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Abstract. Effects of the May 10–13, 2024 extreme 

magnetic storm in the Asian region of Russia have been 

studied using experimental data from vertical and 

oblique sounding of the ionosphere with a continuous 

chirp signal. Features of ionospheric disturbances in-

duced by the magnetic storm have been revealed: the 

long-lasting negative ionospheric disturbance that was 

manifested as a significant decrease in F2-layer critical 

frequencies and maximum observed frequencies of ra-

dio paths; the absence of HF signal reflections from F-

region due to sporadic Es layer and increased absorption 

of HF signals; recording of auroral and oblique Es lay-

ers; the long-lasting G-effect during local daytime dur-

ing which the F1-layer critical frequency exceeded the 

F2-layer critical frequency; the dusk enhancement of 

electron density and F2-layer peak height. We have 

found a correlation of variations in ionospheric parame-

ters and the maximum observed frequencies of HF radio 

wave propagation modes with spatial location of the 

main ionospheric trough and the equatorial boundary of 

the diffuse electron precipitation zone. 

Keywords: ionospheric disturbances, radio wave 

propagation, magnetosphere, ionosphere, main iono-

spheric trough, diffuse electron precipitation. 

 

 

 

 

 

INTRODUCTION 

Geomagnetic storms that change the structure of the 

magnetosphere and ionosphere disrupt the operation of 

technological systems. The probability of disruptions 

increases with increasing storm intensity, which is most 

often measured by the Kp [https://www.swpc.noaa.gov/ 

noaa-scales-explanation] and Dst indices [Gonzalez et 

al., 1994; Loewe, Prolss, 1997; Echer et al., 2008].  

The magnetic storm that began on May 10, 2024 

with minimum Dst=–406 nT and maximum Kp=9, called 

the Mother's Day superstorm [Spogli et al., 2024], is 

great according to Dst≤–350 nT [Loewe, Prolss, 1997] 

and extreme according to Kp=9. Such storms are very 

rare. They account for less than 1 % of recorded mag-

netic storms [Loewe, Prolss, 1997; Collado-Villaverde 

et al., 2024]. It is essential to examine disturbances of 

the magnetospheric-ionospheric system during each of 

such storms in order to create a generalized picture of 

physical processes in geospace during great storms. 

The results of comprehensive analysis of experi-

mental data obtained on October 29 – November 1, 

2003 during the great storm known as the Halloween 

storm are presented in [Panasyuk et al., 2004; 

Zherebtsov et al., 2005]. The authors have shown that 

during the storm such structures as the equatorial edge 

of the auroral oval, the inner edge of the plasma sheet, 

diffuse and discrete electron precipitation zones, the 

main ionospheric trough (MIT), and the westward elec-

trojet, usually located in the auroral and subauroral 

zones, shifted to midlatitudes. In vertical sounding (VS) 

ionograms, these shifts appeared on October 29–31 as 

blackout intervals and sporadic E layers of a, s, and f 

types, partially or completely shielding the F-region of 

the ionosphere above Moscow (L~2.6) and Irkutsk 

(L~2.2) [Panasyuk et al., 2004; Zherebtsov et al., 2005]. 

Along oblique sounding (OS) paths, changes in the po-
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sition of MIT and the diffuse electron precipitation  

zone during the storm caused considerable variations in 

maximum observed frequencies (MOFs) of radio wave 

propagation modes, deviation of signal propagation 

paths from the great circle arc, and appearance of anom-

alous diffuse signals with delays exceeding the delays of 

the main propagation modes [Kurkin et al., 2004; Urya-

dov et al., 2004; Uryadov et al., 2005].  

