from Equation
(14):

(14)

onjot 1 ~4.10° cm™.

= n<GHVTe> ) TH <GHVTe>

With the plasma number density n~4-10"cm™ in the
precursor generation region, the relative number density

of neutrals F=n, /n=10"7. It is three orders of magni-
tude higher than the relative number density of neutrals
in the corona with T=10"K(F ~0.15/T ~10°®). This

difference is caused by the fact that when a strong elec-
tric current is pulsed on the heating rate is higher than
the ionization rate (ionization does not keep up with
heating). Therefore, when a current pulse "escapes"
from the flare precursor region in the form of a nonline-
ar Alfvén wave, the residual number density of neutrals
in this region remains quite high [Zaitsev, Stepanov,
2025]. To determine the current required to heat the
precursor to T=10 K during the time 7y 10 s at F=10~°,
we use Equation (12) from which we find the heating
time.

1.6-10°n°a°T%?
Tx—— 2 s
Fl*
It follows from (16) that for the region with n=4-10"
cm 3, a=3-10" cm, F=10"° plasma heating to T~10" K
during the time t,, <10 s is possible at 1 >10"A. For
the plasma number density n=10" cm™, the critical

current 1 >5-10"A. Such electric currents are recorded
in flare precursors [Wang et al., 2017]. Since the heat-
ing time is ~I™*, prompt X-ray precursors at currents

lower than 10™* A are unlikely to exist.

(15)

(16)

CONCLUSION

We have shown that the Rayleigh — Taylor instability
is a flare trigger both at loop footpoints and at their tops.
RTI at the loop footpoint leads to the intrusion of the sur-
rounding chromospheric plasma into the loop at a velocity
~V71i during the time ~a/Vy; ~10 s, with the longitudinal

. . . 2
electric current increasing I, =1, exp(—ﬁv (t')dt'}
a

Joule dissipation with increased Cowling resistivity causes
the chromosphere to heat up at loop footpoints and a sig-
nificant number of electrons to accelerate to energies ~1-3

MeV in induced electric fields. At the same time, for
~10%8-10* electrons to accelerate during a flare, electric
fields should be either close to the Dreicer field or higher
(super-Dreicer). Our results on energy release and particle
acceleration in the chromosphere can be considered as déja
vu — return to the concept of a chromospheric flare.

The Rayleigh— Taylor instability at tops of flare loops,
loaded with a dense cold filament, initiates phenomena
similar to those described for loop footpoints. In this case,
the filament injects a significant number of neutral particles
into current-carrying magnetic loops, which dramatically
increase the Joule dissipation at loop tops, accompanied by
charged particle acceleration. Thus, we can explain flares
of the “above-the-loop-top” type [Masuda et al., 1994] in
the current-carrying magnetic loop model.

An important consequence of RTI as a solar flare
trigger is the possibility of explaining prompt (~10 s)
hot (10-15 MK) solar flare precursors. We have shown
that if the pulse current exceeds 10™A, the Joule plasma
heating rate overtakes the ionization rate, which leads to
increased electric current dissipation. Note that preheat-
ing of flare plasma to a temperature >12 MK is also a
necessary condition for accelerating high-energy (>100
MeV) protons [Struminsky et al., 2024]. Moreover, un-
derstanding the physical nature of the solar flare trigger
is of paramount importance for predicting space weather
and mitigating its impact on technological infrastructure.

The work was financially supported by RSF (Grant No.
22-12-00308-P).
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Abstract. One of the very important international
events in space science that has happened recently is the
launch of the International Meridian Circle Program
(IMCP). A key element of IMCP is a quite new instru-
ment — the Solar Full-disk Multi-layer Magnetograph
(SFMM) installed at Gan Yu Solar Station (GYSS) of the
Purple Mountain Observatory (Jiangsu Province). The
main objective of this telescope is to provide data on
distribution of magnetic fields across the solar surface,
which is necessary for prediction of some space weather
(SW) parameters since this information is actually the
low boundary condition for corresponding numerical
simulations.

There are plans to construct a network of such tele-
scopes (similar to GONG or to ngGONG), so it is very
important to test how reliable the measurements of weak
large-scale magnetic fields (LSMF) are with these in-
struments. It is just LSMF, not strong magnetic fields in
active regions (which are relatively easy to measure),
that determines the structure of the heliosphere. To do

this, using first observations with SFMM at GYSS, is the
main purpose of this study.

After a brief description of the instrument and some
methodical issues, we present the results of comparison
of SFMM observations with the Wilcox Solar Observa-
tory (WSO) data. WSO measurements of LSMF are the
most reliable in the world, and the results of such com-
parison are extremely important. We have found out
that the correlation coefficient is high enough (=~0.70) if
we consider the whole range of measured strengths, but
it is lower (=0.57) if the consideration is rerstricted only
to relatively weak (|B|<10.0 G) fields. Note that there is
a significant difference between regression coefficients
(R) for these two cases: R~=5.1 in first case and only
R~1.8 in the second one. The reason of this is still un-
clear and will be the subject of future investigations.

Keywords: the Sun, solar magnetic field, space
weather, telescope.

INTRODUCTION

Space weather (SW) is a rapidly developing branch
of modern science that deals with detection and predic-
tion of plasma parameters in near-Earth space and in the
interplanetary medium, which originated from the Sun.
Many aspects of SW are crucially important for a larger
number of applied problems such as geomagnetic activi-
ty. No wonder it is precisely with SW that many modern

large projects are connected. Two of them are carried
out in China. The first is the International Meridian Circle
Program, (IMCP), which has been launched recently;
the second is the Advanced Space-based Solar Observa-
tory (ASO-S, Chinese nickname Kuafu-1). It was laun-
ched on 8 October 2022. One of the ASO-S instruments
is the Full-disk Vector Magnetograph (FMG), designed
for full-disk observations of solar magnetic fields.

This is an open access article under the CC BY-NC-ND license
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A key element of IMCP is a quite new instrument —
the Solar Full-disk Multi-layer Magnetograph (SFMM),
installed at Gan Yu Solar Station (GYSS) of the Purple
Mountain Observatory, Jiangsu Province (see Figure 1).
The new telescope was briefly described at the 15" Rus-
sian-Chinese Workshop on Space Weather [Sun et al.,
2024]. The telescope is designed for observing magnetic
fields and other parameters in the photosphere and
chromosphere (it is therefore called “multi-layer”), cov-
ering the full disk quasi-simultaneously in four spectral
lines: Fel 532.419, HB 486.134, Ho 656.28, and Call
854.21 nm. Actually, SFMM consists of two tele-
scopes on the same mount: the first one (Full-disk Mag-
netograph Telescope) is designed for magnetic observa-
tions in the first couple of lines; and the other (Full-disk
Chromospheric Telescope), for observations of veloci-
ties and intensities in the second couple.

The aperture of the objective lens of this magneto-
graph telescope is 120 mm (the aperture of the chromo-
spheric telescope is 200 mm), and the spatial resolution
is higher than 2 arcsec. It alternately measures the solar
magnetic field in two spectral lines: Fel 532.419 and Hp3
486.134 nm. For the Fel line there are 6 measurement
positions in regular observations (and 21 in special)
ranging from —0.016 to +0.016 nm from line center; for
the HP line there are 12 measurement positions from —
0.05 to +0.05 nm. The exposure time at one wavelength
position is ~5-20 ms. The scanning time for a single
spectral line is less than 15 min.

It is obvious that in some aspects SFMM reminds
the old SMAT (Solar Magnetism and Activity Tele-
scope) facility at Huairou Solar Observing Station
(HSOS): it utilizes a DKDP electro-optical crystal as
a polarization analyzer (PA), it uses the same spectral
line Fel 532.419 nm, but it has as well a fundamental
difference — Liquid Crystal Variable Retarder
(LCVR) — an LCVR-based Lyot filter with fast scan-
ning of the spectral line profile.

There are plans to develop a Chinese network of
SFMM-like telescopes (similar to GONG or to ngGONG);

Figure 1. General view of the SFMM telescope at Gan Yu
Solar Station of the Purple Mountain Observatory, Jiangsu
Province. At the right bottom corner is a strip with sea

therefore, it is very important to test how reliable the
measurements of weak large-scale magnetic fields (LSMF)
are with these instruments. It is precisely LSMF, rather
than strong magnetic fields in active regions which are
relatively easy to measure (see the most recent compari-
son of local magnetic fields with Chinese data in Xu et
al., [2024]), that determines the structure of the helio-
sphere (actually, LSMF synoptic maps provide low
boundary conditions for corresponding numerical simu-
lations [Demidov et al., 2023]). Especially if to take into
account that observations of LSMF with SMAT (made in
one wing of line profile) had some problems [Demidov et
al., 2018]. The objective of this study is to make such a
test, using first SFMM observations (at present, we con-
sider only line-of-sight or longitudinal component).

RESULTS

It has long been recognized by solar physics com-
munity that the most reliable observations of LSMF are
provided by the Wilcox Solar Observatory (WSO). So it
makes an obvious sense to compare SFMM measure-
ments with WSO ones. Note that at SFMM the direct
method of measurements is used for calculating the
magnetic field strength at every pixel of a solar image
[Chen et al., 2025]. It reminds the center-of-gravity
(COG) method [Uitenbroek, 2003], but it is based on
the detection of the difference (2AA) between wave
length positions of the minimum intensity of the corre-
sponding Zeeman-components when PA is running.
Remind that for the linear Zeeman effect the shift value
of splitted components (relative to the case without
magnetic field B) is determined by the formula

ANNM]=+4.668-10" geA? B[T],
where g is the effective Lande factor. So for the spec-

tral line Fel 532.419 nm with Lande factor g=1.5 we
have
AMcm]=£1.92-107 B[T].

For this study, we have used one of the best SFMM
(but typical) observations made on April 18, 2023, when
a number of scanning points along the line profile was
as many as 21. The original matrix of data has a size
2048%2048 px. However, for comparison with low spa-
tial resolution WSO data such high resolution is not
needed, and we have remapped them through different
smoothing. Since we are planning to compare SFMM
data with observations made at the telescope STOP of
the Sayan Solar Observatory with spatial resolution
21x21 px, the lowest SFMM spatial resolution used
here is the same. Remind that WSO original measure-
ments are performed with 3 arcmin aperture, and the
scanning grid consists of 11 scan lines in the north-south
direction and 21 east-west positions at the equator.

