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Long-distance HF radio waves propagation during
the April 2023 geomagnetic storm by measurements in Antarctica,
in Europe, and aboard RV Noosfera

Abstract. The paper aims at an experimental study of the mechanisms of long-distance high-frequency (HF) propaga-
tion and spatial and temporal variations of the ionospheric parameters during the first hours of a severe geomagnetic
storm of April 23, 2023 by spatially separated measuring equipment located at the research vessel (RV) Noosfera, the
Ukrainian Antarctic Akademik Vernadsky station (hereinafter Vernadsky), and the LOFAR observatory PL610 in Borowiec
(Poland). High-frequency vertical and oblique sounding techniques of the ionosphere were used. Geospace measurements
were carried out synchronously. During the first hours of the geomagnetic storm of April 23—24, 2023, unexpectedly
well-correlated variations in the Doppler frequency shifts of HF signals emitted from Vernadsky were observed at the
RV Noosfera and the PL610 station. Furthermore, variations in Doppler frequency shifts of HF signals strongly correlate
with magnetic field records in Antarctica and Poland. Variations in the frequency of HF signal spectral components,
distinguishable during storm conditions, are utilized to clarify the mechanism of long-distance HF propagation and
estimate the vertical velocity of ionospheric layers. Signals of HF CHU time radio station (Canada) at 7850 and
14670 kHz were unexpectedly observed in all receiving sites. Most probably, the CHU station radio signals registered
during the initial stage of the geomagnetic storm were scattered on the polar ovals’ ionospheric inhomogeneities and
propagated further along the return (long arc of the great circle) paths. Redistribution of the ionospheric plasma during
the geomagnetic storm leads to the formation of HF radio propagation channels absent under quiet conditions.
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1 Introduction

The long-distance propagation of high frequency
(HF) radio waves (further than 10000 km) was the
only way that provided the human civilization
with reliable wireless communication worldwide
before the space age. Scientific and technical in-
terest in this subject, driven by practical applica-
tions, persisted until the 1970s and 1980s. However,
the outcomes of those studies were likely con-
strained by the limited availability of open-source
literature, as there were few articles freely acces-
sible at that time (for instance, Stein, 1958; Mul-
drew & Maliphant, 1962; Shlionsky, 1979; Gure-
vich & Tsedilina, 2011). With the development of
satellite communication technology (Ludwig, 2011),
the practical significance of ionospheric HF prop-
agation diminished. At the same time, with the
development of the computer era, previously un-
available possibilities of digital signal processing
emerged around the 1990s, making it possible to
study features of long-distance propagation mech-
anisms in the frequency-time domain. By em-
ploying the time-frequency analysis of HF sig-
nals propagating over long-distance radio paths,
one can address inverse problems of restoring the
characteristics of ionospheric inhomogeneities of
various scales that influence such propagation.
Ionospheric propagation of HF radio waves is
one of the primary scientific areas at the Institute
of Radio Astronomy of the National Academy of
Sciences of Ukraine. At the very beginning of
the 2000s, the first Doppler receivers of the In-
stitute were delivered to the Ukrainian Antarctic
Akademik Vernadsky station (65.25 °S, 64.25 °W)
(hereinafter Vernadsky). It was then that the first
results measurements of propagation of HF radio
signals with a receiving site on board the research
vessel, as well as radio oceanographic data from
ionospheric signals, were obtained (Kashcheev et
al., 2001; Kashcheyev et al., 2003). First Dop-
pler HF receivers were installed on Vernadsky in
2002. During that expedition, the first results were
obtained using the signals of time signal stations
in the Northern Hemisphere propagating toward
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the Antarctic Peninsula (Zalizovskii et al., 2007). At
the same time, the measurements of HF signals
transmitted by powerful ionospheric heaters on long
radio paths were started (Litvinenko & Yampolsky,
2005; Galushko et al., 2008; Zalizovski et al., 2009),
as well as the study of nonlinear mechanisms of
excitation of ionospheric channels of long-distance
HF radio wave propagation (Yampolski et al., 2019).

Routine measurements of HF radio signals of
the North American CHU (47.29° N, 75.76° W)
and European RWM (56.74° N, 37.62° E) time
signal radio stations on long radio paths were
started in 2010 at Vernadsky (Zalizovski et al.,
2015). Since that time, the global network of
digital Doppler receivers of the Institute of Radio
Astronomy has been significantly extended (Ko-
loskov et al., 2014). Unfortunately, part of that
network operating on the territory of Ukraine has
been lost since the beginning of Russia’s full-
scale invasion. However, a dual-channel Doppler
HF receiver as well as a passive oblique ionosonde
receiving signals from an active one that was
operating at the observatory of the Institute of
Tonosphere of the National Academy of Sciences
and Ministry of Education and Science of Uk-
raine near Zmiiv, Ukraine (49.68° N, 36.29° E)
were deployed at the LOFAR observatory PL610
in Borowiec, Poland (52.27° N, 17.07° E) (fur-
ther in the text — PL610).

A significant step in experimental studies of the
ionosphere at Vernadsky was the introduction of a
portable Doppler ionosonde (Zalizovski et al.,
2018; 2020; Koloskov et al., 2023). Since 2022, a
new ionosonde receiving position equipped with
two stationary crossed antennas has been added,
which made it possible to automatically separate
the magneto-ionic components in the ionograms
(Koloskov et al., 2023).

