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Abstract—Results are presented from studies of the ionosphere on September 12, 2023, performed by a system
of mid-latitude synchronously operating oblique and vertical sounding ionosonde stations. Strong diffuse
reflections from dynamic structures of the auroral ionosphere are detected against the background of regular
reflections from the F-layer of the ionosphere during the main phase of the development of a class G1 geo-
magnetic storm.
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INTRODUCTION
The basic tool for diagnosing and monitoring the

state of the ionized part of the Earth’s atmosphere is
vertical incidence sounding (VIS) of the ionosphere.
The result is the recording of a VIS ionogram—the fre-
quency dependence of the group delay of the probing
signal on the frequency. A substantially less applicable
technique is oblique radiosonding (OIS), due to the
greater complexity of generating and interpreting the
radiophysical response in the form of OIS ionograms.
The conditions of reflection for probing radio waves
from ionospheric irregularities in the vertical and
oblique radio sounding of the ionosphere differ con-
siderably, which in the case of their joint application
can provide expanded experimental data on the evolu-
tion of such large-scale dynamic structures as traveling
ionospheric disturbances (TID) [1] and specific auro-
ral inhomogeneities of the high-latitude ionosphere.
The auroral part of the high-latitude ionosphere is
characterized by large-scale dynamic irregularities:
the polar oval, the main ionospheric trough (MIT),
and the auroral D- and E-layers, which can shift to the
mid-latitude region and manifest in ionospheric
radiosonde data during ionospheric disturbances
caused by magnetic storms.

Ionospheric manifestations of geomagnetic distur-
bances strongly affect the propagation of short radio

waves through the ionospheric plasma. This results in
increased absorption, smaller ranges of frequencies of
transmission up to complete blocking (blackouts),
scattering on inhomogeneities of electron density (tur-
bulence) in the region of the polar oval, the emergence
of anomalous modes, and deviation of the directions
of signal arrival from the arc of a great circle between
the transmitter and receiver [2–7]. The strong effect of
geomagnetic disturbances have on the efficiency of
radio engineering systems has been noted (see, e.g.,
[8–10]) when the negative phase of a magnetic storm
and strong absorption generated by charged particles
in the E and D layers of the ionosphere cover large
regions where shortwave radio communication and
over-the-horizon radar paths can pass. To varying
degrees, these effects of ionospheric disturbances have
also been observed in data from complex measure-
ments made on September 12, 2023, under conditions
of a moderate geomagnetic storm.

Results on the effect of a weak ionospheric storm
on the transauroral radio path of the Norilsk–Irkutsk
meridional orientation were presented in [11], using
data from vertical and oblique radio sounding of the
ionosphere. The aim of this work was to develop com-
plex registration capabilities of the oblique and vertical
radio sounding of the ionosphere in the problem of
diagnosing dynamic large-scale inhomogeneities of
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Table 1. Coordinates of LFM stations

No. LFM Stations Coordinates

1 Vasilsursk (T) 56.1° N; 46.0° E
2 Kazan (R, T) 55.8° N; 49.1° E
3 Nizhny Novgorod (R) 56.3° N; 44.0° E
4 Troitsk (R) 55.5° N; 37.3° E

Table 2. Parameters of probing paths
No. Path Length, km Azimuth, deg

1 Vasilsursk–Kazan 193 100.7
2 Vasilsursk‒Nizhny Novgorod 130 279.7
3 Vasilsursk–Troitsk 555 266.2
4 Kazan–Nizhny Novgorod 323 282.7
5 Kazan–Troitsk 743 272.3
ionospheric plasma through the localization of mea-
suring instruments in the latitudinal direction; to
describe the experiment and the heliogeophysical
conditions; and to present and discuss our results.