Some following figures show how SFMM full-disk
magnetograms look like with a different spatial resolu-
tion and with different scales of color bars. Figure 2
presents a magnetogram with spatial resolution 256x256
px and with a linear color bar. We can see that only
strong magnetic fields in active regions are visible, and
it is hardly possible to say something about weaker
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magnetic fields on the rest of the surface. Much more
informative is Figure 3, where the same magnetogram
but with a non-linear color scale bar is presented. In this
case, we can see large-scale features of weak magnetic
fields, which, as has been mentioned above, determine
the structure of the open magnetic flux, which, in turn,
builds the structure of the helio-magnetosphere. At last,
Figure 4 exhibits the same magnetogram with a non-
linear color scale bar with a spatial resolution 21x21 px
in the mosaic form. It is this data with such a spatial
resolution that will be used in the following. Note that
here SFMM magnetogram fortunately does not show
any strange artificial large-scale structures, which were

SFMM.18.04.2023

. imo

Figure 2. Full-disk magnetogram of longitudinal solar
magnetic fields observed with SFMM telescope on April 18,
2023. The spectral line is Fel 532.419 nm; the remapped spa-
tial resolution is 256x256 pX
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Figure 3. Same as in Figure 2 but with a non-linear color
scale bar
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Figure 4. Same as in Figure 3, but with spatial resolution

21 by 21 px and with other levels of scale on the non-linear
color bar

found in SMAT data [Demidov et al., 2018] (see, e.g.,
the left bottom panel in Figure 1). It is a good indicator
that SFMM probably does not have systematical field-
of-view errors that SMAT has.

Unfortunately, WSO does not have any observations
of magnetograms for April 18, 2023, so it is impossible
to make a direct comparison between SFMM and WSO
full-disk observations. But we can use a WSO synoptic
map for similar analysis. Indeed, the central meridian of
the SFMM magnetogram for Carrington Rotation (CR)
2269 has a longitude ~30°, so we can employ for com-
parison a part of the SFMM magnetogram and the cor-
responding data at the beginning of the synoptic map.
Figure 5 shows the WSO synoptic map in latitude-
longitude coordinates. Figure 6 displays a part of the
SFMM magnetogram in Carrington coordinates for the
range of longitudes 0°-90°. The results of comparison
between the overlapping (SFMM-WSO) points (for
WSO from A=0° to A=90°) are presented in Figure 7.

The correlation coefficient is seen to be rather high
(p=0.7), which suggests that SFMM observations are
quite reliable. The question arises about a big difference
between amplitudes of magnetic field strengths: for
SFMM, they are by five times higher than for WSO.
Why it is happening is still unclear. It is most likely to
be somehow connected with the use of different spectral
lines at SFMM and WSO (WSO employs Fel 525.02
nm line with the Lande factor g=3.0). The question of
comparison between solar magnetic field measurements
in different spectral lines is separate and very compli-
cated; it deserves a special consideration. Furthermore,
this question is important for solving the open magnetic
flux problem [Linker et al., 2017]. It is worth noting
here that Wang et al. [2022] suggested to correct WSO
observations by a factor of 4.5 (at the disk center) (that
is close to the value we have just obtained) to compen-
sate for signal saturation in the extremely sensitive Fel
525.02 nm line. The SFMM observations in the Fel 532.419
nm line with g=1.5 should not be affected by saturation.

If we look at Figure 7 more carefully, we find that
points of small values do not follow this regression. To
explore this question in more detail, we analyze points
with magnetic field strengths |B|<10 G separately. The
results are presented in Figure 8. As expected, the corre-
lation coefficient in this case becomes lower (p=0.57),
but is still high enough. What is more important is that

WSO SYNMAP. CR 2269

B,G
21

Latitude (degree)

=21

0 180 360
Longitude (degree)

Figure 5. Synoptic map for Carrington Rotation (CR)
2269, observations of the solar magnetic field at the Wilcox
Solar Observatory (WSO)
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Figure 6. Part of the SFMM magnetogram (April 18, 2023) in
Carrington coordinates for the range of longitudes 0°—90° for CR
2269
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Figure 7. Comparison between SFMM and WSO data sets
for a part of CR 2269, 0°+90° longitude range: N indicates the
number of point pairs (px); p is the correlation coefficient; R is
the linear regression coefficient (dashed line). The solid line is
R=1.0
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Figure 8. The same as in Figure 7, but for points with
magnetic field strength |B|<10 G for both data sets. p is the
correlation coefficient; R is the linear regression coefficient
(dashed line). The solid line is R=1.0

the regression coefficient decreases very significantly
(R=1.8), which raises a question as to the need for using
different coefficients in cross-calibration of SFMM-
WSO observations for weak and strong magnetic fields.
In the future, to improve the accuracy of observations of
weak magnetic fields, it is necessary to employ meas-
urements in the “deep integration” mode.

CONCLUSION

At present, for many aspects of human civilization
existence and development it is very important to know
and predict conditions in near-Earth space and often far
beyond. This branch of science is called space weather.
To monitor parameters of high layers of the atmosphere,
ionosphere and magnetosphere, many facilities are used
around the world. One of the most ambitious projects is
the International Meridian Circle Program (IMCP), de-
veloped and realized in China. Since many parameters
detected by IMCP instruments strongly depend on con-
ditions on the Sun, it is extremely important to obtain
information about such processes. That is why, under
ICMP a special instrument — the Solar Full-disk Multi-
layer Magnetograph (SFMM) — was developed. One of
the most important aims of this instrument is to provide
the full-disk solar magnetograms.

The purpose of this study is to test the reliability of
measurements of large-scale magnetic fields (LSMF)
with this new instrument. LSMFs are rather weak, and it
is a big challenge to measure them. By comparing
SFMM data with Wilcox Solar Observatory (WSO)
observations (which are considered as the most relia-
ble), we have drawn a conclusion that correspondence
between these two data sets is fairly close.

The next natural step is to construct SFMM-based syn-
optic maps and to use them for calculating the solar
wind velocity and other space weather parameters. This
is our task for the nearest future.

This study was partly financially supported by the Min-
istry of Science and Higher Education of the Russian Fed-
eration. Wilcox Solar Observatory data used in this study
was taken from the website [http://wso.stanford.edu] cour-
tesy of J.T. Hoeksema
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Abstract. The space project Sozvezdie-270 of Mos-
cow University is in progress now. It involves the de-
ployment of a CubeSat nanosatellites constellation. To
the present, 20 satellites have been launched, 9 of them
continue to function in near-Earth orbit; one more will
be launched in the near future. Instruments were devel-
oped specifically for the experiments on board small
spacecraft of the CubeSat format, which provide meas-
urements of fluxes and spectra of charged particles,
primarily electrons of relativistic and sub-relativistic
energies, as well as gamma quanta. Along with the
space constellation, a network of ground receiving sta-
tions is also being created. A multi-satellite constella-
tion gives a number of advantages in studying dynamic
processes in near-Earth space. In particular, it makes
possible to carry out simultaneous measurements of
charged particle fluxes with instruments of the same
type at different points in near-Earth space. Such meas-
urements provide unique information about the flux of

sub-relativistic electrons, including variations due to
precipitation of electrons, which is of great importance
for understanding the mechanisms of acceleration and
losses of trapped and quasi-trapped electrons in Earth’s
radiation belts (ERB).

We discuss various recent space weather manifesta-
tions associated with increased solar flare activity.
Among such effects is the filling of the polar caps with
particles of solar cosmic rays, dynamic processes in
outer ERB during magnetic storms, rapid variations in
electron fluxes due to precipitation.

Keywords: space weather, Earth’s radiation belts, so-
lar cosmic rays, nanosatellites, CubeSat.

INTRODUCTION

Space weather is a relatively young branch of phys-
ics, which studies extremely variable conditions in near-
Earth space (NES). These variations are caused by ac-
tive processes on the Sun, conditions in the interplane-
tary medium (variations in interplanetary magnetic field
(IMF) and solar wind (SW) parameters) and in the mag-
netosphere—ionosphere—thermosphere system, as well
as their influence on Earth and human activity. Adverse

changes in NES can reduce the efficiency and reliability
of spacecraft and ground-based systems, which, in turn,
can lead to heavy losses due to problems in operating
communication systems, navigation, power systems,
and reconnaissance satellites [Baker, 2001; Belov et al.,
2004; lucci et al., 2005; Romanova et al., 2005; Potapov
et al.,, 2016; Novikov, Voronina, 2021]. That is why
space weather has become one of the fastest-growing
areas of research over the past few decades [Daglis,
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2001; Cole, 2003; Schrijver et al., 2015; McGranaghan
et al., 2021]. Nowadays, space weather forecast centers
have been established by several national governments
and research institutes (e.g., [Wei et al., 2003; Lund-
stedt, 2006; Wilkinson, 2009]).

One of the main space weather effects includes vari-
ations in energetic charged particle fluxes in various
NES regions [Kudela, 2013]. At the same time, varia-
tions in particle and quantum fluxes recorded by instru-
ments can be caused either by a satellite crossing a
compact region with increased particle density (so-
called spatial effects) or by an increase (or decrease) in
intensity (temporal effects). In turn, both spatial and
temporal effects can be related to acceleration of parti-
cles and their precipitation from the regions of trapped
radiation — Earth's radiation belts (ERB), as well as to
penetration of particles accelerated in solar flares into
the magnetosphere, i.e. the so-called solar cosmic rays
(SCRs) [Dorman, Miroshnichenko, 1968].

Experimental measurements of energetic charged
particle fluxes in NES began in the early years of the
space age [Vernov et al., 1958]. From these measure-
ments, empirical models of ERB were developed in the
1970s and 80s. These models describe the spatial and
energy distribution of omnidirectional fluxes of protons
with energies from hundreds of keV to hundreds of
MeV and electrons with energies from tens of keV to
~7-10 MeV in a large region of NES from ~250 km to
geostationary and highly elliptical orbits. The most
well-known models are AP8, AE8 (USA), and
AP9/AE9 [Ginet et al., 2013] based on newer experi-
mental data. SINP MSU has also developed ERB mod-
els [Kuznetsov et al., 2014], which formed the basis for
domestic standards regulating methods of assessing
radiation conditions of satellite flight.