A significant milestone in the development of
geospace research of the long-distance propaga-
tion of HF radio signals was the installation of a
radiophysical observatory on board the research
vessel (RV) Noosfera. This observatory was em-
ployed during the vessel’s voyages to Antarctica
in 2022 (Zalizovski et al., 2022) and 2023. During
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07—29 April 2023

Figure 1. The RV Noosfera’s route during the measuring campaign in March—April 2023.
Each red and green part of routes shows the duration of one day

her first trip to Antarctica in January—April 2022,
a dual-channel Doppler HF receiver, a passive
oblique ionosonde, and very low-frequency equip-
ment were installed onboard. The same equip-
ment, but without the very low-frequency part,
was deployed and used in the March—April 2023
measuring campaign. This paper presents the in-
augural description of the radiophysical observa-
tory on the RV Noosfera.

This work aims to suggest mechanisms of long-
distance HF propagation during the commence-
ment and first hours of a powerful geomagnetic
storm on April 23, 2023, as well as to study spa-
tial and temporal variations of the ionospheric
conditions at the beginning of this storm using
spatially separated measuring equipment located
at the RV Noosfera, Vernadsky, and the PL610
observatory of the LOFAR network.

2 Methods and data

2.1 General characteristics of the measuring
campaign of March—April 2023

As mentioned above, we will focus on the results
of a comprehensive multi-position measuring cam-

192

paign to study the ionospheric dynamics and long-
distance HF propagation using ground-based ob-
servational sites and sea measuring positions on
board the RV Noosfera. The RV Noosfera’s route
during the measuring campaign is shown in Fig-
ure 1.

During the March—April 2023 measurements,
the RV Noosfera was provided with the following
equipment: a dual-channel Doppler HF receiver,
based on WiNRADIO devices (Koloskov et al.,
2014 and references therein); passive oblique iono-
sonde, capable of receiving signals transmitted
by the active ionosonde operating at Vernadsky
(Zalizovski et al., 2018; Koloskov et al., 2023);
Garmin 18 GPS signal receiver serving the dual
purpose of providing continuous data regarding
the location, speed and direction of the RV Noos-
fera movement (see Fig. 1), and ensuring time
synchronization of the ionosonde and the HF
receiver; two HF antenna-feeder systems: the ver-
tical dipole, which was connected to the dual-
channel receiver, and the tilted dipole, from which
the signal was fed to the passive ionosonde, de-
ployed on the direction-finding deck of the ship
(Fig. 2).
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Antenna of the ionosonde
receiving site

Radio laboratory

HF pin antenna
of 2-channel Doppler
HF receiver

NOOSFERA

Figure 2. The location of HF antennas on board the RV Noosfera during the March—April 2023
measuring campaign

Figure 3. Experiment layout for April 23, 2023 at 18:00 UT. Red lines show direct radio
paths, blue lines — return paths, sun terminator marked by black lines (thick — on the sur-
face, thin — at heights of 100 and 300 km; it was daytime in America continents and night-
time in Asia and Australia). Green lines show the most probable location of the equatorial

boundary of auroral ovals for planetary Kp ~0...6

Connection cables were laid from the antennas
to the radiophysics laboratory on the second deck
of the ship (Fig. 2). The length of each cable was
approximately 75 meters.

Two active ionosondes were operated at Vernad-
sky: the traditional IPS-42, and a software-de-
fined radio (SDR-based) ionosonde (Koloskov et
al., 2023), which was upgraded in 2022. The de-
ployment of a new stationary antenna system al-
lows to distinguish the magnetoionic components
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of radio signals reflected from the ionosphere
(Koloskov et al., 2023). Furthermore, a low-pow-
er (less than 100 W) monochromatic signal was
emitted from Vernadsky at the carrier frequencies
determined on board the RV Noosfera, guided by
the analysis of oblique ionograms. Besides the iono-
sondes, the measuring system at Vernadsky in-
cludes the Argentine Island Archipelago (AIA) geo-
magnetic observatory and a dual-channel Dop-
pler HF receiver similar to the one operating on
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board the RV Noosfera. The same receiver (Ko-
loskov et al., 2014) was used at PL610.

2.2 Experiment design

To analyze the features of HF propagation, the
spectrograms of radio signals emitted from Ver-
nadsky (65.25° S, 64.27° W) and HF time signal
radio stations located in the Northern Hemi-
sphere: the CHU station (45.30° N, 75.75° W) and
the RWM station (55.72° N, 38.20° E), and were
received at Vernadsky, RV Noosfera (38.69° S,
06.56° W at 18:00 UT on April 23, 2023, coordi-
nates continuously changed over time), and at the
PL610 LOFAR station (52.28° N, 17.08° E) were
calculated. The map of the transmitting and re-
ceiving sites, direct and return radio paths, as
well as the probable locations of the auroral ovals
for low and moderate geomagnetic disturbances,
are shown in Figure 3.

The first channel of the Doppler receivers at
RV Noosfera, Vernadsky, and the PL610 station
recorded the signals of the RWM station at fre-
quencies of 4996, 9996, and 14996 kHz, and the
CHU station at frequencies of 3330, 7850, and
14670 kHz. The receivers were tuned automati-
cally in a half-hourly cycle, as shown in Table 1.

Table 1. A 30-minute cycle of registration

of CHU and RWM time stations signals by Doppler
receivers operating at the RV Noosfera, Vernadsky,
and the PL610 station

Frequezzclzf/[ﬁ?snsge time, Carrier frequency, Hz
*:00:00 4996000
*:02:30 9996000
*:05:00 14996000
*:09:00 7850000
*:15:00 3330000
*:17:30 14670000
*:19:50 4996000
*:23:20 9996000
*:26:40 14996000
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The analysis of these signals at the specific fre-
quency consisted of calculating average power
spectra with a time resolution equal to the period
of the changing frequency cycle (except the pe-
riod from 20 to 30 minutes when the RWM sta-
tion operates in pulse mode with 10 Hz repeti-
tion frequency). Daily spectrograms of CHU and
RWM stations’ signals for each receiving site are
represented by a set of 48 average power spectra
constructed every half-hour.