DESCRIPTION OF THE EXPERIMENT 
AND HELIOGEOPHYSICAL CONDITIONS 

OF OBSERVATIONS

The experiment was performed using the facilities
of Nizhny Novgorod State University’s Lobachevsky
Radiophysical Research Institute in Kazan (Volga
Region) and Institute of Terrestrial Magnetism, Iono-
sphere and Radio Wave Propagation, Russian Acad-
emy of Sciences (IZMIRAN, Troitsk, Moscow). The
geometry of the ionospheric diagnostic network paths
using linear frequency modulated (LFM) signals and
our description of the technology and equipment basi-
cally repeats those given in [9]. LFM OIS stations in
Vasilsursk transmitted, those in Troitsk and Nizhny
Novgorod received, and those in Kazan transmitted
and received. Vertical sounding ionosondes were also
operating in Vasilsursk (CADI; in 6-min operating
mode) and in Troitsk (Parus-A, in the standard
15-min mode). A diagram of the relative positions of
the ionosondes is presented in Fig. 1a.

The coordinates of the LFM sounding stations are
given in Table 1. Symbols R and/or T indicate settings
for receiving and/or transmitting, respectively. Table 2
presents geometric data in the OIS ionosphere config-
uration, i.e., the lengths of the radio sounding paths
and azimuths from the point of transmission to the
reception point.

The LFM stations in Vasilsursk, Kazan, and
Nizhny Novgorod were of the same type (SITCOM
LLT, Yoshkar-Ola) with a maximum radiated power
of 100 W. Different antennas were used. In Vasilsursk,
the Delta antenna was oriented to the north; in Kazan,
the Naklonny Luch antenna was oriented to the west.
BULLETIN OF THE RUSSIAN ACADE
A vertical Delta antenna was used in Nizhny
Novgorod, and a vertical dipole (without azimuth
directionality) was used in Troitsk.

On September 12, 2023, LFM stations began trans-
mitting at 15:00 Moscow time (MT). Transmissions
from Kazan were made on even minutes, and those
from Vasilsursk were made on odd minutes. On Sep-
tember 13, LFM stations transmitted from 17:30 MT
in 3-min cycles (but not at the zero minute). The
Kazan and Vasilsursk LFM stations switched on in the
first and second minutes, respectively, and the cycle
was repeated. The speed of operating frequency tuning
was 110 kHz/s in the range of 4 to 12 MHz, allowing
OIS ionograms in to be recorded in a minute regime.
The stations in Nizhny Novgorod and Troitsk received
LFM radiation every minute, while those in Kazan
and Vasilsursk received it in the intervals of cycles
where the stations did not transmit.

Figure 1b shows the geophysical situation on Sep-
tember 12 and 13, 2023, according to data from
[12, 13]. A moderate magnetic storm began on Sep-
tember 12, 2023, with an increase in the magnetic
index Dst at 00:00 UT. The initial phase lasted until
12:00 UT on 12.09.2023, when there was a sharp drop
in index Dst The main phase of the storm then began
and continued until 23:00 UT, where a value of –85 nT
was reached. This was followed by the start of the
recovery phase.

Geomagnetic disturbance index Kp at the start of
the day on September 12, 2023, was at a level of 0–1. It
began to grow after 9:00 UT and reached a level of 5+
from 12:00 UT to 18:00 UT. The Kp index then began
to fall [12, 13]. The most sensitive ground-based indi-
cator of the intensity of magnetic disturbances was
auroral index AE, which showed strong variations on
September 12. From 11:00 UT to 13:00 UT, the AE
values rose to 800–1000 nT. Starting at 16:00 UT, they
rose to 1900 nT in less than an hour and then began to
fall gradually [12].
MY OF SCIENCES: PHYSICS  Vol. 89  No. 5  2025
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Fig. 1. (a) Scheme of the mutual arrangement of the ionosondes. (b) Magnetic index Dst of September 12–13, 2023.