However, these models are stationary. Variations in
particle fluxes are reflected in them only by setting
fluxes for minimum and maximum solar activity,
whereas the corresponding fluxes differ only for some
energies a maximum of several times. At the same time,
real charged particle fluxes in the vicinity of Earth, even
under geomagnetically quiet conditions, are subjected to
fairly significant medium- and long-term variations as-
sociated with solar and geomagnetic activity, variations
in the geomagnetic field and the density of the upper
atmosphere. Also noteworthy are rapid variations in
cosmic ray fluxes, which primarily include short-term
(with characteristic times of less than a few seconds)
variations in electron fluxes of sub-relativistic and rela-
tivistic energies (from hundreds of keV to ~10 MeV).

In order to construct an adequate dynamic pattern of
three-dimensional distribution of energetic radiation
fluxes in NES, we should consider their time variations,
including short-term variations in high-energy electron
fluxes. In this case, the central problem is to figure out
whether the detected variations in particle fluxes result
from spatial or temporal effects. This problem is diffi-
cult to resolve with a single spacecraft. This requires
simultaneous measurements with several spacecraft,
which can be implemented using a multi-satellite con-
stellation. Such problems are most effectively solved by

comparative analysis of data from several spacecraft
operating in both close and significantly different orbits.
Such a strategy may be implemented as follows:

1) Sequential passage of closely spaced satellites
through the same region, which allows the most reliable
separation of spatial and temporal effects;

2) Simultaneous measurements on different L shells
needed to restore the dynamic pattern of distribution of
the trapped particle flux in a wide range of orbits,
which, in particular, allows us to observe a shift of ERB
maximum during geomagnetic disturbances;

3) Simultaneous measurements at one altitude by in-
struments of the same type installed on several satellites
shifted in longitude relative to each other, which allows
us to assess the influence of the local time factor on the
particle flux dynamics.

Some of these problems can be solved by grouping
several simultaneously launched spacecraft with identical
detectors; the others, by analyzing data from one or more
nanosatellites together with data from a larger spacecraft
equipped with a complex of instruments providing detailed
measurements of particle fluxes, the electromagnetic field,
and other magnetospheric plasma parameters. It seems that
standard-format micro- and nanosatellites, including Cu-
beSats, are the most suitable spacecraft for implementing
the multi-satellite measurement strategy considered. Such
satellites are relatively cheap and do not require complex
development stages and special tests. As a rule, they are
launched into orbit by the associated launch, which also
considerably reduces the cost of the mission. At the same
time, there is no need to completely duplicate the function-
ality of large spacecraft. The advantage of the micro- and
nanosatellite constellation lies precisely in the possibility
for examining in more detail the time variations of differ-
ent cosmic radiation components in various NES regions
[Caspi et al., 2022].

1 MULTI-SATELLITE MISSION
SOZVEZDIE-270
OF MOSCOW UNIVERSITY

In recent years, Moscow State University has been
implementing its own space program, which involves
monitoring charged particle fluxes in NES, as well as
solar X-rays and gamma rays — electromagnetic transi-
ents of different nature. Noteworthy in this regard is the
successful launch of such satellites as Universitetskiy—
Tatiana [Sadovnichy et al., 2011], Universitetskiy—
Tatiana-2 [Sadovnichy et al., 2011], Vernov [Panasyuk
et al., 2016a, b], and Lomonosov [Sadovnichii et al.,
2017]. The next step in this direction is a new project of
Moscow University Sozvezdie-270, which intends to
deploy a constellation of nanosatellites. By the end of
2024, 20 CubeSat nanosatellites had been launched
(starting in 2018), 9 of which continue to operate in
polar orbit at a height of ~500 km. Among them is the
Avion spacecraft, launched on June 27, 2023, which
provided the maximum amount of scientific data.

At present, the satellite constellation, deployed un-
der the Sozvezdie-270 project, operates in the monitor-
ing mode for individual events, but in the future it is
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expected to be expanded, as well as to create a network
of receiving stations distributed along the meridians,
which will allow us to quickly obtain large amount of
data and thus to turn to monitoring of cosmic radiation
in near real-time mode. At least five ground-based re-
ceiving stations should be deployed using antennas op-
erating in VHF, S, and X bands in the regions from Ka-
liningrad to Kamchatka. As a result, a unified system
consisting of space and ground segments will be devel-
oped. It should ensure spacecraft control, as well as reg-
ular data reception from the constellation's satellites
located at different NES points, and will significantly
increase the amount of transmitted information. The
main purpose of the multi-satellite constellation is to
monitor cosmic radiation and electromagnetic transients
of atmospheric, astrophysical, and solar origin.

To conduct experiments with CubeSat satellites, var-
ious instruments have been developed for detecting en-
ergetic charged particles, hard X-rays and gamma rays,
as well as optical (ultraviolet and red) airglow.

To date, measurements with the satellite constellation
of Moscow University have provided important infor-
mation about the effects associated with various manifesta-
tions of solar flare activity and its impact on geomagnetic
conditions in NES. Among such phenomena is penetration
of SCRs into the polar caps, which leads to a significant
change in radiation fields in the inner magnetosphere. In
this regard, an important part is also played by a change in
the spatial structure of the distribution of high-energy elec-
tron fluxes in outer ERB due to magnetic storms, which, in
turn, are caused by changes in IMF and SW parameters
due to active processes on the Sun. Another direction in the
study of radiation conditions in NES is to examine the dy-
namics of sub-relativistic electron fluxes in the regions of
precipitation from inner (L~1.6+1.8) and outer ERBs.

Bellow, we discuss examples of observations of
these phenomena, made using mainly instruments on
board Avion SC and some other satellites of Sozvezdie-
270. There are three detector modules of the DeCoR
type installed on board Avion SC: DeCoR-1, DeCoR-2,
and DeCoR-3 [Bogomolov et al., 2020]. The DeCoR
instruments are scintillation spectrometers that utilize a
combination of a thin layer of plastic scintillator and a
thicker CsI(TI) crystal as a detector element. In front of
the CsI(TI) crystal is a thin layer of plastic scintillator,
which simultaneously serves as a detector of charged
particles (mostly electrons) and an active protection of
the CsI(TI) channel, which uses the separation of events
in different scintillators by the shape of the light pulse at
the output of the photodetectors. Hard X-rays is detect-
ed by CsI(TI) scintillation crystals.

The detectors installed on Avion differ in the size of
the sensitive region optimized for solving specific scien-
tific problems. In particular, DeCoR-2 is optimized for
recording and studying cosmic gamma-ray bursts of
different nature. It has an effective area increased to ~65
cm?, which is necessary to increase sensitivity and im-
prove temporal resolution, determined primarily by the
statistics of detected gamma-rays. The DeCoR-2 mod-
ule is a composite scintillation detector (phoswich) con-
sisting of a 3 mm plastic scintillator and a 9 mm CsI(TI)

crystal. Both scintillators are viewed by an assembly of
silicon photomultipliers (SiPM), which ensures separate
recording of gamma quanta and electrons in the energy
release range in scintillators from 20 keV to 1 MeV.
This separation is important when conducting an exper-
iment to study gamma-ray bursts in a polar orbit.

In addition to DeCoR-2, two more detector modules
are included in the equipment complex to ensure more
accurate measurements. The DeCoR-1 module with
scintillators having an area of ~18 cm?, viewed by two
vacuum photomultipliers (PMT), is designed to study
changes in the electron flux in the energy release range
from 50 keV to 2 MeV. It is completely analogous to
the DeCoR instruments employed for the experiments
carried out by VDNKh-80, Norby, Descartes, and other
CubeSats [Bogomolov et al., 2020]. The DeCoR-3
module was added to expand the range of detected
gamma rays to the high-energy range, i.e. up to 5 MeV.
Its main purpose is to measure energy spectra of solar
flare gamma rays and cosmic gamma-ray bursts. The
detecting element of this unit is a CslI(TI) scintillation
crystal 30x30x30 mm®, which is viewed by two vacuum
PMT systems.

Data from each DeCoR module is recorded both as
monitoring frames (count rate on several channels) and
a detailed event-by-event record. The volume of scien-
tific data transmitted from the Avion DeCoR instru-
ments is ~5 MB per day. The main type of transmitted
data is frames in monitoring mode with a time resolu-
tion of 1 s, and during the flight it is possible to repeat-
edly change this value, both up and down. The lower
threshold for detecting quanta is several tens of keV, it
can also be changed during flight, taking into account
background conditions in near-Earth orbit, while the
detectors can be configured differently.

The data from the CubeSat satellites of the MSU con-
stellation, including the Avion spacecraft, are available in
the form of graphs and tables on the SINP MSU space
weather website [https://swx.sinp.msu.ru/tools/dav
isat.php].

2. EXAMPLES OF OBSERVA-
TIONS OF SPACE WEATHER EFFECTS

2.1. Solar cosmic rays

As an example illustrating the possibilities of exper-
iments on detection of SCR events by CubeSat nanosat-
ellites, let us consider two increases in solar electron
fluxes in the polar caps: the former began immediately
after midnight on June 8, 2024, the latter, around mid-
night on June 12, 2024 (Figure 1). The top panel exhib-
its time dependences of count rates N of >300 keV elec-
trons, obtained by DeCoR-1 and DeCoR-3 on board
Avion SC (dark blue and purple dots respectively).
Measurements are shown in the polar caps — regions of
open field lines to which SCRs penetrate.

Circled marks (squares for DeCoR-1 and circles
for DeCoR-3) represent measurements in the southern
polar cap; uncircled marks, in the northern one. Curves of
SCR electron fluxes are seen to be not completely identical
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Figure 1. Time dependences (at the top) of count rates N of >300 keV electrons obtained by DeCoR-1 and DeCoR-3 on
board Avion SC (dark blue and purple dots respectively; circled marks correspond to measurements in the southern polar cap;
uncircled, in the northern one); time dependence of 175-315 keV electron flux J derived during an experiment on board ACE SC
(yellow curve), and time dependences of proton fluxes | with an energy 9-20 MeV (red curve) and 20-40 MeV (blue curve),
derived during an experiment on board Electro-L2 SC; at the bottom is the time dependence of X-ray fluxes from GOES data

in the northern and southern caps during this event,
i.e. there is an asymmetry that may be linked both to
anisotropy of the fluxes and to different orientations
of the instruments relative to geomagnetic field lines.
Simultaneously with Avion measurements, the top
panel shows the time dependence of J electron flux
with an energy 175-315 keV, obtained during an ex-
periment on board ACE SC (yellow curve), and time
dependences of | proton fluxes with an energy 9-20
MeV (red curve) and 20-40 MeV (blue curve), ob-
tained by the SKIF instrument during an experiment
on board Electro-L2 SC operating in geostationary
orbit. The bottom panel displays the time dependence
of X-ray fluxes from GOES-16 SC. The time depend-
ences of SCR electron fluxes in the polar caps and at
the L1 point are seen to be in fairly good agreement,
as observed during earlier experiments [Kuznetsov et
al., 2003]. Note that the possibility of obtaining data
on SCR electron fluxes near Earth is an advantage of
experiments in circular polar orbits since such data
cannot be collected during experiments at geostationary
orbit due to the fact that it is located in outer ERB.