The next great storm that began on November 20, 

2003 was also accompanied by strong ionospheric dis-

turbances giving rise to shielding Es layers and long 

blackout intervals in VS ionograms recorded in Eastern 

Siberia at midlatitudes [Zherebtsov et al., 2005]. Reflec-

tions from the Es layer were clearly seen in ionograms 

in Norilsk (L~5.5), Zhigansk (L~4.4), and Yakutsk 

(L~3.3) and were less pronounced in ionograms in Ir-

kutsk (L~2.2). Mishin et al. [2018], using the magneto-

gram inversion technique, have shown that on Novem-

ber 20 at 16:30–22:30 UT (the last six hours of the 

storm main phase) the equatorial boundary of the auro-

ral oval repeatedly shifted to latitudes below the latitude 

of Irkutsk. During the given period, the Irkutsk station 

was in the midnight-dawn sector (23:30–05:30 LT). At 

the same time, the VS ionograms obtained in the dusk 

sector (16:30–22:30 LT) at latitudes from 37.1° N 

(L~1.3) to 51.5° N (L~2.2) revealed a rise and expan-

sion of the F-region of the ionosphere and its shielding 

by type a, k, r Es layers [Blanch et al., 2005]. Long 

blackout intervals were recorded along oblique sound-

ing paths during the storm main phase. 

According to minimum Dst (–406 nT), the May 

2024 storm is the sixth of the ten great storms observed 

from the beginning of 1957 to November 2024, but the 

first with maximum Ap=271. The Ap index is equal to 

the average of the eight three-hour values of the ap in-

dex obtained during the day, which is the input parame-

ter in the model for calculating the invariant latitude (Φ) 

of the MIT bottom, presented in [Deminov, Shubin, 

2018]. Potential uses of this model for estimating the 

location of MIT for weak, moderate, and strong magnetic 

storms are discussed, for example, in [Ponomarchuk, 

Zolotukhina, 2024]. The high value of Ap=271 suggests 

that during the May 2024 storm a decrease in the invari-

ant latitude of the MIT bottom might have been more 

significant than during other great storms. Spogli et al. 

[2024] have demonstrated that on May 10, during the 

Mother's Day superstorm main phase, decreases in the 

F2-layer critical frequency (foF2), total electron content 

(TEC), and blackout intervals, characteristic of MIT, 

were observed in Italy at latitudes 37.9°–41.8° N. 

In this paper, we examine magnetic storm effects by 

analyzing data from vertical and oblique ionospheric 

sounding with a continuous chirp signal [Podlesny et al., 

2013; Kurkin et al., 2024a], using empirical models of 

invariant latitudes of MIT bottom [Deminov, Shubin, 

2018] and equatorial boundary of the diffuse precipita-

tion zone of ≥100 eV electrons [Kamide, Winningham, 

1977], as well as models of magnetospheric convection 

field strength Ec [Burke et al., 2007]. We also employ 

data on spatial distribution of total electron content. The 

main purpose of this work is to study the magneto-

sphere-ionosphere coupling effect on radio wave propa-

gation conditions in the Asian region of Russia during 

the great magnetic storm on May 10–13, 2024. 

 

1. GEOMAGNETIC DISTURBANCES 

AND THEIR INTERPLANETARY 

SOURCES 

1.1. Manifestations of the storm in geomag-

netic indices 

According to increases in Kp to 8 and Dst to 66 nT 

(Figure 1, a), the great magnetic storm of interest began 

on May 10 at 15:00–18:00 UT. The Kp and Dst values 

were taken from the websites [https://kp.gfz-

potsdam.de/en/data ] and [https://wdc.kugi.kyoto-

u.ac.jp/dst_provisional/index.html] respectively. The 

monotonous increase in Dst from 1 nT at 13–14 UT to 

66 nT at 17–18 UT on May 10 allows us to assume that 

the 3-hr interval 15:00–18:00 UT, when Dst was posi-

tive, is the storm initial phase. Variations in 1-min SYM-H 

values compared in Figure 1 a with Dst variations sug-

gest that a sharp increase in SYM-H from 10 to 88 nT 

occurred on May 10 for 9 min (at 17:06–17:15 UT). In 

time, this change corresponds to an increase in the solar 

wind dynamic pressure Psw by 31 nPa, which is typical 

for storms with sudden commencement. The SYM-H 

values were positive for 47 min, until 17:53 UT. After 

that, for ~9 hrs of the storm main phase, Dst and SYM-H 

decreased, reaching minimum Dst=–406 nT and SYM-

H=–518 nT by 02:30 UT on May 11. Then, within 24 

hours, until ~02:30 UT on May 12, the Dst index in-

creased relatively rapidly, which is peculiar to the storm 

early recovery phase [Daglis, 2001]. The late recovery 

phase of the storm ended on May 13 at 18:30 UT. 