(a)

(b)

40

20

0

–20

–40

–60

–80

–100

4 8 12 16 20 0 4 8 12 16 20 24

September 12, 2023 September 13, 2023

Time, UT

Dst, nT

Nizhny Novgorod
Vasilsursk

Kazan

Troitsk

Rostov Vichuga

Ivanovo

Shuya

Kovrov

Vladimir

Gus–Khrustalny

Vyazniki

Murom
Kulebaki

Vyksa

Kasimov

Ryazan

Semenov
Gorodets

Kstovo
Bogorodsk

Pavlovo

Arzamas

Diveevo
Sarov Pervomaisk

Lyskovo Yadrin

Sergach

Lukoyanov Bolshoye Boldino

Pochinki

Ardatov

Yoshkar–Ola

Kozmodemyansk

Cheboksary

Vurnars
Kanash

Buinsk

56�15��N

56�45��N

55�45��N

54�45��N

43�30��E41�30��E39�30��E37�30��E 45�30��E 47�30��E 49�30��E
Unfortunately, we were unable to to perform a
behavioral analysis of the Bz components of the inter-
planetary magnetic field (data from the ACE satellite
were outside the range of registration). The geomag-
netic storm was accompanied by optical phenomena.
Aurora borealis with a pronounced green component
were recorded in Nizhny Novgorod oblast (including
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
at the NIRFI-Vasilsursk test site) on the night of
September 12–13, 2023.

Solar f lare activity was generally low for Septem-
ber 10–12. Only type C flares were observed on Sep-
tember 10, the largest being the C8.3 f lare from active
region AR3423 at 01:41 UT. Weak coronal mass ejec-
tions (CMEs) were recorded during the day. Solar
: PHYSICS  Vol. 89  No. 5  2025
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activity rose to moderate levels on September 11, due
to three M-type f lares. The M1.3 f lare in AR3429 at
01:08 UT produced a CME east of the Sun (as viewed
from Earth) that had no effect on the ionosphere. The
most likely cause of the geomagnetic storm that began
on September 12 was apparently a coronal mass ejec-
tion at 22:35 UT on September 11, accompanied by
the speed of high-speed solar wind streams (CP HSS,
Coronal Hole High Speed Streams) rising from 340 to
450 km/s.

Outbreak activity was moderate on September 12,
2023. Three M-type f lares and 11 C-type f lares
occurred during the day. Three coronal mass ejections
were observed by the LASCO C2 coronagraphs on
board the SOHO spacecraft. At least two of them (at
19:12 UT and 21:12 UT) were apparently on the far
side of the Sun, so they had no effect on the Earth.

OBSERVATION RESULTS
LFM OIS stations began work at 16:00 MT,

according to the agreed program. DFCs in the F-layer
of the ionosphere were reliably recorded on all sound-
ing paths until 19:00, which is typical of an undis-
turbed ionosphere (see Figs. 2a, 2b, 3a, and 3d).

Reception of LFM Transmitter Signals 
from Vasilsursk (Figs. 2a–2e)

Additional tracks on the OS ionograms were
recorded on the Vasilsursk–Nizhny Novgorod path
(see Figs. 2a and 2b). Weak scattered reflections with
6–8 ms periods of delay appeared at 18:55 MT, when
the maximum usable frequency (MUF) of the 1F ion-
osphere (determined everywhere from the ordinary
component) was 7.5 MHz and traces of the 2F–4F
modes were recorded well. Diffuse reflection in the 7–
9 MHz range of frequencies was recorded in the form
of a double cloud with delays of 6–6.5 and 7–7.5 ms.

At 18:59 MT, the delays fell to 5–6 and 6.2–8 ms
with a 6.8–11 MHz range of frequencies. The areas of
scattering began to contrast strongly. The region of
scattering was adjacent to track 2F on the high-fre-
quency side. MUF 1F of the ionosphere did not
change.

At 19:01 MT, the delays fell to 5–7.5 ms with a 7.5–
11 MHz range of frequencies. The region of scattering
became uniform with contours similar to those of
track 1F. At 19:05 MT, the delays fell to 4–6.5 ms with
a 6–12 MHz range of frequencies. MUF 1F rose to
7.8 MHz. At 19:07 MT, the delays fell to 3.5–6.5 ms.
The formation of a second scattering track with a delay
of 4 ms and a lower frequency of 8 MHz began. MUF
1F rose to 8 MHz. Delays fell to 3–5 ms starting at
19:09 MT. The intensity (contrast on DFC) of the
scattered signal grew until 19:17 MT, with MUF 1F
remaining close to 8 MHz. The intensity of the scat-
tered signal fell until 19:29 MT, with MUF 1F drop-
ping to 7.8 MHz.
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The behavior of the DFC ionosphere on the Vasil-
sursk–Kazan path (see Figs. 2c and 2d) was generally
reminiscent of the dynamics of the DFC behavior on
the Vasilsursk–Nizhny Novgorod path. The emer-
gence of a scattered area was noted from 18:59 MT in
the range of 7.5–10 MHz with delays of 5–7.5 ms and
MUF track 1F at 8.2 MHz. The shape of a diffuse
trace characteristic of an oblique reflection from a
highly inhomogeneous region (with signs of upper
rays) was much more pronounced. By 19:29 MT,
MUF 1F had falklen to 8 MHz, and the contrast of the
region of scattering was becoming weak.

An additional flat diffuse layer with delays of 4–5 ms
and a 4 to 9 MHz range of frequencies appeared above
the main region of scattering on the DFC (OIS iono-
gram) starting at 19:07 MT. It rose weakly up to fre-
quencies of 6 MHz by 19:29 MT. A similar weak layer
with similar parameters existed on the DFC path
Vasilsursk–Nizhny Novgorod. Note that the delays of
this track were 1–1.5 ms longer than those of the main
region of scattering. An additional weak diffuse track
was recorded with the same periods of delay but in the
9–11.5 MHz range of frequencies starting at 19:21 MT.

The behavior of the DFC ionosphere on the Vasil-
sursk–Troitsk path (see Figs. 2d and 2e) had a number
of interesting features. Higher MUF values than on
other paths (rising from 8.5 MHz at 18:55 to 9.3 MHz
at 19:11 MT with a subsequent drop to 8.5 MHz at
19:29 MT). A region of scattering with delays greater
than 7 ms appeared at 18:59 MT in the 9.5–10.5 MHz
range of frequencies (the entire DFC was limited to
10 MHz). A diffuse layer characteristic of oblique
reflection formed at 19:05 MT with a 4.5–6.5 ms
range of delays in the 7–11 MHz range of frequencies.
The region of scattering was divided in two at
19:09 MT. The upper part had delays of 4.8–7.5 ms in
the 7–9 MHz range of frequencies, while the lower
one had delays of 4–5 ms in the 7–11 MHz range of
frequencies. The maximum range of frequencies the
lower region of scattering was recorded at 19:11 MT:
8–12 MHz.

The areas of scattering started to contrast less and
were faintly visible on the DFC. The upper region of
scattering had 5–6.5 ms intervals of delay and a 5–
8 MHz range of frequencies. The values for the lower
region were 4–5 ms and 8.5–11 MHz, respectively.

Receiving Signals from the LFM Transmitter 
in Kazan (Figs. 3a–3e)

It should be noted that intense signals of regular
reflections (1F–4F) were received on the Kazan–
Nizhny Novgorod (Figs. 3a–3c) and Kazan–Troitsk
(Figs. 3g–3e) paths. However, the scattered signals
were received more weakly than when the LFM signals
transmitter in the village of Vasilsursk was operating,
due to the features of the directional pattern of the
transmitting antenna.
MY OF SCIENCES: PHYSICS  Vol. 89  No. 5  2025



BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS  Vol. 89  No. 5  2025

IONOSPHERIC MANIFESTATIONS OF A MODERATE GEOMAGNETIC STORM 665

Fig. 2. DFC ionosphere on paths Vasilsursk–Kazan (a, b); Vasilsursk–Nizhny Novgorod (c, d); Vasilsursk–Troitsk (d, e) on Sep-
tember 12, 2023, at 18:53 and 19:05, MT.
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666 VYBORNOV et al.

Fig. 3. DFC ionosphere on paths Kazan–Nizhny Novgorod (a–c); Kazan–Troitsk (g–e) September 12, 2023, at 16:02, 16:06,
and 16:10 UT.
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Two diffuse areas with frequencies of 7–9 and
10.5–11.5 MHz and delays of 4–5 and 4.5–6.5 ms
appeared on the Kazan–Nizhny Novgorod radio path
at 19:04 MT. At this time, the MOF was around
8 MHz. It rose to 8.1 MHz at 19:14 MT, and fell to
7.5 MHz by 19:24 MT. At 19:24 MT, two regions of
scatterings were observed weakly at frequencies of
7.5–8 and 10.5–11.5 MHz with delays of 3.5–5 and
4.5–5.5 ms. No scattering was recorded after
19:30 MT.

The MOF was 9.7 MHz on the Kazan–Troitsk
path in the 19:02 MT session. It rose to 10.3 MHz at
19:14 MT and fell to 10.0 MHz at 19:24 MT. A region
of scattering appeared at 19:06 MT at frequencies of
10.5–11.5 MHz with delays of 5–7 ms. At 19:08 MT,
it acquired a diffuse inclined form of regular ref lection
with a low frequency of 8 and a high frequency of
12 MHz. The range of delays was 4.5–6 ms. At
19:14 MT, a second region of scattering formed at fre-
quencies of 7–9 MHz with delays of 5.5–6 ms. By
19:24 MT, the region of scattering registered weakly at
BULLETIN OF THE RUSSIAN ACADE
frequencies of 10.5–11.5 MHz with delays of 4.5–
5.5 ms. It was not observed at subsequent DFCs.

LFM sounding of the ionosphere along the same
paths during the control evening time of 17:30 to
20:00 MT on September 13, 2023, did not reveal any
region of scatterings on the DFC.

Vertical Sounding of the Ionosphere (Figs. 4a–4e)

At ionosonde CADI (Vasilsursk, Nizhny
Novgorod oblast), a region of scattering arose at
19:36 MT (16:36 UT) against a background of regular
reflections with a 7.8 MHz critical frequency of the
ionospheric F-layer. The region of scattering was
observed in the 3.5–6.5 MHz range of frequencies at
effective altitudes of 400–750 km. The parameters of
the region of scattering changed (2.2–4.4 MHz, 420–
700 km) as the critical frequency fell to 5 MHz at
20:00 MT.

At ionosonde Parus-A (IZMIRAN), the critical
frequency of the F-band ionosphere was 8.3 MHz at
MY OF SCIENCES: PHYSICS  Vol. 89  No. 5  2025
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Fig. 4. Ionograms of the vertical sounding of the ionosphere, obtained on September 12, 2023, on the CADI ionosonde in Vasil-
sursk at 16:24, 16:36, and 17:30 UT (a–c); and at the IZMIRAN station at 17:30, 18:15, and 19:15 UT (g–e).
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18:15 MT. There were no signs of disturbances on the
ionogram. Diffuseness of 1–2 points of the first and
second reflections was observed on the ionogram at
18:30 MT, and was repeated periodically on subse-
quent ionograms. The critical frequency of the F-layer
was 7 MHz at 21:00 MT.

RESULTS AND DISCUSSION
It is known [14, 15] that the effects of geomagnetic

activity appear first at high latitudes as a result of mag-
netospheric–ionospheric interaction under condi-
tions of increased solar wind and precipitation of
charged particles. In the auroral ionosphere, three
large-scale structures can be identified that manifest
in radiosonde data via refractive reflection (geometri-
cal optics): the MIT polar wall, polarization jets
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
(SAID, Sub-Auroral Ion Drifts), and the auroral
E-layer. At 17:30, 18:15, and 19:15 UT on September 12,
2023, the polar oval and the MIT polar wall were at the
latitude of St. Petersburg with some dynamics to the
south (calculations were made as in [16]). (VIS iono-
grams are presented in Fig. 4.) This made the distance
from the IZMIRAN ionosonde ∼500 km (5° along the
meridian). However, if we estimate the distance from
the ionosonde of some large-scale structure of the
auroral ionosphere that produces an additional diffuse
trace between 1F2 and 2F2 on the VIS ionogram
(Fig. 4e), it would be only ∼250–300 km at a fre-
quency of 3 MHz, if we allow for measurements of the
effective altitude. This is clearly insufficient to explain
such a reflection by the MIT polar wall. The auroral
E-layer of the ionosphere (formed by the ionization of
particles at altitudes of 100–150 km) also cannot be
: PHYSICS  Vol. 89  No. 5  2025
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considered a source of high-intensity reflection, due
to the smoothness of its decline in the meridional
direction. In that mechanism, there would be virtually
no frequency dependence in the trace it forms, and
this clearly does not fit with the nature of the experi-
mental recording. Based on general estimates, the most
likely source of the formation of the additional trace on
these ionograms from VIS stations IZMIRAN and
Vasilsursk was therefore a polarization jet [17–19] and
accompanying processes in the form of SAR (Stable
Auroral Red) arcs [20]—areas with elevated plasma
temperatures localized south of the MIT polar wall.
This assumption is supported by the strong similarity
between the forms of the trace at the IZMIRAN and
Vasilsursk stations, which are separated by ∼550 km in
longitude (Table 2). It is also worth noting the unusual
nature of the trace: it lay within the range of frequen-
cies of the base trace formed on the equatorial (back-
ground) part of the MIT. This feature of the trace is
consistent (at least qualitatively) with a relatively weak
drop in electron density in a polarization jet and SAR
arcs, and their relatively small cross-sectional size
(∼100 km). Ionization in the region of the MIT polar
wall is normally much stronger than in its equatorial
part, so the quasi-critical frequencies are higher when
reflected from it.

The delay of additional ref lection signals is much
longer in the results from oblique radio sounding in
the longitudinal direction: on average, it is ∼2 ms
(600 km) (at the level of the trace of the second multi-
ple reflection from the regular F-layer). It should also
be noted that there is a very large excess in the maxi-
mum observed frequency, MLF. On average, it is
∼2 MHz, which is consistent with the nature of the
reflection from the MIT polar wall but contradicts
the VIS results (Fig. 4). This is especially evident on
the longer Vasilsursk–Troitsk and Kazan–Troitsk
radio paths (Figs. 2 and 3), in the form of a low inten-
sity trace. The sliding reflection mechanism for the
latitudinal direction of the OS radio paths with large
meridional gradients of electron density contributes to
earlier registration of additional modes than in VIS.
The dynamic mode of auroral origin is therefore
clearly visible for the OIS data (16:05 UT, Fig. 2e),
while there are no additional traces at all in the VIS
data of the IZMIRAN station. We may therefore
assume that the two means of ionospheric radio
sounding recorded reflections from different large-
scale structures of the auroral ionosphere: a polariza-
tion jet (VIS) and the MIT polar wall (OIS).

In addition to geometrical optical reflections, ion-
ospheric abnormalities of different scales that are gen-
erated in turbulent dynamic regions of the auroral ion-
osphere can scatter radio signals and produce the
aspect (resonance) mechanism of their formation,
resulting in the diffuse nature of non-standard traces
on ionograms.
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CONCLUSIONS
Results from experimental studies of the mid-lati-

tude and subauroral ionosphere using oblique LFM
and vertical pulse sounding with a set of radiophysical
diagnostic tools localized in the latitudinal direction
have been presented for the first time. It was shown
that during the main phase of a magnetic storm on
September 12, 2023, intense additional signals were
observed by a network of synchronously operating
LFM stations. These signals were presumably formed
by complex mechanisms of reflection from large-scale
abnormalities in the auroral ionosphere: a polarization
jet and the polar wall of the main ionospheric trough.
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