The source of the first increase in SCRs (June 8 —
June 10) was a solar flare of M9.8 class according to the
GOES classification (see the bottom panel in Figure 1).
The flare began on June 8, 2024 at 01:23 UT in active
region (AR) AR13697, which was located in the south-
ern hemisphere near the western limb (coordinates of
the flare S18W69) during the flare. It was quite long —
the soft X-ray emission maximum was recorded at
01:49 UT; the end of the flare, at 02:07 UT. The flare
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was accompanied by a coronal mass ejection (CME),
which was recorded on June 8, 2024 at 01:48 UT. Fig-
ure 1 shows that the time dependences of SCR proton
fluxes according to Electro-L2 data and SCR electron
fluxes according to ACE and Avion data are similar,
although not identical, and have a profile characteristic
of SCR events from western flares — a rapid increase in
SCR particle flux and a much longer gradual decrease.
It can be seen that the increase in the solar proton flux
according to Electro-L2 data began immediately after
the soft X-ray burst at ~02:10 UT, the maximum proton
flux caused by this event in the above range was detect-
ed on June 8 at 06:20 UT.

The second rather intense SCR event (see Figure 1)
began on June 12, 2024 around midnight. Its source was
a post-limb flare that probably occurred in AR13697 as
the flare that triggered the above SCR event. This flare
was also accompanied by halo-type CME with an initial
velocity of ~2000 km/s, which was recorded on June 11,
2024 at 23:20 UT. As in the first SCR event considered,
simultaneously with increases in SCR electron fluxes in
the polar caps (Avion) and at L1 (ACE) on June 11-12,
2024 near midnight, the SKIF instrument installed on
the Electro-L2 geostationary satellite also detected an
increase, i.e. SCR protons and electrons arrived at
Earth's orbit in both SCR events.

In conclusion of this section, we would like to note
that, despite many years of observation of SCR events,
the creation of SPE catalogs and theoretical models,
some problems remain unresolved. So, even in the
above short time period (see Figure 1), it is apparent
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that neither the most intense X1.5 flare occurring in
AR13697 during this period on June 10, 2024, nor the
subsequent M9.5 class flare (again in the same AR)
belong to significant SPEs comparable in amplitude to
the two SCR events discussed above for protons and
electrons. There is a need for further experimental stud-
ies of SCR events, which will be useful in developing
theoretical and predictive models.

2.2. Dynamics of Earth's outer radiation belt
during a magnetic storm

Another significant manifestation of space weather,
which can also be monitored by CubeSat nanosatellites
during experiments, is a change in outer ERB during
magnetic storms. Let us take a closer look at the outer
ERB dynamics, using Avion data for the period from
August 11 to August 15, 2024, when there was fairly
high geomagnetic activity.

Figure 2 plots time dependences of count rates of >300
keV electrons recorded by DeCoR-1 on board Avion SC
(purple line, left scale) and the Mclllwain parameter L (yel-
low line, right scale) for the time intervals on August 10,
2024 from 21:27 to 23:42, on August 12, 2024 from 21:15
to 23:30, and on August 14, 2024 from 21:03 to 23:18 UT
before, during, and after the magnetic storm that began at
the end of August 11, 2024. The given intervals are chosen
in such a way as to exclude the longitude effect since for
each of the three time intervals the spacecraft passes along
the same longitudes.

The obtained time dependences of count rates of
outer ERB electrons are seen to change with time.

Let us examine geomagnetic conditions of this time in-

terval in more detail. A strong disturbance of IMF, proba-
bly caused by the arrival of an interplanetary coronal mass
ejection (ICME) at Earth, which resulted from the merger
of several, at least three, CMEs that left the Sun from Au-
gust 8 to August 10, 2024. The maximum ejection velocity
recorded by LASCO (SOHO) on August 8, 2024 at 19:48
UT was 789 km/s, the maximum SW velocity at Earth's
orbit was ~520 km/s; and its maximum density, ~35 cm™.

The storm main phase began on August 11-12, 2024
around midnight. The maximum amplitude of Dst varia-
tion of ~—203 nT was observed on August 12 at 17:00,
with maximum K, being 8. The geomagnetic indices K,
and Dst for August 9-16, 2024 are shown in Figure 3.
Colored arrows represent the time points when data on
outer ERB was obtained (see Figure 4).

The left panel of Figure 4 plots L dependences of the
measurement point proportional to the magnetic latitude,
electron count rates before (blue line), during (red line),
and after (green line) the August 11-12, 2024 magnetic
disturbance for the time intervals (see arrows in Figure 3).
In the right panel are maps with a projection of the Avion
orbit onto Earth for observations presented in the left pan-
els. The curves were obtained from observations for the
following time intervals that correspond to the intersection
of the satellite's orbit with ERB (see Figure 2), when the
spacecraft moved from the polar region to the equator. The
top panel presents data on August 10, 2024 at 21:46-22:10,
August 12 at 21:31-21:55, and August 14 at 21:16-21:40
UT, i.e. in the Northern Hemisphere. The bottom panel
displays data on August 10, 2024 at 22:30-23:00, on Au-
gust 12, 2024 at 22:15-22:45, and on August 14 at 22:00—
22:30 UT, i.e. in the Southern Hemisphere.
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Figure 2. Time dependences of electron count rates by Avion DeCoR-1 (purple line, left scale) and the Mcllvaine parame-
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It can be observed that in the Northern Hemisphere
at the maximum of the storm the intensity of outer ERB
remained virtually unchanged, but its maximum shifted
closer to Earth, from L=4 to L=3, where there was a gap
between outer and inner belts before the storm. The
high-latitude boundary of outer ERB also shifted to
smaller L — from L~8+9 to L~6=7. In the Southern
Hemisphere, at the maximum of the storm, the intensity
of sub-relativistic electron fluxes decreased several
times, the equatorial boundary, as in the Northern Hem-
isphere, shifted to smaller L, i.e. in both hemispheres,
the gap was filled with particles. In the Southern Hemi-
sphere, the polar boundary of outer ERB shifted from
L~7+8 to L~5+6. Since the equatorial boundary of the
outer belt shifted less in both hemispheres, it can be said
that by the end of the storm main phase the outer belt
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seemed to compress. Also noteworthy in the Southern
Hemisphere is an additional high-Ilatitude increase in
electron fluxes in the L region from 8 to 10. Clarifying
the nature of such high-latitude increases requires fur-
ther research.

At the end of the recovery phase (on August 14), the
high-latitude boundary of outer ERB returned to the pre-
storm level in both hemispheres. In the Southern Hemi-
sphere, the intensity at the maximum, which remained
closer to Earth than before the storm, increased. The polar
boundary of outer ERB returned to the pre-storm level in
both hemispheres, the pre-storm gap region remained
filled with particles, i.e. the space filled with electrons of
outer ERB under the action of the geomagnetic storm
increased in this case, as was repeatedly observed during
other experiments (e.g., [Myagkova et al., 2021]).
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2.3. Electron precipitation from the inner belt

The third problem in terms of space weather phe-
nomena is the study of variations of precipitation from
inner ERB. As an example, let us examine variations in
the electron count rate in the region of precipitation
from inner ERB (L~1.6+1.8). Before the magnetic
storm, there was one peak of intensity at L~1.7 (blue
curve in Figure 4). Two additional peaks appeared dur-
ing the storm, at L~1.6 and L~2 (red curve in Figure 4).
After the end of the storm, the amplitude of the peak at
L~1.6 increased significantly after its end (green curve
in Figure 4). Note that the peaks near 1.6 were observed
on August 12 at ~21:44 and on August 14 at ~21:30 UT,
i.e. approximately at the same time. Thus, the question
arises whether the dynamics of the count rate of sub-
relativistic electrons precipitating from inner ERB at
L~1.6 is related to geomagnetic activity or there are
other factors.

P
10000 y J‘\

To answer this question, we analyzed Avion meas-
urements made during the August 8, 2024 magnetic
storm and during the quiet period on September 25 —
October 3, 2024. Time dependences of the count rate
of >300 keV electrons derived from measurements
performed by Avion with the aid of DeCoR-1 are
shown in Figure 5. We also analyzed data from the
Altair CubeSat, obtained on December 13, 2024, also
during the magnetically quiet period.

A map of the Avion and Altair CubeSats' orbits pro-
jected onto Earth for these measurements is presented in
Figure 6. Since the spacecrafts' orbits are close to sun-
synchronous, they pass through the same regions at ap-
proximately the same UT. Circles mark regions where
sub-relativistic electrons precipitated from inner ERB.

The L dependences of >300 keV electron count rates,
obtained using the Avion and Altair CubeSats (see trajecto-
ries in Figure 6), are plotted in Figure 7. The green line
indicates Avion spacecraft data received on August 14,
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Figure 5. Time dependences of count rates of electrons from Avion DeCoR-1 (purple line, left scale) and DeCoR-3 (blue
line, left scale), as well as the Mclllwain parameter L (orange line, right scale) for magnetically quiet periods
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Figure 7. Dependences of electron counting rates on L, obtained on the Avion and Altair CubeSats for the measurements
shown in Figures 5 and 6. The green line is Avion on August 14, 2024 at 21:16-21:40 UT (after the magnetic storm); the yellow
line is Avion on September 28, 2024 at 21:38-22:00 UT (similar orbit and UT); the purple line, Avion on September 28, 2024 at
12:06-12:30 UT (different orbit and UT); the red line, Altair on December 13, 2024 at 09:48-10:11 UT (similar orbit, different
UT); the blue line, Altair on December 13, 2024 at 16:53-17:17 UT (different orbit, similar UT)

2024 at 21:16-21:40 UT (after the magnetic storm that
began on August 11, 2024); the yellow line (Avion), on
September 28, 2024 at 21:38-22:00 UT (similar orbit and
UT, Dst=—-11 nT, K,=2+); the purple line (Avion), on Sep-
tember 28, 2024 at 12:06-12:30 UT (different orbit and
UT, Dst=3 nT, K,=2-); the red line (Altair), on December
13, 2024 at 09:48-10:11 UT (similar orbit, different UT,
Dst=1 nT, K,=1+); the blue line (Altair), on December 13,
2024 at 16:53-17:17 UT (different orbit, similar UT,
Dst=-6 nT, K,=1+).