Maximum Kp=9 was recorded on May 11 at 00–03 

UT (last 3 hrs of the storm main phase) and at 09–12 

UT (early recovery phase). In the second of these peri-

ods, the Dst index increased by 100 nT, which, as 

shown in [Iyemori, Rao, 1996], can occur during sub-

storms due to current attenuation in the magnetotail 

neutral sheet. 

The time intervals of the storm phases, determined 

by variations in SYM-H (initial and main phases) and 

Dst (recovery phases) are listed Table. 

 

1.2. Main characteristics of the interplane-

tary storm source 

The storm in question was generated by a complex 

interplanetary inhomogeneity produced by a series of 

coronal mass ejections. On [https://cdaw.gsfc.nasa.gov/ 

CME_list/], seven of them are classified as halo-type 

coronal mass ejections. Figure 1, b illustrates variations 

in some parameters of this inhomogeneity. The storm 

initial and main phases are marked with gray rectangles 

in this and following Figures; the end moments of the 

storm early and late recovery phases are indicated by 

vertical gray lines. 

The 47-min initial phase of the storm developed un-

der the effect of its leading region in which the solar 

wind (SW) velocity (Vsw~600 km/s), ion concentration  

https://kp.gfz-potsdam.de/en/data
https://kp.gfz-potsdam.de/en/data
https://wdc.kugi.kyoto-u.ac.jp/dst_provisional/index.html
https://wdc.kugi.kyoto-u.ac.jp/dst_provisional/index.html
https://cdaw.gsfc.nasa.gov/%0bCME_list/
https://cdaw.gsfc.nasa.gov/%0bCME_list/
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Figure 1. Variations in the Kp, Dst, and SYM-H indices on May 09–14, 2024 (a) and corresponding variations in hourly aver-

age interplanetary medium parameters (b): SW ion concentration (Nsw), dynamic pressure (Psw), and velocity (Vsw), as well as 

IMF Bz. In panel b and in Figures 3, 5, 7–9, the storm initial and main phases are marked with a gray rectangle; the end moments 

of its early and late recovery phases are indicated by vertical gray lines 
 

Storm phase intervals on May 10–13, 2024 

Phase Beginning End Extremums 

day/month UT day UT Dst, nT Kp 

Initial  10.05 17:06 10.05 17:53 66 8– 

Main 10.05 17:54 11.05 02:14 –406 9 

Early recovery 11.05 02:30 12.05 02:30 

 Late recovery 12.05 02:30 13.05 18:30 

 

(Nsw~30 cm
–3

), and dynamic pressure (Psw~18 nPa), as 

well as the interplanetary magnetic field (IMF) modulus 

Bt~7 nT were much higher than in slow SW in front of 

the region (Figure 1, b). The IMF azimuthal (By) and 

vertical (Bz) components in it were –2 and –6 nT.  

The storm main phase is associated with the SW re-

gion having Vsw~700 km/s, the largest values of Nsw, 

Psw, and a predominantly negative vertical IMF compo-

nent, which twice decreased to extreme values Bz=–35 

and –35.3 nT for this event.  

In the interplanetary source responsible for the storm 

early recovery phase, the velocity increased to maxi-

mum for this event, Vsw~1000 km/s. Nsw and Psw notice-

ably decreased, and the negative Bz component gradual-

ly became positive by the end of the early recovery 

phase. Further weakening of negative Bz and decreases 

in Nsw, Psw, and Vsw led to the transition from the storm 

early recovery phase to the late one. 