During the April 23, 2023 event a monochro-
matic continuous signal at a frequency of 25277
kHz with a power of slightly less than 100 W was
emitted from Vernadsky. The second channels of
the receivers at the RV Noosfera and the PL610
station recorded that signal. The second channel
of the receiver at Vernadsky was constantly tuned
to the frequency of 9996 kHz emitted by the RWM
station. The morphological features of the signal
spectrograms were compared with the variations
of the components of the geomagnetic field record-
ed at the AIA observatory, the BEL observatory
(Belsk Duzy, Poland, 51.83° N, 20.789° E), and
the ASC observatory (Ascension Island, 7.949° S,
14.376° W). In addition, the ionograms of the ver-
tical sounding of the ionosphere from Vernadsky
and the ionograms of the oblique sounding ob-
tained on board the RV Noosfera were analyzed.

2.3 Doppler HF sounding of the ionosphere

During the commencement of the geomagnetic
storm, rapid variations in the Doppler frequency
shift were observed since 17:36 UT in the spec-
trograms of signals emitted from Vernadsky and
recorded on board the RV and at PL610. As can
be seen from the spectrograms (Figs. 4, 5), a sud-
den start of variations is observed at both points
at approximately 17:36 UT, after which almost
synchronous variations of the Doppler frequency
shifts are observed at PL610 (the approximate dis-
tance from the transmitter at Vernadsky is 14770 km)
and at the RV for about two more hours (the
distance to Vernadsky at the time of the start of
the storm is about 4700 km).
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Figure 4. Spectrograms of the signal emitted from Vernadsky at 25277 kHz, received at RV
Noosfera, with the X component of the geomagnetic field measured at AIA (black line)

Comparison of the spectrograms with varia-
tions of the components of the geomagnetic field
allows us to conclude that the highest correlation
of the variations of the magnetic field in the first
two hours of the geomagnetic storm is observed
with the X component at the AIA observatory
and the anti-correlation with the Y component
at the BEL observatory (Figs. 4, 5 show those
components of magnetic field superposed with
spectrograms). In addition, during the negative
variation of the Doppler frequency shift at
17:36—17:46 UT, it can be seen several spectral
components in the spectrograms, whose varia-
tions are proportional to each other in the first
approximation. Possible reasons for this will be
discussed below.

We will further analyze the features of variations
in the parameters of the HF signals of the time
signal radio stations, which were received at dif-
ferent sites. Signals were recorded with the same
frequency-changing cycle shown in Table 1. Dai-
ly spectrograms were calculated according to the
algorithm described above. The mentioned ap-
proach does not allow us to analyze the rapid dy-
namics of variations of the signals. However, it
allows measuring the features and differences of
the signal propagation characteristics on the storm
day compared to quiet days.

ISSN 1727-7485. Yipaincokuii anmapkmuynui neypran, 2023, T. 21, Ne 2, htips.//doi.org/10.33275/1727-7485.2.2023.717

Consequently, through the analysis of the spec-
trograms presented in Figure 6, it is possible to
compare the signal behavior of the RWM station
on the specific disturbed day of April 23, 2023,
with the 26-day average under normal conditions
(spanning April 1 — 27, 2023, excluding April 23).
It can be noted that no peculiarities were ob-
served on April 23 at the frequency of 4996 kHz
(Fig. 6 a, d). At the frequency of 9996 kHz on
April 23 in the interval of 17—20 UT, a signal with
a signal-to-noise ratio of up to 20 dB appears
(Fig. 6 b), which is absent in the monthly aver-
aged spectrograms (Fig. 6 ¢). The signal at the fre-
quency of 14996 kHz shows more significant
variations of the Doppler frequency shift during
the beginning of the storm (Fig. 6 ¢) compared
to other days of the month (Fig. 6 f).

Similar processing was implemented for CHU sig-
nals received at Vernadsky. It should be noted that at
3330 kHz, no effects were observed at the beginning
of the storm (Fig. 7 a, d). However, at 7850 and
14670 kHz, the effect of the appearance of a rather
powerful signal at Vernadsky looks very convincing.
As can be seen, from 19 to 20 UT, a signal appears
on 7850 kHz (Fig. 7 b), which is absent on other days
of the month (Fig. 7 ¢). The situation is similar for
the signal at 14670 kHz: at 19—20 UT, a signal ap-
pears that is absent on other days (Fig. 7 c, f).
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2023-04-23 Spectrogram, PL 610, F = 25277000 Hz [dB]
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Figure 5. Spectrograms of the signal emitted from Vernadsky at 25277 kHz received at
PL610, with the “—Y” component of the geomagnetic field measured at BEL (black line)
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Figure 6. Daily spectrograms of RWM station signals at the frequencies of 4996 (a, d), 9996 (b, ¢), and 14996 kHz (c, f),
received at Vernadsky on April 23, 2023 (a—c), and averaged daily spectrograms for April 1—27, 2023, except April
23, 2023 (d—f)

We cannot fully implement the aforementioned | of the reception point. Therefore, a reference time in-
processing techniques for the RWM and CHU data | terval was limited by five days to compare the spectra
recorded onboard RV Noosfera due to the movement | with neighboring days (19—20 and 24—26 April, 2023).
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Figure 7. Daily spectrograms of the CHU station signals at the frequencies of 3330 (a, d), 7850 (b, ¢), and 14670 kHz
(c, ), received at Vernadsky on April 23, 2023 (a—c), and averaged daily spectrograms for April 1—27, 2023, except
April 23, 2023 (d—f). The ellipses on (b, c, e, f) show the time interval of signal appearance (daily spectrograms) or

its absence on the averaged ones

Figure 8 compares the RWM station signals
recorded on April, 23, 2023 with neighboring days.
There is a noticeable increase in the signal level
of 4996 kHz at 17:30—20:00 (Fig. 8 a) compared
with the background days (Fig. 8 d). At the fre-
quencies of 9996 and 14996 kHz, the first effect
is the absence of a signal propagating through
the reverse path on April 23, 2023 (Fig. 8 b, c,
signal with nearly zero Doppler shift from 12 to
17 UT), compared with the background days
(Fig. 8 e, f). During the beginning of the storm
from 17 to 20 UT, a rather powerful signal was
observed at 9996 and 14996 kHz (Fig. 8 b, c),
almost the same as during the reference days
(Fig. 8 d, e). The difference on the storm day is
the decrease in the intensity of the 9996 kHz sig-
nal and the disappearance of the 14996 kHz signal
after 20:00 UT. Comparing the signals of the CHU
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station, it is possible to note the absence of discrep-
ancies at the frequency of 3330 kHz (Fig. 9 a, d)
and the appearance of signals at the frequencies of
7850 (Fig. 9 b) and 14670 kHz (Fig. 9 ¢) at 19—20 UT
(which are absent on other days (Fig. 9 e, f)), very
similar to that observed at Vernadsky (Fig. 7 b, c).

2.4 Frequency and time analysis of 10 Hz
pulse mode of RWM signal received
at Vernadsky and Noosfera

At Vernadsky and on board the RV Noosfera (dur-
ing her journey from Vernadsky to Cape Town),
the time synchronization of the Doppler HF re-
ceivers was organized by mixing of GPS pulse per
second (PPS) signals once an hour into the RF re-
ceiving circuit. This made it possible to measure
the length of the propagation path of the signals
of the RWM station during its operation in pulse
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Figure 8. Daily spectrograms of the RWM station signals at the frequencies of 4996 (a, d), 9996 (b, e), and 14996 kHz
(c, ), received at RV Noosfera on April 23, 2023 (a—c), and averaged daily spectrograms for April 20—21, and 24—26,

2023 (d—f)

mode with a repetition frequency of 10 Hz. The
processing used here is described in detail by
Kashcheev et al. (2013). It consists of calculating
the Fourier transform from signal samples taken
with a pulse repetition rate of 10 Hz and duration
of 10 s. Thus, we get overlap in the frequency do-
main due to neglecting the conditions of the Ny-
quist—Shannon sampling theorem. However, the
“Doppler frequency shift — time of delay” diagram
obtained by plotting the set of such spectra give us
the visualization where the signal modes could be
separated by both time and spectral features.
Let us examine the spectral and temporal struc-
ture of the signals during the geomagnetic storm.
The signal at a frequency of 9996 kHz at 18:54—
18:56 UT arrives at the RV Noosfera by two modes
(Fig. 10 a). The first mode, characterized by the
Doppler frequency shift of less than 2.5 Hz, has
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a group path length of approximately 12000 km,
while the second mode, with the Doppler fre-
quency shift of more than 2.5 Hz, corresponds to a
group path length of 13500 km. Since the direct
distance along the Earth’s surface between the
RWM station and the RV Noosfera at 18:55 UT
was 11307 km, it is evident that all spatial modes
were propagated relatively close to the direct path.

A tilt of the pulse front (Fig. 10, the leading
edge of pulses are marked in black) is observed
for the second mode (according to the spectro-
gram for this signal in Fig. 8 b, the sign of the Dop-
pler frequency shift around 19:00 UT was nega-
tive). The propagation path length increases with
an increase in the module of Doppler frequency
shift (Fig. 10 a). This feature could be explained
by focusing on the global irregularity moving
away from the direct propagation path. The anal-
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23.04.2023, F = 7850 kHz

19.04.2023—-26.04.2023,
F = 3330 kHz

19.04.2023—26.04.2023,
F = 7850 kHz

23.04.2023, F = 14670 kHz

19.04.2023—26.04.2023,
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Figure 9. Daily spectrograms of the CHU station signal at the frequencies of 3330 (a, d), 7850 (b, ¢), and 14670 kHz
(c, ), received at RV Noosfera on April 23, 2023 (a—c), and averaged daily spectrograms for April 20—21, and 24—26,
2023 (d—f)

ysis of the experiment scheme (Fig. 3) permits us
to conclude that, most likely, the solar termina-
tor is the source of that inhomogeneity.
According to the registration at Vernadsky, we
also see significant signal dispersion (Fig. 10 b).
The first components of the signal have a path
length of 16300 km, the later components shifted
by about 4 Hz of the Doppler frequency shift
moduli (taking into account the sign of the signal
spectrum in Figure 6 b, the actual Doppler fre-
quency shift is —4 Hz), propagate along paths of
about 17000 km. Note that the distance between
Vernadsky and the RWM station by the Earth’s
surface is 15930 km. A sample of pulse selection
for the RWM station signals at 14996 kHz is shown
in Figure 10 c, d for integration over the time
interval 17:57—17:59 UT. The tilt of the pulse
front is observed both at Vernadsky and at the
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RV Noosfera, which indicates the propagation of
energy along many trajectories rather than one.

2.5 Vertical sounding of the ionosphere

During the geomagnetic storm event of 23 April,
2023, regular vertical sounding of the ionosphere
was provided at Vernadsky by two active ionosondes,
IPS-42, which has been operating at Vernadsky since
1983 (Broom, 1984), and the SDR-based iono-
sonde, which started to operate in 2017. Signals from
the digital ionosonde were also used for passive
oblique sounding on board the RV Noosfera. Upon
departure from the Arctowski Station, the opera-
tion mode was altered due to a significant increase
in the distance between the transmitting and re-
ceiving locations. This adjustment involved run-
ning exclusively ionograms every 5 minutes (Dop-
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pler soundings were discontinued), and the up-
per frequency limit for the ionograms was raised
to 30 MHz. It should be noted that all iono-
sondes operate in the local solar time of Vernad-
sky (LT), which is 4 hours less than UT (LT =
= UT — 4h).

Let us consider the ionospheric-sounding data
recorded at Vernadsky during the commencement
of the storm. The height-time diagram for April

200

23, 2023, according to the IPS-42 ionosonde, is
shown in Figure 11 a, and the averaged (median)
height-time diagram (the technique was described
by Zalizovski et al., 2020; 2021) for April 2023 is
shown on Figure 11 b. From 13:30 to 13:45 LT, the
ionosphere lifted by about 15 km (Fig. 11 a). At
this time, the spectrograms of the Vernadsky sig-
nal of 25277 kHz received at the RV Noosfera
(Fig. 4) and the PL610 station (Fig. 5) simulta-
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Figure 11. The height-time diagrams of the vertical sounding of the ionosphere at Vernadsky: (a, c) for April 23, 2023;
(b—d) median diagram for April 2023; (a—b) according to IPS-42 data; (c—d) according to digital ionosonde data

neously show the negative variations in the Dop-
pler frequency shift.

The SDR-based ionosonde performed sounding
with a time resolution of 5 minutes. First, at 13:35—
13:40 LT, the ionospheric plasma moved upward
rather quickly, approximately 15 km in 5—10 minu-
tes (Fig. 11c), which allows us to estimate the ma-
ximum vertical velocity to be 25—50 m s~'. Accor-
ding to both ionosondes, plasma moved rapidly up-
ward at 15—16 LT. The reflections from the iono-
sphere disappeared completely after 16:00 LT (20:00
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UT) compared to monthly medians (Fig. 11 c, d).
At the same time, the 25277 kHz signal transmitted
from Vernadsky was no longer detected at the RV
Noosfera and the PL610 station after 20:00 UT.

2.6 Oblique ionospheric sounding
with receiving site on board the RV Noosfera

The oblique ionograms were recorded at the RV
Noosfera using the signals of the SDR-based iono-
sonde operating at Vernadsky. The last ionogram
during the geomagnetic storm under consideration
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Figure 12. Oblique ionograms registered at the RV Noosfera (a, c); corresponding vertical ionograms registered at
Vernadsky (b, d); on April 23, 2023, at 15:16 LT (19:16 UT) (a—b) and at 13:46 LT (17:46 UT) (c—d). The value
that must be added to the heights on the vertical axis to obtain the correct height is shown above the ionograms of

oblique sounding (a, c)

was detected at 15:16 LT (19:16 UT) while the ship
was moving away from Vernadsky. The ionograms
of vertical and oblique sounding were recorded during
synchronous variations in spectrograms of the Vernad-
sky signal received at the RV Noosfera and PL610
(Fig. 4, 5, 12 ¢, d). These ionograms allow us to de-
termine the mode composition of the signal at the RV.

It is essential for interpreting the dynamics of
Doppler frequency shift variations. Three spatial
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modes can be detected in the ionogram at 13:46 LT
(17:46 UT, Fig. 12 ¢, ionogram traces are marked
in red), and the maximum usable frequencies of
two of them are higher than the frequency of the
probe signal transmitted from Vernadsky (25277 kHz).
Clearly, this is the reason why we see two spec-
tral components during the negative Doppler fre-
quency shift variation at 17:36—17:46 UT at the
sudden start of a geomagnetic storm (Fig. 4).
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3 Results and discussion

Comprehensive ionospheric HF soundings on
many radio paths and with various means during
the beginning of a powerful geomagnetic storm,
which became the strongest in terms of planetary
indices over the past five years, allow us to dis-
tinguish many features of HF signal propagation
on different, including long-distance, radio paths.
This became possible due to increased ionospheric
plasma velocities relative to the quiet days during
the geomagnetic storm. As a result, the magnitudes
of Doppler frequency shift variations of ionosphe-
ric signals are raised, which, in turn, simplifies
the separation of their spectral and spatial modes
in the data.

Variations in the spectra of the signals emitted
from Vernadsky and received at the RV Noosfera
and the PL610 station are very similar in morpho-
logy that was observed during one of the types of
self-scattering (Zalizovski et al., 2009; Yampol-
ski et al., 2019). The signals received at spatially
very distant points, RV and PL610 (Fig. 3),
demonstrate an unexpectedly high level of cor-
relation (Fig. 4, 5).

We should also note that the same high level of
correlation of the Doppler frequency shift varia-
tions is observed with the variations of the X com-
ponent of the geomagnetic field at the AIA geo-
magnetic observatory, which is located at Vernad-
sky, at the same site as the transmitter, and an-
ticorrelation with the Y component at the BEL
observatory (Poland) located not far from the re-
ceiver. Figures 4 and 5 demonstrate the geomag-
netic field variations shown on spectrograms. As
can be seen, the variations are similar to each other
during the initial stage of the storm. After 19:30 UT,
when magnitudes of geomagnetic field variations
grew significantly, the signal spectra became much
wider and disappeared later.

It should also be noted that a comparison of
the dynamics of HF signals with variations of the
geomagnetic field at the Ascension Island obser-
vatory (not presented here to conserve space)
shows the absence of a significant correlation be-
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tween them. The mere presence of such a cor-
relation suggests that Doppler frequency shift
variations are associated with plasma drifts near
the transmitting and/or receiving points. So, we
note that the parameters of the signals are cor-
related with the geomagnetic field variations
near the transmitter and receiver.

During the negative deviation of the Doppler
frequency shift of the 25277 kHz signal around
17:40 UT, the spectral analysis allows us to de-
tect at least two spectral components both at the
RV Noosfera and PL610. The only difference be-
tween receiving sites is various relative ampli-
tudes of Doppler frequency shift variations for
different spectral components, which we will use
to explain the observed effects.

Let us start with the signal recorded at the RV
Noosfera (Fig. 4). The reasonable assumption is that
we are dealing with the first two spatial modes
propagating due to one-, and two-hop reflec-
tions from the ionosphere. This can be confirmed
by the oblique ionogram at 13:46 LT (17:46 UT,
Fig. 12 c, the ionogram traces are marked in red).
As can be seen, two spatial modes propagate be-
tween Vernadsky and RV Noosfera at a frequency
of 25277 kHz. Actually, two spectral modes are
detected at this time in the spectrogram of the
signal propagating on the Vernadsky — RV Noos-
fera paths (Fig. 4).

Let us estimate the vertical velocity of the iono-
spheric layer based on the data of the two spectral
modes of the remote sensing signal. In the approx-
imation of equivalent triangles (Davies, 1990),
we can estimate the reflection height, signal de-
parture, and arrival angles for the spherically-strat-
ified ionosphere (note that this approximation is
far beyond the scope of application for the first
spatial mode propagating by one hop to a dis-
tance of 4700 km). The results of calculations of
the parameters of signal propagation and iono-
spheric plasma motion based on the data of Dop-
pler sounding of the ionosphere on the Vernadsky —
RV Noosfera path at a frequency of 25277 kHz,
as well as oblique sounding based on the signals
of the active ionosonde at Vernadsky and the
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passive one on board the RV Noosfera at 17:37—
17:40 UT on April 23, 2023 are shown in Table
2. The estimates of the vertical velocity coincide
quite well for the first two spatial modes. Typi-
cally, for the first mode (one-hop reflection), the
estimate of layer upward velocity is 5—6 m s
higher than for the second mode (two-hop re-
flections from the ionosphere).

To explain the spectral composition of the sig-
nal at the PL610 station (Fig. 5), we assume that
the signal propagates by the same mode, which is
received at the RV Noosfera as the first one. The
length of the first hop is equal to the distance
between Vernadsky and RV Noosfera, which is
4680 km. The distance from Vernadsky to the
PL610 station is 14770 km. The ratio between
the two distances is 3.16. However, since the el-
evation of the first mode at a distance of 4680 km
is 0 degrees, it is impossible to round the mini-
mum number of hops on the Vernadsky—PL610
path downward because the elevation of the sig-
nal ray becomes negative. We will assume that
the first mode propagating from Vernadsky to the
PL610 station is a four-hop mode, i.e., the signal
is reflected four times from the ionosphere. We
can assume that the second spectral mode, visi-
ble in the signal spectrum, propagates as a five-
hop mode. The calculations will be performed
for a virtual reflection height of 425 km. The esti-

mates of the average vertical velocity for the two
spatial modes are given in Table 3. Table 3 con-
tains the results of calculations of the parameters
of signal propagation and ionospheric plasma
motion based on Doppler sounding of the iono-
sphere on the Vernadsky—PL610 path at a fre-
quency of 25277 kHz, as well as oblique sound-
ing based on signals from the active ionosonde at
Vernadsky and the passive ionosonde at RV Noo-
sfera at 17:37—17:40 UT on April 23, 2023.

As shown in Table 3, the average values of the
vertical velocity of the reflecting layer on the long-
distance radio path are significantly lower than
the estimates on the shorter Vernadsky—RV Noo-
sfera path. In order to reconcile the results on
the two traces, it can be assumed that the contri-
bution to the Doppler frequency shift occurs only
at a limited number of hops. A consistent solution
for the two paths can be obtained if we assume
that only two reflections cause the Doppler fre-
quency shift on the long-distance radio path. In
this case, the estimates of the vertical velocity of the
reflecting layer for both radio paths become clos-
er to each other, within 38—46 m s™' upward.

Let us now turn to the signals of the time sig-
nal radio stations. The improvement of the prop-
agation conditions of the CHU station signals at
7850 and 14670 kHz in the first hours of the storm
(19—20 UT) both in the meridional direction to

Table 2. The results of calculations of the parameters of signal propagation and ionospheric plasma motion
based on the data of Doppler sounding of the ionosphere on the Vernadsky—RV Noosfera path

. Elevation

- Spectral (spatial) Half the length Doppler Ayerage Equwale.nt of the signal
ime, UT of the group frequency vertical layer height of signal
mode number . . 5 . output,
path, km shift, Hz velocity, m s reflection, km d
egrees

17:37:23 2 2550 =55 —40 415 14
17:37:23 1 2450 —2.8 —46 454 0
17:38:23 2 2550 —6.4 —46 415 14
17:38:23 1 2450 3.2 —353 454 0
17:38:54 2 2550 —6.4 —46 415 14
17:38:54 1 2450 —3.1 —51 454 0
17:39:33 2 2550 —6.2 —45 415 14
17:39:33 1 2450 -3.1 —51 454 0
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Vernadsky (Fig. 7) and in the direction inclined
relative to the meridian to RV Noosfera (Fig. 9)
looks quite unexpected. It should be noted that
it is afternoon over the transmitter, and all re-
ceivers are near the solar terminator (Fig. 3).
The spectrum of the signal observed at a frequen-
cy of 7850 kHz at all receiving sites is quite wide,
of the order of 10 Hz or more. It is not clear at
all how absorption can decrease during the start
of a geomagnetic storm and create the conditions
for long-distance HF propagation along direct
illuminated paths. In other words, the appearance
of the CHU station signal propagation at 19—20 UT
along direct paths seems impossible. However, it
can be reasonably assumed that the wide spectra
of the signals indicate that they propagated and
scattered on the inhomogeneities of the strongly
disturbed ionospheric plasma. Intense ionospher-
ic disturbances are characteristic of the auroral
ionosphere, especially during magnetic storms. At
the initial stage of the storm under consideration,
conditions for signal propagation towards the po-
lar ovals may appear due to the rapid upward rise
of the ionosphere that we have detected (see height-
time-diagrams in Figure 11 a, c, at 15—16 LT that
corresponds to 19—20 UT). These signals are scat-
tered on the plasma inhomogeneities of the oval
and propagate along trajectories lying far from the
sub-solar point, along which the absorption is lo-

wer than along the direct paths. Thus, it can be as-
sumed that the CHU station signal at 19—20 UT
propagated to Vernadsky and possibly to the RV Noo-
sfera via reverse paths. Unfortunately, we do not
have pulse selection for the CHU station signals,
so it is impossible to confirm this hypothesis.
The RWM station signals of 9996 and 14996 kHz
propagated at the beginning of the magnetic storm
both to the RV Noosfera and Vernadsky along
direct paths or along lateral trajectories that are
no more than 1500 km longer than direct ones
(Fig. 10). The gradual increase in the propagation
time of the signals with the increase of the Dop-
pler frequency shift module indicates their fo-
cusing on regular horizontal gradients of electron
concentration, most likely the solar terminator,
which is gradually moving away to the west (Fig.
3). However, the same effects were observed at
the RV Noosfera and Vernadsky both before and
after the storm day, so they are not storm effects.
It is worth noting that the last oblique ionogram
at the RV Noosfera was recorded after the beginning
of the storm under consideration, namely at 15:16
LT (19:16 UT) at a distance of 4700 km between the
active (Fig. 12b) and passive ionosondes (Fig. 12 a).
At the same time, a short-term appearance of the
CHU station signals at 7850 and 14670 kHz high
above the atmospheric noises at Vernadsky (Fig.
7), RV Noosfera (Fig. 9), and the PL610 station

Table 3. The results of calculations of the parameters of signal propagation and ionospheric plasma motion
based on Doppler sounding of the ionosphere on the Vernadsky—PL610 path

Ti Spectral (spatial) Length Doppler Average Ver“'[ical Equivale.nt OF tlliza;iigrilal
ime, UT of one frequency layer velocity, height of signal

mode number h . 5 . output,

op, km shift, Hz m s reflection, km d
egrees

17:37:23 5 2954 —5.95 -19 425 9
17:37:23 4 3693 —4.7 =20 425 4
17:38:23 5 2954 —6.9 =22 425 9
17:38:23 4 3693 —5.38 —23 425 4
17:38:54 5 2954 —6.36 —20 425 9
17:38:54 4 3693 —=5.0 —21 425 4
17:39:33 5 2954 —6.3 —20 425 9
17:39:33 4 3693 —4.75 —20 425 4
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were observed. This coincidence may mean that
the propagation conditions of HF signals became
better globally at the beginning of the storm (i.e.,
at different frequencies and radio links). This
may be the effect of the storm, during which the
movement and redistribution of the ionospheric
plasma in space lead to the formation of HF
propagation channels that are not present under
calm ionospheric conditions.

4 Conclusions

At the beginning of 2022, a radiophysical observa-
tory was deployed on board the RV Noosfera, which
aims to measure the state of geospace, thunder-
storm activity, and characteristics of the waved sea
surface. The vessel’s observatory has been oper-
ating during two voyages of the RV Noosfera to
Antarctica. The first one (not described in this
study) was in January—April 2022 (Odesa — Pun-
ta Arenas — Vernadsky — Punta Arenas). The
second one (discussed in this paper and present-
ed on Figure 1), in March—April 2023 during the
navigation along the route Punta Arenas — Ver-
nadsky and Vernadsky — Arctowski Polish Antarc-
tic Station — Cape Town. During both campa-
igns, measurements of the characteristics of the
HF radio signal propagation were performed.
Multi-position comprehensive measurements
using far-spaced transmitting and receiving posi-
tions (one of them is on board a moving vessel)
were performed to suggest mechanisms of HF
propagation over various, including long-distances,
paths, as well as to solve the inverse problem of
restoring the parameters of ionospheric plasma
motion. The measuring campaign was supported
by the vertical sounding of the ionosphere at Ver-
nadsky and oblique ionospheric sounding by the
signals emitted from Vernadsky and registered by
a passive ionosonde on board the RV Noosfera.
The April 23, 2023, geomagnetic storm was used
as a case study. The beginning of the storm brought
the ionospheric plasma into intense motion, which
manifested in Doppler frequency shifts of HF signals
on different radio paths. That, in turn, was used to
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select the spectral and corresponding spatial modes
of signal propagation. According to observations
and data analysis, we obtained the following results.

The HF signals emitted from Vernadsky and
recorded at the RV Noosfera and the PL610 sta-
tion during the first hours of the geomagnetic
storm demonstrate a high correlation of varia-
tions in their spectral characteristics. In turn, the
variations of the Doppler frequency shift of the
signals at both locations correlate well with the
variations of the Earth’s magnetic field compo-
nents measured by the AIA geomagnetic obser-
vatory operating at Vernadsky and the BEL geo-
magnetic observatory. This indicates that the
plasma motions measured in variations of Dop-
pler frequency shift were caused by the drift.

Relatively large Doppler frequency shifts of the
signals during the sudden commencement of the
geomagnetic storm made it possible to separate
several spatial modes. Using that effect, it was
shown that the signal on the Vernadsky—RV Noo-
sfera radio path propagated by one- and two-hop
spatial modes. Supplementing the Doppler mea-
surements with oblique ionospheric sounding with
a receiving position on board the RV Noosfera
allowed solving the problem of propagation on the
Vernadsky—RV Noosfera path more rigorously,
measure the parameters of two signal’s spatial
modes and estimate the vertical velocity of the
plasma layer in the first minutes of the storm at
40—53 m s™" upward.

Using the information on the mode composi-
tion of the HF signal propagating to the RV Noosfe-
ra, it is reasonable to assume that the signal pro-
pagated to the PL610 station by four- and five-hop
spatial modes. The average velocity of the plasma
layer at the reflection points was estimated from
the signals recorded at the PL610 station. The
estimate was half as high as the average velocity
on the Vernadsky—RV Noosfera path. However, as-
suming that the Doppler frequency shift is caused
by the plasma motion at two reflection points
only, for example, the first and the last, the solu-
tion of the problem is consistent with that ob-
tained for the Vernadsky—RV Noosfera path, the
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estimated vertical velocity of the plasma layer is
approximately 38—46 m s™' upward.

After the beginning of the geomagnetic storm,
the last occurrence of an oblique trace on the iono-
gram was registered when the RV Noosfera was
approximately 4700 km away from the active iono-
sonde. Concurrently, the CHU station signals at
7850 and 14670 kHz were observed at all receiving
sites during a short period of time. This simultane-
ity possibly suggests that the conditions for HF sig-
nal propagation improved globally during the ini-
tial hours of the geomagnetic storm. The motion
and redistribution of the ionospheric plasma in
space led to the formation of HF radio propagation
channels that are absent under quiet conditions.
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Hannaneke nommpennss BU pamioxsuib min yac reoMardiTHoi Oypi y kBiTHi 2023 poky
3a pe3yJbTATAMH BEMipIOBanb B AHTapkTuii, €sponi Ta Ha 6opty HIC «Hoocdepa»

Pedepat. MeToro pob0oTH € eKCrieprMeHTaIbHe BUBYEHHSI MEXaHi3MiB HaJIIaJIeKOTO TIOIMPEeHHS BUcokodacToTHUX (BY)
pasiocurHaiB, a TaKOX MPOCTOPOBO-YACOBUX Bapialliii ioHoc(hepHUX TTapaMeTpiB y TIEPII TOMUHYU TMOTYXKHOI reoMar-
HiTHOI Oypi, 110 po3mouanacs 23 kBiTHs 2023 p., 3a JOIOMOI0I0 IIPOCTOPOBO PO3HECEHUX BUMipIOBAJIbLHUX 3aCO0iB,
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posraiioBaHux Ha HaykoBo-nociainHoMy cyaHi (HIC) «<Hoocdepar, YkpaiHcbKiil aHTapKTUYHIM CTaHIIi1 «AKageMik
Bepuancbkuii» (maii craHuis «Akagemik BepHancbkuii») Ta odcepparopii PL610 mepexxi LOFAR y Boposui (ITosb-
1ma). Y uboMy JOCTiIKEeHHI BUKOPHUCTOBYBAIM METOIM BUCOKOYACTOTHOIO BEPTUKAILHOIO Ta MOXUJIOTO 30HIYBaHHS
ioHochepu. Ha 6opty HIC posropHyTo pamiodiznuHy obcepBaropio. ObcepBaTopisi objgagHaHa MPUIMAaTIbHOIO
MO3UIIIEI0 I0HO30HAA Ta NBOKaHAIbHUM JomntuiepiBcbkuM BY nmpuitmMaueM. ['eokocMiyHiI BUMipIOBaHHSI TTPOBOIM-
ek cuaxpoHHo Ha HIC, cranuii «Akagemik BepHancbkuii» Ta PL610. Y nepiui roamHu reoMarHitHoi 6ypi 23-24
kBiTHS1 2023 poKy criocTepiranaucs HeCrnoJaiBaHO M100pe CKOpeIbOBaHI Bapiallil TOMIUIepiBCbKUX 3CyBiB yactotu BY
CHUTHAJIIB, 1[0 BUITPOMIHIOBAINCH 3i cTaHii «AKanemik Bepuanacekuit», Ha HC i PL610. Lli 3k 3cyBu yacToTH 100pe
KOpEeJIIOIOTh 3 BapiallisMM MarHiTHOTO MoJisl, BUMipssHUMU B AHTapKTui i Ilonbii. Bapialii yacToTu crieKTpajlbHUX
koMnoHeHT BY curHamiB, BujijieHi 3aBOsiKu 30ypeHUM YMOBaM, BUKOPHUCTOBYIOTHCS JIsI 3’SICYBaHHSI MEXaHi3My
nowmurpeHHs BY curHasiB Ha BeJMKi BiICTaHi Ta OL[iHKW BEPTUKAIbHOI LUIBUAKOCTI ioHOchepHoro mapy. Hecroi-
BaHa mosiBa curHaiiB craHiii CHU Ha yactorax 7850 i 14670 xI'1 criocTepiraiacs Ha BCiX MpUITMaTbHUX MyHKTaX.
HaitimoBipHille, 11i paniocurHaaM, HECTIOiBAHO 3apEECTPOBAHI ITijl Yac MOYaTKOBOI CTaJlii reOMarHiTHOI Oypi, MolIn-
PIOBAJIMCS LLISIXOM PO3CilOBaHHS Ha ioHOC(EepHUX HEOMHOPITHOCTIX MOJISIPHUX OBaJIiB, i 1ajli 3BOPOTHUMU (B3TOBXK
JIOBILIOI AYTW BEJIMKOro kosa) Tpacamu. I[lepeposmnoain ioHocdepHOoi I1a3Mu i yac reoMarHiTHoi Oypi MpU3BOAUTD
1o ¢dopmyBaHHs1 BU kaHaiiB HajgnaaeKoro nolMpeHHsT palioXBWib, SIKi BiJICYTHI 3a CITOKIHUX YMOB.

Kumiouosi cioBa: reomartitHe nosie, noruiepiscbkuii BU mpuiimayu, ioHo30H#, ioHOC(hEpa
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