The above Figures show that in the regions under
study (at L~1.7) there were short-term sharp increases
(peaks) in >300 keV electron fluxes both before the
onset of the magnetic storm (August 10), during the
magnetic storm (August 12), and during the magnetical-
ly quiet period in December 2024 (data from the Altair
CubeSat). At the same time, during the magnetic storm
in August, another peak appeared at L~1.6, which
reached a much higher amplitude on August 14, and the
peak at L~1.7 ceased to be observed. Combination of

these facts suggests that the August 11-12, 2024 geo-
magnetic storm was so strong that it caused a disturb-
ance not only in outer ERB, but also in the inner one,
which led to a change in the distribution of sub-
relativistic electron fluxes in the precipitation region.

If we consider this region as a whole, i.e. from
L~1.6+1.9, it should be noted that sharp increases in
sub-relativistic electron fluxes on these L shells can
occur in the region of 180° E both during magnetic
storms and during magnetically quiet periods, and reach
maximum values in the evening (UT).

In order to determine whether the observed intensity
maxima of precipitating electrons are due to certain UT or
reflect the spatial distribution of fluxes on certain drift
shells or in certain geographic regions, we analyzed meas-
urements at orbits intersecting the shells L~1.6+1.9 at other
longitudes (purple curve in Figures 6, 7).

Figure 7 shows that at ~320°-330° longitudes
around noon (UT) there were no increases in intensity at
L~1.6+1.7, which allows us to conclude that precipita-
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tion at these longitudes is probably linked either to a
certain geographic region or to a certain UT interval.

To analyze both possibilities, we have compared
electron count rates measured when different spacecraft
passed through the same region, crossing it at different
points (UT). To do this, in addition to Avion data, Fig-
ures 6, 7 plot two more trajectories and two additional
sub-relativistic electron count rate profiles as function
of L (red and blue lines). They were obtained from
measurements made by DeCoR-2 (it also measured the
count rates of >300 keV electrons) on board the Altair
CubeSat, whose orbit is analogous to that of Avion. The
red curve in Figure 7 represents the L dependence of
electron flux, measured when Altair crossed the same
region at L~1.6 as Avion, but much earlier (09:48-
10:11 UT). In this case, the electron flux did not in-
crease at L<2. However, a peak at L~1.8 was detected
during other Altair passes, the L dependence for one of
which is indicated by the blue line in Figure 7. At that
time (16:53-17:17 UT), Altair moved from the southern
polar cap to the equator over the Pacific Ocean. These
results allow us to conclude that significant peaks at
L~1.6+1.9 are observed in different geographic regions,
but during certain periods (UT), i.e. mainly in the after-
noon and evening.

Note that significant fluxes of sub-relativistic electrons
at L~1.6+1.9 were previously detected by the OHZORA
[Nagata et al., 1988], CORONAS-I satellites [Bashkirov et
al., 1999; Kuznetsov, Myagkova, 2001; Kuznetsov, My-
agkova, 2002], and the Mir orbital station [Bogomolov et
al., 2005]. In particular, Kuznetsov, Myagkova [2002]
have shown that electrons at L~1.6 are generally recorded
at longitudes 110°-200°, 200°-290° from 10 to 24 UT.
Kuznetsov and Myagkova [2002] conclude that precipita-
tion at L~1.6 may be caused by thunderstorm activity, yet
it is not unlikely that the precipitation may be linked to
variations in the geomagnetic activity indices. We can say
that the results of measurements of sub-relativistic electron
fluxes at L~1.6+1.9 with the Moscow University SC con-
stellation do not contradict these conclusions.

CONCLUSION

In this paper, we have provided examples of observa-
tion of some space weather phenomena during experi-
ments conducted with instruments developed at SINP
MSU and installed on CubeSats of the Sozvezdie-270
constellation. In particular, we have demonstrated possi-
bilities of measuring solar electron fluxes in NES for
SCR events, have carried out observations of filling of
the polar caps with SCR particles, which were used to
obtain time dependences of the average count rate of sub-
relativistic electrons in the polar caps during the June 8-
10 and 12-14, 2024 SCR events. These dependences
agree well with time variations of SCR electron fluxes at
the L1 libration point, which were measured by ACE, as
well as with the SCR proton profile from Electro-L2 data.
We also acquired data on the dynamics of spatial distribu-
tions of sub-relativistic electron fluxes in outer ERB dur-
ing the August 11-12, 2024 strong magnetic storm,
which showed that during the magnetic storm main phase
the outer ERB region seemed to compress. This is due to

the smaller shift in the equatorial boundary of the belt (to
the region of the pre-storm location of the gap) as com-
pared to the more noticeable shift in the polar boundary
of ERB. During the recovery phase, the polar boundary
returns to the position observed before the storm, whereas
the equatorial boundary continues to remain close to
Earth, due to which the region occupied by sub-
relativistic electrons of outer ERB expands.

Also noteworthy are the results of studies into the
dynamics of fluxes of sub-relativistic electrons precipi-
tating from inner ERB at L~1.6+1.8. We have shown
that significant fluxes on these drift shells are generally
observed in different geographic regions during a cer-
tain UT period at different geomagnetic activity levels.
At the same time, in the case of the severe magnetic
storm on August 11, 12, 2024, the spatial distribution of
electron fluxes in the precipitation region underwent
some variations. The results do not contradict the con-
clusions drawn earlier from OHZORA and CORONAS-
I observations. Particularly noteworthy is that observa-
tions from different satellites of the Moscow University
multi-satellite constellation Sozvezdie-270 have been
used for the first time to obtain a more complete picture
of the dynamics and spatial structure of precipitating
electrons. Naturally, in order to draw certain conclu-
sions on the dynamics and mechanisms of sub-
relativistic electron precipitation from inner ERB, fur-
ther research is needed to which satellite measurements
can make a significant contribution. In this regard, the
role of Sozvezdie-270 is very important.

The work was financially supported by Research and
Educational School of M.V. Lomonosov Moscow State
University "Fundamental and Applied Space Research",
project No. 24-Sh01-05 Sozvezdie-270. It was carried
out under Government assignment of M.V. Lomonosov
Moscow State University.
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Abstract. The article reports on the studies of vari-
ous manifestations of space weather (SW) on Earth,
conducted by SHICRA SB RAS at the network of geo-
physical stations located in Yakutia. It is noted that the
Institute researchers study various phenomena occurring
in the solar wind and Earth’s magnetosphere such as
magnetic clouds, Forbush effects, magnetic storms, sub-
storms and associated subauroral glow, as well as high-
latitude impulses in the dayside magnetosphere and
sudden phase anomalies in the lower ionosphere. In
addition to the data from the network of stations in Ya-
kutia, data from other domestic and foreign stations, as
well as direct measurements of the parameters of the
interplanetary medium and magnetosphere, carried out
on various spacecraft, are used to study these phenome-

na. The paper also describes physical models of magnet-
ic clouds in the solar wind, high-latitude disturbed iono-
sphere, and methods for short-term forecasting of SW
based on cosmic ray (CR) measurements developed at
SHICRA SB RAS.

Keywords: geomagnetic Pc5 pulsations, equivalent
current systems, azimuthal and meridional propagation,
space weather monitoring, space weather forecast, lower
ionosphere, solar flare, VLF signal, sudden phase
anomaly.

INTRODUCTION.
SPACE WEATHER MONITORING
AND FORECASTING IN RUSSIA

With the development of high technologies, space
physics research has become of great importance for
fundamental and applied science. Nowadays, space
weather monitoring and forecast play an equally im-
portant role in the successful operation of space tech-
nology and human safety than the ordinary weather
forecast. The term “space weather” (SW) refers to the
state of near-Earth space (NES). In contemporary Rus-
sia, the information on the state of NES is generally
provided by geophysical stations located at high lati-
tudes of the Russian Arctic. The number of these sta-
tions is limited due to difficulties with staff, logistics,
high electricity and heat tariffs in the Arctic. In addition,
these stations belong to scientific organizations subordi-
nate to different departments such as the Ministry of
Education and Science of the Russian Federation and
Roshydromet. As a result, SW monitoring and forecast-
ing is carried out by a number of Russian scientific
organizations (IZMIRAN, IKI RAS, SINP MSU, LPI
RAS, ISTP SB RAS, IPG, AARI, SHICRA SB RAS,

IKIR FEB RAS, etc.). Despite the SW problem im-
portance, this work has not yet been coordinated, and
each organization does it independently. By contrast,
SW issues are given much more attention abroad. As far
back as 1995, the National Space Weather Program was
created in the United States (National Space Weather
Program. Strategic Plan. Office of Federal Coordinator
for Meteorological Services and Supporting Research
FCM-P30-1995. Washington DC. 1995); in 2001, the
European ILWS (International Living with a Star) Program
was launched. China keeps up with them and has also
created the National Space Science Center, Chinese
Academy of Science [http://eng.sepc.ac.cn/]. The im-
portance of this problem is emphasized by the creation
of the scientific journals “Space Weather” and “Space
Weather and Space Climate”, which very quickly became
highly rated. Also noteworthy are the ground-based
instruments for studying SW: a developed network of
geophysical stations in the Western Hemisphere com-
pared to the Eastern one. By contrast, the SW problem
is poorly addressed in present-day Russia. The number
of scientific events in the country that draw attention to
this problem, such as conferences on SW held by the
Joint Russian-Chinese Scientific Center for SW, is very
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limited. Thus, scientific organizations engaged in SW
research in Russia work under such difficult conditions.