 

2. EXPERIMENT 

AND DATA PROCESSING 

ISTP SB RAS in cooperation with IPGG SB RAS and 

IKIR FEB RAS has organized continuous monitoring of 

the ionosphere in the Asian region of Russia based on ver-

tical, near-vertical (NVS), and oblique sounding data. The 

ionospheric sounding is performed by a multifunctional 

digital ionosonde with a continuous chirp signal, developed 

at ISTP SB RAS [Podlesny et al., 2013; Kurkin et al., 

2024b]. Geometry of OS paths is depicted in Figure 2. 

Transmitting stations are located near Irkutsk (52.88° N, 

103.26° E), Magadan (60° N, 150.7° E), Khabarovsk 

(47.6° N, 134.7° E), Novosibirsk (55° N, 83° E), and 

Norilsk (69.4° N, 88.4° E). Receiving stations are the Ir-

kutsk station (Tory village (51.8° N, 103° E), Buryatia) and 

the Novosibirsk station (55° N, 83° E). Analysis of OS data 

allows us to examine the effect of the dynamics of large-

scale structures (the main ionospheric trough, the diffuse 

electron precipitation zone) on variations in ionospheric 

characteristics and HF signal propagation during geomag-

netic storms [Ponomarchuk, Zolotukhina, 2024; Kurkin et 

al., 2024a]. Vertical sounding of the ionosphere is per-

formed at the Irkutsk and Novosibirsk stations. Quick 

mode (with a step of 1 min or less) of ionospheric VS and 

NVS can implement algorithms for calculating the velocity 

of ionospheric disturbances with scales of tens of kilome-

ters [Laryunin et al., 2024] and to investigate the morpho-

logical features of such disturbances. Sounding with a step 

of 5 min along single-hop OS paths makes it possible to 

study characteristics of traveling ionospheric disturbances 

with spatial scales of hundreds of kilometers under various 

heliogeophysical conditions in the subpolar and mid-

latitude ionosphere [Kurkin et al., 2024b]. 

During the May 2024 storm, the transmitting sta-

tions in Norilsk and Khabarovsk did not work for tech-

nical reasons, so experimental studies of radio wave 

propagation were carried out along the OS radio paths 

Magadan—Irkutsk (length D=3034 km, midpoint longi-

tude λ=124.21° E, invariant latitude Φ=53.39°), 

Magadan—Novosibirsk (D=3901 km, λ=114.2° E, 

Φ=57.77°), and Novosibirsk—Irkutsk (D=1372 km, 

λ=93.4° E, Φ=50.17°). 
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Figure 2. Oblique sounding paths in the Asian region of Russia 

 

Automatic processing and interpretation of iono-

grams were used for preliminary analysis of a large 

number of high-frequency and low-frequency iono-

grams (about 25000) [Grozov et al., 2012; Ponomar-

chuk et al., 2023; Ponomarchuk, Grozov, 2024]. From 

the results of processing and interpretation of high-

frequency ionograms, we identified the height-

frequency characteristic (HFC). The HFC track was 

employed to calculate critical frequencies and minimum 

reflection heights for each ionospheric layer, as well as 

the vertical plasma frequency profile fe(h) [Mikhailov, 

2000]. From the fe(h) profile, we determined the F2-

layer parameters: the critical frequency and the peak 

height hmF2. We also distinguished the track of the spo-

radic Es layer in the VS ionogram and its parameters 

(height, critical frequency, and shielding frequency of F 

reflections). The Es-layer type was not identified. 

During the long-lasting negative ionospheric dis-

turbance accompanying the magnetic storm, there was a 

G effect in VS ionograms — shielding of the F2 layer 

by the F1 layer during local daytime hours, which led to 

incorrect identification of the signals reflected from 

these layers. Therefore, the data from automatic pro-

cessing of ionograms was adjusted interactively.  

Using the results of processing of VS and OS iono-

grams, we plotted time dependences of critical frequen-

cies of the ionospheric layers F2 (foF2), F1 (foF1), E 

(foE), Es (f oEs), and maximum observed frequencies of 

propagation modes for signals reflected from the iono-

spheric layers F2 (MOF1F2, MOF2F2), F1 (MOF1F1), 

E (MOF1E), and Es (MOF1Es, MOF2Es). The term 

"propagation mode" describes radio wave propagation 

by reflection (single, double, etc.) from ionospheric 

layers — 1E, 1Es, 1F1, 1F2, 2F2, etc. Detailed identifi-

cation of signals reflected from the ionosphere and 

analysis of radio wave propagation and scattering were 

made using experimental ionograms. We also applied 

empirical models of invariant latitudes of the MIT bot-

tom and the diffuse precipitation boundary (DPB), and a 

model of magnetospheric convection field strength. 

3. IONOSPHERIC STORM  

 MANIFESTATIONS  

 IN VS AND OS DATA 

Geomagnetic storms are accompanied by ionospher-

ic storms of different types, which alter HF radio wave 

propagation conditions. The spatial location of large-

scale structures, primarily MIT and the diffuse electron 

precipitation zone, has the most significant effect on 

radio wave propagation. It is known that the main role 

in forming large-scale structures of the magnetosphere-

ionosphere system, such as the plasmapause, the inner 

edge of plasma sheet, equatorial and polar boundaries of 

the auroral oval, is played by the electric field of mag-

netospheric convection [Sergeev, Tsyganenko, 1980; 

Nishida, 1980]. Strengthening of the magnetospheric 

convection field causes the inner plasma sheet boundary 

and the outer plasmasphere boundary to shift deep into 

the magnetosphere; and their ionospheric projections, to 

the equator. Accordingly, MIT located between the au-

roral oval and the plasmapause and the electron density 

irregularities characteristic of MIT and affecting HF 

radio wave propagation shift to lower latitudes. The 

magnetospheric convection field strength is determined 

by near-Earth interplanetary medium parameters. In this 

work, its value was calculated from Vsw, Psw, IMF By 

and Bz [Burke et al., 2007]. The MIT position was esti-

mated by the empirical model of invariant latitude of the 

MIT bottom [Deminov, Shubin, 2018]. To estimate the 

location of the diffuse precipitation zone of ≥100 eV 

electrons, which cause the electron density to increase 

in the F-region [Fang et al., 2008], we computed the 

latitude of the equatorial boundary of the diffuse precip-

itation zone [Kamide, Winningham, 1977]. Under dis-

turbed conditions, electron precipitation leads to an in-

crease in the F2-layer electron density near the MIT 

polar wall [Galperin et al., 1977; Khalipov et al., 1977]. 

During the post-midnight hours under high geomagnetic 

activity conditions, additional regions of increased elec-

tron density can form inside MIT — ridges of electron 

https://agupubs.onlinelibrary.wiley.com/authored-by/Kamide/Y.
https://agupubs.onlinelibrary.wiley.com/authored-by/Winningham/J.+D.
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density [Besprozvannaya, Benkova, 1988; Zherebtsov et 

al., 1988], as well as structures of field-aligned small-

scale irregularities — “screens” in the terminology used 

in [Möller, 1974; Pilkington et al., 1975]. We employed 

TEC maps to estimate the total electron content 

[https://cdaweb.gsfc.nasa.gov]. 

3.1. Ionospheric disturbances according  

to VS data 

Ionospheric disturbances during the May 2024 mag-

netic superstorm were most pronounced in the data from 

vertical sounding of the ionosphere with a continuous 

chirp signal. The short time step of high-frequency 

ionograms (from 1 min to 15 s) and the high spatial and 

frequency resolution make it possible to thoroughly 

examine dynamic processes in the ionosphere and to 

identify features of ionospheric parameter variations. 

3.1.1. Novosibirsk station 

Figure 3 illustrates variations in critical frequencies 

of the ionospheric layers F2, F1, and Es, invariant lati-

tudes of the MIT bottom and DPB at 90° E, and the 

magnetospheric convection field strength Ec on May 9–

14, 2024, as well as VS ionograms from the Novosi-

birsk station for May 10–11, 2024. Black dots in top 

panels mark experimental values of critical frequencies 

under disturbed conditions obtained from processing of 

VS ionograms; red lines indicate F2- and F1-layer critical 

frequencies for the quiet day on May 9, 2024; the blue 

 

 

Figure 3. Variations in TEC (blue line), current (black dots) and background (red line) values of foF2 (a), foF1 (b), foEs (c); variations 

in invariant latitudes of the MIT bottom (black line) and DPB (red line) at 90° E (d), and in the magnetospheric convection field strength 

Ec (e) observed on May 9–14, 2024; VS ionograms received at the Novosibirsk station on May 10–11, 2024 (f–h) 

 

https://cdaweb.gsfc.nasa.gov/
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line, the results of determination of TEC from maps at a 

point with coordinates 55° N, 90° E [https://cdaweb. 

gsfc.nasa.gov]. 

During the storm main and recovery phases, a long-

lasting negative ionospheric disturbance occurred which 

manifested itself in a significant decrease in the F2-layer 

critical frequencies (Figure 3, a). The ionospheric dis-

turbance was caused by MIT displacement and an in-

crease in the rate of oxygen ion recombination due to a 

change in the neutral atmosphere composition and a rise 

in the upper atmosphere temperature during geomagnet-

ic storms [Prölss et al., 1991; Pavlov, 2011]. Extreme 

values of relative deviations of critical frequencies from 

background values by ~76 % were observed on May 11. 

Large decreases in the critical frequency were recorded 

in those time periods in which the MIT bottom, calcu-

lated by the model [Deminov, Shubin, 2018], was locat-

ed south of the VS station, and foF2 decreased to 2–3 

MHz, which is typical of MIT [Pirog et al., 2009]. At 

the same time, the F1-layer critical frequencies also 

decreased during the storm main and early recovery 

phases (May 11 and 12). Their extreme deviations from 

background values were ~25 %. The negative iono-

spheric disturbance lasted until May 14.  

The ionograms recorded at the Novosibirsk station 

are presented in Figure 3, f–h. The magnetic storm be-

gan on May 10 at 17:06 UT (see Table). During the 

main phase, the magnetospheric convection field in-

creased significantly, leading to a shift of MIT and DPB 

to midlatitudes, including the latitude of the VS station 

in Novosibirsk (Figure 3, d). In Figure 3, the invariant 

latitude of the Novosibirsk station is denoted by the 

horizontal dotted line. Manifestations of ionospheric 

disturbances in VS ionograms from the Novosibirsk 

station began at 18:15 UT when weak spread-F signals 

were detected. Later, in the ionograms along with regu-

lar signals there are additional diffuse signals reflected 

both from the MIT polar wall and from the Es layer. The 

F2-layer critical frequencies decrease, and its maximum 

heights increase, which suggests that the VS station is 

located in the MIT zone [Benkova et al., 1993]. The 

ionogram at 18:40 UT in Figure 3, f illustrates the struc-

ture of reflected signals in the case of passage of MIT 

and the diffuse electron precipitation zone through the 

zenith transmission sector of the VS station. In addition 

to the main vertical sounding signals, the ionogram con-

tains diffuse signals corresponding to off-angle reflec-

tions from the MIT polar wall. Particle precipitation at 

the inner plasma sheet boundary also leads to the for-

mation of an auroral Es layer and to the development of 

strong plasma turbulence giving rise to small-scale 

field-aligned irregularities by which bistatic backscatter-

ing of radio waves occurs which form oblique reflec-

tions from the E layer — oblique Es [URSI Handbook 

..., 1977]. Ionograms with oblique Es layers are present-

ed in Figure 3, f–h. The ionogram on May 10 at 19:46 

UT in Figure 3, g shows the time when the VS station in 

Novosibirsk was in the diffuse electron precipitation 

zone (Figure 3, d). A "bunch" of beams is clearly seen 

for signals reflected from ionospheric irregularities in 

the F2-region.  

Regular signals reflected from the F2 layer were ob-

served on May 10 until 20:20 UT simultaneously with 

additional diffuse signals reflected from the MIT polar 

wall and Es layer. From 20:20 UT on May 10 to 01:00 

UT on May 11, there were only traces of reflections 

from Es and occasionally from F1 in the ionograms, and 

only from F1 in the pre-noon sector. Reflection from the 

F2 layer partially recovered on May 11 between 14:20 

and 22:35 UT (the storm early recovery phase) when 

foF2 was extremely low. Reflections from the Es layer 

were recorded in the same period.  

According to the model results of the invariant lati-

tude of the MIT bottom (Figure 3, d), the Novosibirsk 

VS station was located in the MIT zone in the dusk and 

night local time sectors on May 10–13. This is support-

ed by the results of reconstruction of the polar oval loca-

tion from GUVI DMSP SSUSI data [https://ssusi. 

huapl.edu/gal_edr-aur_cs]; and TEC profiles in selected 

meridional directions, from maps [https://cdaweb.gsfc. 

nasa.gov]. Figure 4, a–d displays geographical maps 

with auroral oval boundaries reconstructed from satellite 

data for 22:10–23:51 UT on May 10, 2024. In fact, on 

May 10 at 23:51 UT the Novosibirsk VS station is seen 

to be near the equatorial boundary of the oval, in the 

MIT region.  

Figure 4, e plots TEC distribution along the meridi-

ans of 85° and 105° E on May 10 at 22:15, 22:30, and 

22:45 UT. The plots corresponding to different time 

points are sequentially shifted along the X-axis by 5 

TECU. TEC distributions (Figure 4, e) suggest that on 

May 10 at 22:15–22:45 UT the Novosibirsk station was 

under the MIT polar wall; and the Irkutsk station, at the 

MIT bottom latitudes. 

A distinctive feature of the ionospheric storm ac-

companying the magnetic storm considered is the long-

term G effect, observed during the daytime hours on 

May 11 and 12, during which the F1-layer critical fre-

quency exceeded the F2-layer critical frequency: 

foF1>foF2 [Polekh et al., 2013, 2015]. The probability of 

occurrence of the G effect is known to increase with 

increasing Kp [Deminov et al., 2011]. During the storm 

recovery phase, the continuous G-effect recording inter-

val at the Novosibirsk station was ~6 hrs (from 02:54 to 

09:10 UT) on May 11 and 8 hrs (from 22:45 to 06:45 

UT) on May 11–12. 

The next feature of the ionospheric storm manifesta-

tion in VS data in Novosibirsk and, as will be shown 

below, in Irkutsk is the short dusk enhancement (dusk 

effect) of F2-layer electron density and peak height rec-

orded at sunset on May 11 near 10:40 UT (16:40 LT) 

[Buonsanto, 1995]. This effect is illustrated in Figure 3, 

h by an ionogram obtained on May 11 at 10:44 UT. 

Note that at this time the convection field strength de-

creased abruptly to almost an average level under quiet 

conditions, and then increased sharply (Figure 3, e), 

which might have produced the dusk effect [Tashchilin, 

Romanova, 2011]. 
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3.1.2. Irkutsk station 
Let us examine features of ionospheric disturbances 

observed at the Irkutsk station. Figure 5 plots variations 

in the F2-, F1-, Es-layer critical frequencies and the in-

variant latitudes of the MIT bottom and DPB at 105° E 

for May 9–14, 2024, as well as presents VS ionograms 

obtained at the Irkutsk station on May 10–11, 2024. 

As the Novosibirsk station, the Irkutsk station rec-

orded a long-lasting negative ionospheric disturbance 

during the storm main and recovery phases, which man-

ifested itself as a significant reduction of the F2-layer 

critical frequencies (Figure 5, a). A dramatic decrease in 

foF2 by ~72 % relative to the background values oc-

curred on May 11. At the same time, as at the Novosi-

birsk station, foF1 decreased only during the storm main 

and early recovery phases (May 11 and 12). An extreme 

deviation of foF1 from the background values was ~25 

%. