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Abstract—As a result of the analysis of data from vertical and oblique sounding of the ionosphere in Febru-
ary—March 2023 using the new ionospheric index, it was found that solar coronal mass ejections (CMEs) of
the loop type lead to a long-term decrease in the critical frequencies F-layer of the ionosphere, while other
types of CMEs may not lead to significant changes in the state ionosphere. The possible role of high-speed
streams of solar wind and energetic protons in the occurrence of ionospheric disturbances is noted. Distance—
frequency characteristics of the Cyprus—Nizhny Novgorod route during geomagnetic disturbances are given,
which indicate both a strong deformation of the F-layer of the ionosphere and the appearance of z-shaped wave

disturbances propagating to a region of lower altitudes.
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INTRODUCTION

In recent years, much attention has been paid to
the causes of ionospheric disturbances and the
dynamics of their development. This is due to the
widespread use of long-distance short-wave radio
communications and over-the-horizon radar, as well
as the need to improve the reliability of their operation
and the predictability of the parameters of the iono-
spheric communication channel [1—3]. The state of
the ionosphere affects the operation of satellite radio
navigation systems and can limit the positioning accu-
racy of ground objects [4—6].

The emergence of a large number of research satel-
lites and ground-based diagnostic tools for space
weather parameters makes it possible to obtain a huge
amount of data, where the ionosphere can already act
as a medium that is a sensitive indicator of solar—ter-
restrial connections.

According to numerous previous studies (see, for
example, [7—14]), ionospheric parameters are strongly
dependent on geoeffective phenomena occurring on
the Sun, such as coronal mass ejections (CMEs) and
high-speed solar wind streams (HSSs). Registration of
disturbances in the ionosphere can be carried out both
by ground-based sensing means (vertical, oblique and
back-tilt sounding ionosondes, riometers, incoherent
scatter radars, etc.) and by using rockets and artificial
Earth satellites (direct measurements, the use of
onboard ionosondes or the use of transionospheric
sounding methods using satellite signals) [15].

This article examines the influence of solar geoef-
fective disturbances on the ionospheric parameters in
February and March 2023. As ionospheric parame-
ters, variation in the time of critical frequency f; of the
F,-layer of the ionosphere during vertical sounding
(VS) and the maximum observed frequency (MOF)
during oblique sounding (OS) of the ionosphere were
studied using the method of a linear frequency modu-
lated (chirp) signal using the new ionospheric index
that we proposed earlier [16].

DATA AND METHODS

The study used data from vertical and oblique
sounding of the ionosphere. Critical frequency values of
the F-layers of the ionosphere are given according to
data (https://ulcar.uml.edu/stationlist.html, https://
wdc.kugi.kyoto-u.ac.jp/igrf/gggm/index.html) of the
Tromse (69.6° N, 19.2° E, geographical coordinates;
36.26° N, 103.07° E, geomagnetic coordinates), War-
saw (52.21° N, 21.06° E; 50.48° N, 105.18° E), and
Athens (38.0° N, 23.5° E; 36.26° N, 103.07° E) iono-
spheric stations. The choice of these stations was
determined by their close location to one meridian,
which makes it possible to estimate the rate of devel-
opment of ionospheric disturbances from the polar
oval to the equator.

Critical frequencies of the F-layer of the iono-
sphere were obtained according to data from the
CADI ionosonde located in Vasilsursk (56.15° N,
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Fig. 1. Relative positions of vertical (marked with red dots) and oblique sounding stations (yellow line). The midpoint of the

Cyprus—Nizhny Novgorod route is marked with a red dot.

46.10° E; 50.77° N, 129.13° E) during special measure-
ments. The ionosonde operated in a 15-min iono-
spheric sounding mode in the frequency range from 1
to 12 MHz. The maximum observed frequencies of the
F-layers of the ionosphere are given based on the
results of special measurements on the Cyprus—
Nizhny Novgorod route. The chirp signal was received
every 5 min in the range of 8—33 MHz. The coordi-
nates of all VS stations, the data of which were used in
the article, are given next to their names, and the rela-
tive positions of the VS stations (marked with red dots)
and the oblique sounding routes (shown with a yellow
line) are shown in Fig. 1. The midpoint of the
Cyprus—Nizhny Novgorod route (also marked in this
figure with a red dot) has coordinates 45.6° N, 37.45° E
(geographic) and 41.61° N, 118.15° E (geomagnetic).