This paper describes the network of geophysical sta-
tions of the Yu.G. Shafer Institute of Cosmophysical
Research and Aeronomy SB RAS in Yakutia and pre-
sents the results of SW research the Institute carries out.

1. GEOPHYSICAL NETWORK
OF STATIONS IN YAKUTIA
The main experimental measurements for studying the
physical picture of phenomena in the subauroral and
auroral zones are carried out on the basis of the unique
meridional network of SHICRA SB RAS geophysical
stations in the territory of Yakutia (Figure 1). Geophysi-
cal phenomena during substorms and magnetic storms
often cover a significant latitudinal and longitudinal inter-
val. Therefore, in a number of situations only the ground-
based method of recording SW manifestations can provide
general information about magnetospheric processes.

The experimental base includes a network of stations
in Yakutia, among which the following stationary poly-
gons should be highlighted:

e Yakutsk EAS Array named after D.D. Krasilni-
kov (Oktyomtsy);

e Yakutsk cosmic ray spectrograph named after
A.l. Kuzmin (Yakutsk);

o Tixie Polar Geocosmophysical Observatory (Tixie
Bay);

e Complex geophysical station Zhigansk (Zhigansk);

e The Maimaga optical station named after V.M.
Ignatiev (Maimaga);

e Magnetic observatory and ionospheric station
Yakutsk (Yakutsk);

e Radiophysical station “Oybenkyol” (Oybenkyol).
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Figure 1. Stations of the meridional geophysical network
in Yakutia in geographic coordinates. Measurement types are
shown in color in the legend (for 2024)

According to types of spatial measurements, the fol-
lowing networks of stations can be distinguished in Ya-
kutia:

o network of magnetometric stations;

o network of riometric stations;

o network of stations for measuring the atmospher-
ic electric field intensity;

e network of stations monitoring thunderstorm ac-
tivity in Yakutia.

In the area of research into the geomagnetic field and
magnetospheric electromagnetic disturbances, SHICRA
SB RAS participates in three large international projects —
INTERMAGNET [http://www.intermagnet.org], MAG-
DAS [http://magdas2.serc.kyushu-u.ac.jp/station/index.
html], and PWING [http://www.isee.nagoya-u.ac.jp/dimr/
PWING/en/], and also conducts joint research with the
group of low-frequency radio emissions of the Georgia
Institute of Technology, Atlanta, USA. Consequently,
SHICRA SB RAS stations are equipped with modern sci-
entific instruments from the world's leading manufacturers.

2. RESULTS OF SPACE WEATHER
RESEARCH AND FORECAST

Below we present the results obtained by studying
SW phenomena experimentally and via modeling, as
well as the result of SW forecast from satellite meas-
urements.

2.1. Comparative analysis of meridional and
azimuthal propagation of Pc5 pulsations and their
current systems based on ground and satellite
observations

One of the daytime impulsive high-latitude phenom-
ena is Travelling Convection Vortices (TCVs) [Glass-
meier, 1992]. TCV is a structure consisting of a pair of
oppositely directed vortices in the magnetosphere, con-
nected by field-aligned currents with vortices in the
ionosphere. During its development, TCV shifts azi-
muthally from noon to dawn sector and along the meridian
poleward. The location of magnetospheric and ionospheric
TCVs, as well as the field-aligned currents connecting
them in the pre-noon sector, is shown in Figure 2, a from
[Tavares, Santiago, 1999], with arrows Vew and Veony
indicating TCV propagation in the azimuthal direction
and plasma convection respectively. According to
ground-based and satellite observations, TCV consists
of 2-3 pulses of opposite polarities with 5-10 min peri-
ods; TCVs are observed locally on the dayside at high
latitudes. It is important to study the dynamics of TCVs
in terms of SW since they cause geomagnetic field vari-
ability |dB/dt| in the absence of magnetic storms and
can affect technical infrastructure at high latitudes [Pili-
penko et al., 2023].

Moiseev et al. [2024a] have used ground observations
in 8 events to compare TCV velocities by phase delays
of Pc5 pulsations and by the motion of their equivalent
current systems. Figure 2, b, ¢ presents histograms of
meridional velocities; and Figure 2, d, e, of azimuthal
velocities. On the ordinate axis in Figure 2, b, d is the
number of measurements of Pc5 pulsation velocities
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Figure 2. Travelling convection vortices in the magneto-
sphere and ionosphere (a); histograms of propagation veloci-
ties of geomagnetic pulsations and equivalent current vortices;
meridional velocities (b, ¢); azimuthal velocities (d, e)

on the ordinate axis in Figure 2, c, e is the number of
measurements of vortex propagation velocities. The
histograms show a smoothing line as the result of a
nonparametric method for estimating the density of ran-
dom variable (Kernel Density Estimation). It is evident
from the histograms that propagation of pulsations and
vortices is similar: along the meridian, pulsations and
vortices predominantly propagate to the north. In most
cases, propagation velocities of pulsations and vortices
were ~5 km/s and 2 km/s respectively, whereas in azi-
muth, pulsations and vortices propagate to the west,
their propagation velocities were ~10 km/s and 3 km/s
respectively. However, in the distribution of azimuthal
velocities of both pulsations and vortices there are com-
parable maxima corresponding to eastward propagation:
the velocity of pulsations is 10 km/s, and that of vortices
is 5 km/s. Moiseev et al. [2024b] have studied TCV
propagation, using satellite and ground-based observa-
tions. Pulsations in the magnetosphere and ionosphere,
and equivalent current vortices in the ionosphere were
found to propagate in the azimuthal direction from the
day side to the night side. The propagation velocities
according to ground observations are 5-25 km/s; ac-
cording to satellite observations, 114-236 km/s.

The results of the work show that the dynamics of
equivalent current systems correspond to the dynamics
of pulsations, and they can be utilized to study propaga-
tion as an additional method, especially when it is im-
possible to determine propagation velocities from phase
delays, but it is necessary to take into account the dif-
ference between velocities of pulsations and vortices.

TCVs are recorded in an extended longitude sector (up
to 12 hours). It is assumed that the observed dynamics
of Pc5 pulsations and vortices reflects propagation of
MHD waves in the magnetosphere, not only from the
day side to the night side, but also in the opposite direc-
tion (from the night side to the noon side).

2.2. Study of the magnitude of sudden phase
anomalies on VLF radio paths during solar flares

Changes in lower ionosphere parameters are sensi-
tive to space weather events [Silber, Price, 2017]. Very
low frequency (VLF 3-30 kHz) radio waves propagate
for a long distance as in a waveguide due to reflection
from water, ground, and lower ionosphere. An increase
in the X-ray flux intensity during solar flares leads to
sudden ionospheric disturbances (SIDs). A sharp in-
crease in the electron density during SIDs causes sudden
phase anomalies (SPAs) of VLF radio signals during
daytime propagation in the Earth — ionosphere wave-
guide [Kumar, Kumar, 2018]. Recording of VVLF signal
parameters allows ionosphere research to be conducted
with high resolution both in time and space. The Antarc-
tic-Arctic Radiation-belt (Dynamic) Deposition-VLF
Atmospheric Research Consortium is widely known, it
provides continuous observations of the lower iono-
sphere in the polar regions [Clilverd et al., 2009]. The
problem of high-resolution VLF monitoring of large,
hard-to-reach areas of the Pacific Ocean and Northern
Asia remains unresolved [Wendt et al., 2024]. VLF ob-
servations in Yakutia are described below.

In Yakutsk (62.02° N, 129.70° E) and in the Polar
Geocosmophysical Observatory (PGO) in Tixie Bay
(71.60° N, 128.90° E), SHICRA SB RAS records sig-
nals from VLF radio transmitters. The phase variations
of signals from the transmitters Khabarovsk (Russia,
RSDN-20 system, 50.07° N, 136.6° E, signal frequency
11.904 kHz) and NWC (Australia, 21.82° S, 114.17° E,
signal frequency 19.8 kHz) have been selected for the
analysis [Kozlov et al., 2025]. Radio propagation paths
Khabarovsk—Yakutsk (the length is 1.4 Mm) and
NWC— Yakutsk (the length is 9.4 Mm) cover the East
Asia territory. SPAs of signals from the Khabarovsk and
NWC transmitters recorded in Yakutsk are plotted in
Figure 3 as a function of solar X-ray flux. Changes in
the VLF signal phase @ relative to the undisturbed val-
ue are reduced to the propagation path length unit
(deg/Mm). The value P is the maximum X-ray flux in-
tensity (0.1-0.8 nm) during a solar flare (W/m?). The
value cosX is the cosine of a solar zenith angle X averaged
along the entire propagation path. The solar zenith angle X
was calculated from geographic coordinates along each of
the radio paths with a step of 200 km by the algorithm
[http://stjarnhimlen.se/comp/tutorial.html].

The standard deviations of residuals are 1.37 deg/Mm
(the Khabarovsk— Yakutsk propagation path) and 1.73
deg/Mm (the NWC—Yakutsk propagation path). The
reliability level of model SPA parameters is not lower
than 98 % (the Fisher criterion). The SPA model param-
eters were applied to solar flares for the VLF propaga-
tion paths. The X-ray flux during solar flares can be
estimated by the ground-based method, using VLF data
[George et al., 2019; Korsakov et al., 2021].
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Figure 3. Sudden phase anomalies @ of signals from transmitters Khabarovsk (left) and NWC (right) recorded in Yakutsk

as a function of solar X-ray flux

2.3. Relationship of the SAR arc to the
energetic ion flux boundary inside the plas-
masphere and the plasmapause based on
ground and satellite observations

Stable auroral red (SAR) arcs occur during magnetic

storms due to overlap of the ring current with the outer
plasmasphere, where energetic ion fluxes heat plasmas-
pheric electrons. SAR arcs are optical manifestations of
SW in Earth’s atmosphere. The resulting downward flux
of superthermal electrons along magnetic field lines
increases the ambient electron temperature at altitudes
of the ionospheric F2 region in the form of a subauroral
electron temperature peak (T, peak). As a result, the
intensity of the red line of atomic oxygen in the SAR
arc, which reflects the plasmapause, increases [Cole,
1965, 1970; Cornwall et al., 1971; Kozyra et al., 1997].
Long-term observations of subauroral glow at the Ya-
kutsk meridian have shown that under conditions of low
magnetic activity (Dst>-50 nT, K,<3-4) SAR arcs ap-
pear during individual substorms and are observed at
corrected geomagnetic latitudes (CGMLat) 55-60° [Ie-
venko, 1999; levenko, Alekseev, 2004]. During periods
of high geomagnetic activity, SAR arcs are recorded at
lower latitudes.
Below are the results of comparison of SAR arc obser-
vations by the digital all-sky camera (All-sky imager
“Keo Sentry”) at the station Maimaga (CGMLat=58°,
CGMLon=202°) with data from simultaneous recording
of plasmapause and energetic ion fluxes on board the Van
Allen Probe B (VAP-B) satellite at the beginning of the
major magnetic storm on March 17, 2015 [levenko, 2020;
levenko, Parnikov, 2020].

The ground-based and satellite observations in Figure 4
show the following.

1. An intense SAR arc was observed equatorward
of the diffuse aurorae at low auroral activity at
CGMLat=52-59° in the dusk MLT sector. Variations in
the intensity and location of the red arc during the peri-
od considered were insignificant (a).

2. At 12:10:10 UT (~18:52 MLT), the equatorial
edge of the red arc at CGMLon~179° coincided with
the boundary of the flux of energetic H" and O" ions

inside the plasmasphere at L~2.8, as measured by VAP-
B at ~17:36 MLT (b).

3. At 12:45:10 UT (~19:05 MLT), the polar edge of
the arc at CGMLon~174° was due to a sharp decrease
in the electron density to ~100 cm™> (plasmapause) at
L~4.0 at ~19:05 MLT (b).

4. The width and location of the SAR arc were in
good agreement with the intense T, peak, as measured
by DMSP-19 in the dusk MLT sector at ~11:54 UT (c).
Electron temperature measurements verify ground-
based observations of the SAR arc.

2.4. Study of ionospheric disturbances based
on numerical modeling of large-scale structure
of the ionosphere

The high-latitude ionosphere has a complex structure
and is characterized by the presence of regular large-
scale structural features such as the tongue of ionization
and polar cavity at high latitudes, polar and auroral
peaks in the daytime cusp region and in the night sector,
as well as the main ionospheric trough (MIT) at subau-
roral latitudes [Mizun, 1980]. The ionosphere depends
significantly on SW. Thus, during geomagnetic storms,
the configurations of these structural features become
more complex, which is mainly caused by the disturb-
ance of the large-scale electric field of magnetospheric
convection controlled by the orientation of the inter-
planetary magnetic field (IMF). Changes in the electron
density distribution in turn affect radio wave propaga-
tion and the positioning accuracy of global navigation
satellite systems (GNSS).

SHICRA SB RAS conducts research into the large-
scale structure of the ionosphere and the processes occur-
ring in it, using the developed non-stationary three-
dimensional model of the ionosphere in Euler variables
[Kolesnik, Golikov, 1982; Golikov et al., 2005, 2012,
2016]. Below are the results of the study into the effect of
magnetospheric convection on the large-scale structure
of the ionosphere during a moderate geomagnetic storm
for winter conditions (6=-23°). Two diametrically op-
posed scenarios are considered: 1) with the onset of the
storm at 16 UT; 2) with the onset of the storm at 04 UT.

138



Space weather research in Yakutia

Figure 5 illustrates variations in the IMF B, compo-
nent (a) and geomagnetic activity indices Dst and AL
(b) and spatiotemporal distributions of the electron den-
sity at the F2 maximum altitude (n,F2) at different
moments of universal time (UT) at the onset of the
storm at 16 UT (c—e) and 04 UT (f—h). Under quiet
conditions (Figure 5, c), the convection region is seen to
partially enter the illuminated zone above the terminator
at 16 UT, which leads to transfer of plasma from the
dayside ionosphere to the night side and the formation
of an ionization tongue. In polar latitudes (®,>80°), a
region of low n,F2 is formed — a polar cavity sur-
rounded by ionization in the auroral oval (Figure 5, c).
In the latitudinal variation in the dusk sector in the full

shadow region [Kolesnik, Golikov, 1982], a deep con-
centration trough is observed: the main ionospheric
trough (MIT) (Figure 5, c). After the onset of the dis-
turbance, convection intensifies and its area of action
increases (Figure 5, d, ). This causes an increase in the
area of overlap of the convection region with the illumi-
nated ionosphere and hence an increase in the transfer
of dayside ionization to the night side by the anti-
sunward flow, subsequent extension of the ionization
tongue in the day-night direction, and the disappearance
of the polar cavity at 19 UT. At 22 UT, the depth of

MIT decreases, and MIT shifts southward by ~5°+10°.
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Figure 4. SAR arc at Maimaga station during recording of plasmapause energetic ion fluxes and T, peak on board the VAP-B
and DMSP-F19 satellites, respectively, on March 17, 2015. All sky images in the 630.0 nm emission projected onto Earth’s sur-
face for the glow altitude of 450 km (Z<80°) in corrected geomagnetic coordinates (a). The color scale of the emission intensity
is given only up to two kilorayleigh (kR) for better display of the SAR arc. The density of thermal electrons and fluxes of ener-
getic protons and oxygen ions (b). The dark gray column shows the region of VAP-B measurements, which was conjugate with
the observed SAR arc. Latitudinal distribution (c) of electron temperature and ionospheric drift in the F region based on DMSP-19
measurements in the dusk MLT sector. The bold dot marks the location of the equatorial boundary of the T, peak, with magnetic
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Figure 5. IMF B, component (a), geomagnetic activity indices Dst and AL (b), and spatiotemporal distributions of the elec-
tron density at the height of the F2 maximum (n,F2) at different moments of universal time at the onset of the storm at 16 UT (c-

e) and 04 UT (f—h). Concentric circles denote the geographic |
er boundary corresponds to 40° N. The numbers near the oute

atitudes of the Northern Hemisphere drawn through 10°. The low-
r circle are local time and next to them in brackets are geographic

longitude. The dashed line (upper) is the position of the terminator at the zenith angle x=90°. The intersection point of two mutu-

ally perpendicular lines is the geomagnetic pole, which is 11.5

° away from the geographic pole. The arrows indicate drift veloci-

ties of ionospheric plasma caused by the electric field of magnetospheric convection. White isolines show the electric field poten-

tials calculated by the Weimer model [Weimer, 1996]. Charg
[Vorobjev et al., 2013]

The storm onset at 04 UT is diametrically opposite
to the magnetic storm onset at 16 UT (Figure 5, f-h). In
this case, the Eastern Hemisphere is on the day side. As
can be seen, at 04 UT the geomagnetic pole and with it
the convection and precipitation region are located en-
tirely on the night side (Figure 5, f). As a result, the ion-
ization tongue is seen to separate from the dayside iono-
sphere. In the latitudinal variation on the dayside in the
range 70-80° N, a great dip in n,F2 is observed — a
daytime dip (Figure 5, f) [Kolesnik, Golikov, 1984]. At
CGMLat above ~80°, a polar cavity is formed, where
nmF2<10* cm™>. After the disturbance starts, the in-
crease in magnetospheric convection leads to the expan-
sion of the detached tongue of ionization and to the
smoothing of the auroral peaks of n,F2 (Figure 5, g, h).
At 07 UT, convection covers the daytime trough and
significantly increases n,F2 compared to their values un-
der quiet conditions (Figure 5, g, f).

ed particle precipitation is specified using the APM PGIA model

Thus, magnetospheric convection during a moderate
magnetic storm causes a change in the shapes and sizes
of the main large-scale structural features of the iono-
sphere and depends on the time of the geomagnetic
storm onset due to the displacement of the geographic
and geomagnetic poles. The storm effect is most pro-
nounced in the case of storm onset at 16 UT, when the
disturbed electric field of magnetospheric convection
enhances the transfer of plasma from the dayside iono-
sphere to the night side. The results are presented in
more detail in [Gololobov, Golikov, 2024; Gololobov et
al., 2025].

2.5. Explanation of Forbush decreases in cos-
mic rays based on a physical model

Large-scale coronal mass ejections (CMESs) are one
of the largest energetic events on the Sun and an im-
portant factor in SW affecting geomagnetic activity, the
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spatiotemporal distribution of CRs, and solar wind
plasma properties. The modern approach to determining
the properties of ejections and their identification in
interplanetary space is usually based on the use of local
spacecraft measurements. Since the number and spatial
coverage of such spacecraft are fairly limited, there is a
need for alternative sources of information, for example,
CR measurements, which, due to high mobility, contain
information about large-scale properties of the medium.

Part of CME is magnetic clouds (MCs) — areas
filled with a helical magnetic field. Due to its force-free
structure, such a field is preserved at large distances.
Some MCs are oriented in such a way that in the vicini-
ty of Earth, regular IMF will have a high intensity and a
long-term southern orientation, which is a necessary
condition for the occurrence of a geomagnetic storm.

To determine properties of MC from observed char-
acteristics of CRs, it is necessary to describe their inter-
action. We have proposed an electromagnetic mecha-
nism for such interaction. In this mechanism, particle
scattering is neglected, and propagation is determined
only by the magnetic field of the ejection and the elec-
tric field induced in the moving plasma. By calculating
trajectories of CRs from the point of interest to the
source (the point where the characteristics have not yet
been altered by the Sun), it is possible to determine the
change in their energy and the corresponding change in
intensity. For theoretical calculations, an MC model has
also been proposed which allows us to identify the
magnetic field at an arbitrary point at any time.

The calculations have shown that the energy losses
during the motion of CRs in the induced electric field,
although small, are monotonous; hence, the longer the
particle moves in interplanetary space, the more energy
it loses, which leads to a decrease in the recorded inten-
sity of CRs (Figure 6, a).

Since the calculations allow us to determine the CR
distribution function, knowing it, we can find not only
the zero moment (the integral intensity), but also higher
moments: the first — the vector anisotropy (Figure 6, b),
and the second — the tensor anisotropy (Figure 6, c, d).
The CR anisotropy inside MC increases, which is con-
sistent with experimental observations. Comparison of
the experimental results with calculations suggests that
the adopted assumptions and the constructed models are
adequate. The method and the results obtained on its
basis are described in more detail in [Petukhova et al.,
2019, 2020].

In the future, it is planned to take into account in the
model not only the magnetic field of MC, but also the
effect of the coronal mass ejection plasma, the region of
compressed solar wind, and the shock wave on CRs.
This will allow a more accurate determination of ejec-
tion properties long before it arrives at Earth’s orbit and
hence refinement of space weather forecast.

2.6. Forecast of geoeffective disturbances from
satellite and ground cosmic ray measurements

Since 2009, SHICRA SB RAS has been conducting
an experiment on short-term (1-2 days) forecasting of
the arrival of large-scale SW disturbances into the Earth

orbit, such as interplanetary shock waves (ISWs) and
high-speed SW streams, using measurements from the
global network of CR stations, which include SHICRA
SB RAS stations Yakutsk and Tixie Bay, as well as re-
al-time spacecraft (SC) measurements of interplanetary
medium parameters.

In this paper, we illustrate the capabilities of the ISW
forecast from 1 hr [ftp://ftp.swpc.noaa.gov/pub/lists/ace2/]
and 1 min ACE SC data [ftp:/ftp.swpc.noaa.gov/pub/
lists/ace/]. This SC is located near the libration point L1
at a distance of ~1500000 km from Earth toward the
Sun. The flight time of large-scale SW disturbances
from the location of ACE SC to Earth’s magnetosphere
is on average ~1 hr, which is clearly insufficient for
taking any preventive measures to prevent possible neg-
ative effects of SW changes on various technical space
or ground systems. However, the forecast method we
developed using data from this SC allows us to receive a
warning about upcoming changes in SW much longer in
advance, ~1 day.

Of all the experiments conducted on board ACE SC,
we use data from the MAG, SWEPAM, and EPAM
experiments. In the latter case, the data is from meas-
urements of proton fluxes in 8 different differential en-
ergy channels with energies from 47 to 4800 keV,
which are measured by the LEMS120 detector. Note
that all data is primary and so should be analyzed with a
certain caution, and possible risks associated with their
use must be assumed.

At present, we have already accumulated the neces-
sary knowledge to construct a physical picture of the
occurrence of fluctuations (or short-term variations with
periods less than 3 hrs) of CR in order to apply it to a
forecast of the arrival of large-scale solar wind disturb-
ances at the Earth orbit [Berezhko, Starodubtsev, 1988;
Starodubtsev et al., 1996; Grigoryev et al., 2008]. In
brief, the knowledge boils down to the following.

In many cases, significant CR fluxes with ~1 MeV
energies are often observed in the region before large-
scale solar wind disturbances, e.g. ISWs or high-speed
solar wind streams. Moreover, compared to the back-
ground, these CRs are characterized by large values of
both the fluxes and their gradients. This leads to the
development of plasma instabilities, which in turn are
converted into MHD waves of various types. If fast
magnetosonic waves develop in interplanetary space
before the aforementioned solar wind disturbances,
they, in turn, modulate the isotropic part of the CR dis-
tribution function in a wide energy range (from tens of
keV to units of GeV) and hence lead to the emergence
of CR fluctuations. Nonetheless, since CR fluctuations
have a low amplitude (less than 1 %), then to isolate
them against the background of the persistent noise, it is
necessary to correctly apply spectral analysis methods
[Starodubtsev et al., 2023]. One of the methods for fore-
casting SW developed at SHICRA SB RAS from CR
measurements is based on these concepts.

The fluctuation extraction technique involves calcu-
lating the coherence between CR flux measurements in
different differential channels in the EPAM/LEMS120
experiment. According to the results obtained in [Grigo-
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Figure 6. Characteristics of the Forbush decrease in time: a — the amplitude of the Forbush decrease is shown by the black

curve (left scale); and the average time of CR transition from th

e surrounding space to MC, by the red curve (right scale); b —

vector anisotropy component (black curve — A,; red curve — Ay; green curve — A,); ¢ — relative eigenvalues (the maximum
eigenvalue, indicated by the black line, is 1; green curve is the average; red curve is the smallest); d — three Euler angles defin-

ing the orientation of the ellipsoid (black and red curves are al,

a2; green curve, a3). B,=11.6 nT is maximum magnetic field

strength when MC crosses Earth. Dashed vertical lines are the leading and trailing boundaries of MC

ryev et al., 2008], there is a significant CR coherence
value between CRs with different energies in the fre-
quency range above 10~ Hz in the case of significant
CR fluxes in the region of the ISW pre-front. Our expe-
rience shows that for forecasting purposes it is neces-
sary for the coherence to exceed a certain critical level
equal to 0.85, and it is sufficient for this to occur not in
the entire range, but at individual frequencies that corre-
spond to the inertial section of the MHD wave turbu-
lence spectrum, where fast magnetosonic waves are
observed. Therefore, as a precursor of the arrival of in-
terplanetary disturbances of the solar wind at the Earth
orbit we utilize a maximum coherence coefficient (Co-
her MAX) between measurements in the energy chan-
nels P2 and P5. As an example, let us consider the ISW
event of May 10, 2024. Figure 7, a—e presents 1-hr
measurement data on the IMF modulus and B, compo-
nent (a), solar wind density (b), temperature (c), and ve-
locity (d), as well as Dst (e) for the event under study
from May 8 to 13, 2024. It is evident that at the leading
edge of strong ISW at ~18:00 UT on May 10, 2024, all
parameters significantly exceeded their average values.
In this case, the IMF modulus B was more than 40 nT,
the B, component was less than —16 nT, the solar wind
plasma density n~33 cm®, its temperature T~5-10° K,
and the solar wind speed U was as high as 680 km/s (Fig-
ure 7, a—d). Since this was a complex event in all re-
spects, caused by almost simultaneous arrival of multiple
CMEs at Earth [Hayakawa et al., 2025; Lazzus, Salfate,

2024; Ram et al., 2024], all SW parameters subsequently
changed even more dramatically. The passage of this
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Figure 7. Variations in the IMF modulus B and B, component
(a), density n (b), temperature T (c) and solar wind velocity U (d),
as well as the Dst index (d) for May 8-13, 2024, as measured by
ACE SC. The vertical dashed line indicates the arrival of ISW at
ACE SC and the storm sudden commencement (SSC)
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strong ISW caused a powerful geomagnetic storm with
SSC (Figure 7, e). This storm began at 17:05 UT on
May 10, 2024. As a result of the passage of multiple
CMEs through the Earth orbit, Dst at the storm mini-
mum decreased to —406 nT [https://omniweb.gsfc.nasa.
gov/ow.html]. It was the most powerful geomagnetic
storm observed in the last two decades since the famous
event of November 20, 2003, which is known in the
scientific literature as the Halloween Event [Piersanti et
al., 2025].

Figure 8 presents the results of the ISW arrival fore-
cast and it needs some explanations. The names of the
experiments and the corresponding SC on board which
they are conducted are given at the top of the figure.
Further, from top to bottom, the large panels show the
time dependence of the variations in the IMF modulus B
and B, component, the SW plasma velocity U and densi-
ty n, the low-energy CR flux J, and the maximum value
of the coherence coefficient between measurements in
the P2 and P5 energy channels (Coher MAX). Vertical
lines designate the universal time (UT), which is given
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under the bottom panel as day of the year. Four bottom
small panels from left to right exhibit the current values
of the IMF power spectrum density and the power func-
tion approximating it, as well as the coherence coeffi-
cients depending on the frequency between B and U, B
and n, and between P2 and P5. Note that the coherence
values between B and U reflect the contribution of Alfvén
waves to the observed power spectrum of IMF; B and n,
that of fast magnetosonic waves. Inscriptions below these
panels contain information about the fact of using data in
real time and the time of creating the figure. In the case of
generating a forecast, a red inscription appears in Figure 8,
which states that an interplanetary disturbance is expected
to arrive at the spacecraft within ~1 day.

It is evident from Figure 8 that, as expected, in-
creased low-energy CR fluxes were observed in this
event in the region of the strong ISW pre-front. It can
therefore be expected that they will generate fast mag
netosonic waves in the region of the ISW pre-front,
which will modulate the isotropic part of the CR flux and
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Figure 8. Variations in the IMF modulus B and the B, component (top panel), the solar wind plasma velocity U and density n
(second panel from the top), the low-energy CR flux J (third panel from the top), the maximum value of the coherence coefficient
between measurements of the J energy channels P2 and P5 (fourth panel from the top, the red horizontal line indicates the critical
level) depending on time. The vertical lines show the current time. A legend is given for the differential CR energy channels.

Four bottom panels from left to right present the current values:

the density of the IMF power spectrum and the power function

approximating it; the coherence coefficients between B and U, B and n, and between P4 and P5
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lead to the occurrence of fluctuations a sufficiently long
time before the arrival of ISW. Indeed, the first maxi-
mum values of coherence between the channels of re-
cording of proton fluxes P2 and P5 with energies 115-
195 and 1060-1900 keV respectively, exceeding the
critical level were observed at 01:00 UT on May 9,
2024, 36 hours before the arrival of ISW at ACE SC and
remained above this level until 22:00 UT on May 11,
i.e. until the SW parameters were disturbed (see Figure 8).

Thus, based on ACE SC measurements of CR flux-
es with a lead time of 36 hours, a forecast was given
for the arrival of a large-scale SW disturbance of the
ISW type at the Earth orbit on May 10, 2024. Our ex-
perience shows that in such cases the accuracy of the
forecast is ~80 %.

Note also that SHICRA SB RAS has been continu-
ously monitoring near-Earth space in real time for many
years. For this purpose, measurement data is employed
from ACE SC and on the CR intensity from the stations
Yakutsk and Tixie Bay. All calculations are performed
automatically once per hour, using the cron daemon
program under the control of the Linux operating system.
All output information, including measurement data and
calculation results in graphical form, is available at
[https://www.ysn.ru/~starodub/CosmicRayFluctuations/
index.html].

CONCLUSION

The SW phenomena of different spatial scales have
been studied: global (magnetic storm), local (TCV, sub-
storm). Local phenomena are recorded in the daytime
(TCV) and nighttime sectors (substorm). We have ex-
amined the formation of disturbances in the solar wind
and their development in the magnetosphere. Using the
example of a strong magnetic storm in May 2024, the
result of a short-term forecast of the arrival of a large-
scale solar wind disturbance of the ISW type at the
Earth orbit with a lead time of 36 hours has been shown.

SHICRA SB RAS is ready to participate in interna-
tional projects, as well as in collaborations with Russian
scientific organizations in the field of space weather.

The work was financially supported by the Minis-
try of Science and Higher Education of the Russian
Federation.
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