The new ionospheric index used in this study is
based on calculating the deviation of the current value
of critical frequency Af, (or MOF) of the F, iono-

spheric layer from the average daily profile for a
month, measured using the method of vertical (or
oblique) sounding of the ionosphere [16]. Deviation
Af, at each moment of registration of the ionogram
(for VS) or distance—frequency characteristic (DFC)
of OS was determined as

Moji = fojx = fojs

where

N
ij = Zfojk/N,
k=1

Jojx is the measured value, j is the number of the mea-
surement point during the day, & is the number of days
in a month, and N is the amount of days in a month.
A similar procedure could be carried out when analyz-
ing MOF oblique sounding data.

Fig. 2. Behavior of index AfyF; for three ionospheric stations: (a) Athens, (b) Warsaw, (c) Tromsg; (d) time course of X-ray radi-
ation and proton flux; indices (e) Kp and (f) Dst; graph of the speed of high-speed solar wind flows (Vygs, km/s) for February
2023. The horizontal axis is the days of the month; left vertical axis: for AfyF,, time of day (hour, UT); for all others, values of

quantities.

COSMIC RESEARCH  Vol. 62  No.2 2024



EARTH’S IONOSPHERIC RESPONSE TO SOLAR ACTIVITY PHENOMENA 189

(@)
MyF,, MHz February 2023 Tromse

-

-

Hours of day

D f th
X-ray radiation, W/m? (d) ays of mon

—200
26
Viss, km/s (2 Days of month
800
w0 My P N
400 «/’ e MM LA
200
0 L L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 I I L | | | | | |
1 6 11 16 21 26
Days of month

COSMIC RESEARCH Vol.62 No.2 2024



190 VYBORNOV, SHEINER

The differential parameter we proposed for study-
ing data from vertical and oblique sounding of the ion-
osphere allows us to eliminate stationary dependences
(excluding the average daily behavior of f, F, or MOF),
and the color scheme used allows us to increase the
sensitivity of detection of deviation Af, depending on
the time of day and day of the month.

Additionally, an analysis was carried out of the
influence of increased geomagnetic activity on the
mid-latitude ionosphere. For this purpose, a compar-
ison was made of the Kp- and Dsz-indices for Febru-
ary and March 2023 and ionograms of the Vasilsursk
ionospheric station or DFC of the ionosphere for the
Cyprus—Nizhny Novgorod route.

As events affecting the state of the Earth’s iono-
sphere, coronal mass ejections of various types were
primarily considered, including off-limb events
recorded on the Sun in February—March 2023, as well
as (if necessary) change in the speed of high-speed
solar wind flows, fluxes of solar protons of different
energies, and the dynamics of changes in short-wave
(X-ray) radiation. Information on registration of cor-
onal mass ejections is available in the CACTus Catalog
(http://sidc.be/cactus). CME data are cataloged
automatically using LASCO C2/C3 observations.
Updated data on registration of coronal mass ejections
are provided in the SOHO LASCO CME Catalog
(https://cdaw.gsfc.nasa.gov/CME _list/).

Below in the text, dates, and times are given in
Greenwich Mean Time in the form accepted for the
journal, but the date and time on the images used for
analysis are left in the form in which they are given on
the source data sites.

For ease of comparison of data on deviation Af;
depending on the time of day and day of the month
and coronal mass ejections central part of Figs. 2 and
3 (for the Warsaw station) is repeated with indication
of the zones of influence of specific CMEs.

RESULTS

Examples of emerging ionospheric disturbances for
observations carried out in February and March 2023
at three stations—Athens, Warsaw, and Tromsg—are
shown in Figs. 2 and 3, respectively. Data are also
given there on the indices Kp-, X-ray, and Dst, which
indicate increased geomagnetic activity (https://tesis.
xras.ru/magnetic_storms.html, https://wdc.kugi.kyoto-
u.ac.jp/dst_realtime/202210/index.html)—at the end
of both February and March, strong magnetic storms
occurred—as well as and the time course of the speed
of high-speed solar wind flows (Vuygs, km/s)
(https://omniweb.gsfc.nasa.gov).

FEBRUARY 2023

Examples of comparisons between recorded CMEs
and observed ionospheric disturbances in February
2023 are shown in Fig. 4 using the example of iono-
spheric data from Warsaw. Taking into account the
Kp- and Dst indices, such a comparison allows us to
identify a possible source of influence on the critical
frequencies of the F-layer of the ionosphere and con-
sider a CME as a source of ionospheric disturbances.

Examples of coronal ejections in Figs. 4 and 7 are
shown as difference images of the solar corona
obtained in white light using the LASCO/C2 corona-
graph. The boundaries of registered CMEs are marked
in white in the image. Coronal mass ejections are visi-
ble as bright reflections.

The decrease in critical frequencies (clearly visible
from the Warsaw station data) over the first ten days of
February was associated with loop-shaped coronal mass
gjections (CME) on February 3, 2023, at 10.00 UT;
February 9, 2023, at 06.12 UT; and February 10, 2023,
at 09.24 UT that were recorded by LASCO-C2
(http://sidc.be/cactus).

The increase in critical frequencies in the middle of
the month was caused by radial emissions of CME on
February 11, 2023, at 04.24 UT; February 12, 2023, at
17.00 UT; and February 15, 2023, at 00.24 UT, which
were also recorded by LASCO-C2 (http://sidc.be/
cactus).

The repeated decrease in critical frequencies
according to the Warsaw station data at the end of the
month (February 24—25) was associated with coronal
mass ejections of the Halo type on January 24, 2023,
at 20.36 UT and on January 25, 2023, at 19.24 UT
(https://cdaw.gsfc.nasa.gov/CME _list/).

An increase in the speed of HSSs of the solar wind
from 400 to 800 km/s on February 26 (https://omni-
web.gsfc.nasa.gov) and coronal mass ejections on Jan-
uary 24, 2023, at 20.36 UT and on January 25, 2023,
at 19.24 UT (https://cdaw.gsfc.nasa.gov/CME list/)
led to a strong magnetic storm, which began in the
evening of February 26, 2023, and continued on Feb-
ruary 27, 2023. At the same time, the critical frequen-
cies changed sharply in the F-layer of the ionosphere.
According to updated catalog data (https://cdaw.gsfc.
nasa.gov/CME _list/), this may have been a response
to coronal ejections on February 27, 2023, recorded on
C2 at 01.48 and 10.24 UT.

The magnetic storm of February 27, 2023, had a sig-
nificant impact on the mid-latitude ionosphere of the
central region of Russia. According to the VS Vasilsursk
station data, strong disturbances of critical frequencies
and diffuse reflections were observed (F-spread), as
well as the presence of multiple reflections. Figure 5

Fig. 3. Behavior of index AfyF, for three ionospheric stations: (a) Athens, (b) Warsaw, (c) Tromsg; (d) time course of X-ray radi-
ation and proton flux; indices (e¢) Kp and (f) Dst; graph of the speed of high-speed solar wind flows (Vygs, km/s) for March 2023.
The horizontal axis is the days of the month; left vertical axis: for Afy 5, time of day (hour, UT); for all others, values of quantities.
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Fig. 4. Illustration of joint analysis of the behavior of index AfyF, for data from the Warsaw ionospheric station and CME regis-

tration in February 2023.

shows ionograms in which, at 12.00 UT (see Fig. 5a),
a profile of the undisturbed ionosphere with a critical
frequency was observed in the F-layer about 9.5 MHz.
A sharp change in the appearance of the ionograms
began at 12.45 UT. At 13.30 UT (see Fig. 5b), the crit-
ical frequency of the F-layer of the ionosphere
decreased to 6 MHz, strong diffuseness was observed
(up to three points). Subsequently, the critical fre-
quency continued to decrease the F-layer of the iono-
sphere, stratification was observed in the region of
critical frequencies (see Figs. 5¢c—5e), the reflected
signal from the E- and F)-layers stopped registering.
Only at 6.00 UT on February 28, 2023, was the iono-
sphere completely restored. It should be noted that on
the night from February 26 to 27, 2023, very strong
diffuseness was observed in the F-layer of the iono-
sphere.

A magnetic storm also appeared on the Cyprus—
Nizhny Novgorod chirp sounding route. On the dis-
tance—frequency characteristic of the chirp signal,
z-shaped disturbances (a consequence of moving ion-
ospheric disturbances, see Figs. 6a—6d, 6f), diffuse-

ness, a strong Es-layer (see Figs. 6e, 6f). Severe distor-
tion of the reflection tracks was observed. Not only the
one-hop tracks, but also the two- and three-hop
tracks, turned out to be distorted on the DFC. Strong
back-slant scattering was observed.

MARCH 2023

In Fig. 7, graphs are provided Af,F, for March 2023
for data from the Warsaw station, which, taking into
account Kp- and Dst-indices, allow one to identify a
possible source of influence on critical frequencies of
the F-layer of the ionosphere.

The decrease in critical frequencies at the begin-
ning of the month may be a consequence of solar
activity at the end of February, and at the same time a
response to the CME on March 1, 2023. The long-
term decrease in critical frequencies on March 2—10,
2023, may be a response to the CME on March 3—6,
2023, from the AR on the western limb.

The peculiarity of the ionospheric disturbances
that occurred on March 13—17, 2023, is that they coin-
COSMIC RESEARCH  Vol. 62
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Fig. 5. Vertical sounding ionograms obtained at the Vasilsursk ionospheric station on February 27, 2023 ((a) 12.00, (b) 13.30,
(c) 15.00, (d) 16.30, (e) 18.00, (f) 19.30 UT).
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Fig. 6. Distance—frequency characteristic of the chirp signal along the Cyprus—Nizhny Novgorod sounding route on February 27,
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Fig. 7. Illustration of joint analysis of the behavior of index AfyF, for data from the Warsaw ionospheric station and CME regis-

tration in March 2023.

cide with a coronal mass ejection of very high power
registered on March 13—17, 2023, on the side of the
Sun farther from the Earth, which also became the
source of the flow of solar protons. This is confirmed
by the absence of a solar flare, with which the begin-
ning of the event can be associated. An additional con-
tribution to ionospheric disturbances can be made by
Halo type CMEs on March 11-12, 2023 (https://
cdaw.gsfc.nasa.gov/CME _list/).

Short-term disturbances of the ionosphere on
March 20—21 are most likely associated with the
response to the CME on March 19, 2023 and beyond
the limb on March 20, 2023 (https://cdaw.gsfc.
nasa.gov/CME _list/).

Disturbances in the ionosphere on March 24-25,
2023, are caused by coronal mass ejections on the
opposite side of the Sun from the Earth; no solar flares

were recorded during this period. The response is
observed with a large delay, since the CME comes
from behind the limb (March 20, 2023; Halo type,
https://cdaw.gsfc.nasa.gov/CME _list/). At the same
time, the CME of March 21—-24, 2023 (https://cdaw.
gsfc.nasa.gov/CME _list/), can make an additional
contribution to the ionospheric response.

Figures 8a—8d show the distance—frequency
characteristics of the chirp signal on the Cyprus—
Nizhny Novgorod chirp sounding route obtained on
March 23, 2023 ((a) 12.45, (b) 15.40 UT, (c) 17.10,
and (d) 18.10 UT). Distance—frequency characteris-
tics obtained at 15.40 and 17.10 indicate strong dis-
turbance of the ionosphere. There are strong distor-
tions in the shape of the tracks of one- and two-hop
tracks. z-Shaped disturbances are clearly present (see
Figs. 8b—8c). DFCs obtained at 12.45 and 18.10 UT
indicate the absence of strong disturbances in the ion-

COSMIC RESEARCH  Vol. 62
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osphere in the reflection region. Comparing the
response of the ionosphere to geomagnetic distur-
bances on February 26—27 and March 23, 2023, it
should be noted that the former were much stronger.

Comparing Figs. 2a—2c and 3a—3c, one can note
that variations in the critical frequencies of the iono-
sphere according to data from stations located close to
the same longitude are very different. They manifest
themselves most weakly for the low-latitude iono-
sphere and strongly (up to =3 MHz) for the high-lati-
tude ionosphere. It was not possible to identify the
source of the disturbance on March 26—31, 2023, for
the Warsaw station (highlighted in red in Fig. 3b). In
our opinion, this is the result of incorrect determina-
tion of the critical frequency when using computer
processing of ionospheric data.

CONCLUSIONS

As a result of studies of the degree of ionospheric
disturbances depending on short-term variations in
COSMIC RESEARCH  Vol. 62

No.2 2024

solar activity (registration of coronal mass ejections
and high-speed solar wind flows) based on the results
of vertical and oblique sounding of the ionosphere in
February and March 2023 and the use of a new iono-
spheric index, the presence of a pattern in the influ-
ence of a CME was confirmed on ionospheric param-
eters: there is a continuous decrease in values of AfyF,
after the onset of a CME (loop type), whereas no sig-
nificant changes are observed after the detection of
other types of CMEs. The possible role of HSSs and
energetic protons in the occurrence of ionospheric
disturbances is noted.

Ionograms of the Vasilsursk station for vertical
sounding of the ionosphere are presented, where
strong absorption of the reflected signal was noted
during a geomagnetic storm in February 2023. Distor-
tions in the shape were observed in the remote-fre-
quency characteristics of the Cyprus—Nizhny
Novgorod route during geomagnetic disturbances in
February—March 2023 of the F-layer of the iono-
sphere, there was a regular appearance of z-shaped
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wave disturbances propagating to the region of lower
altitudes.
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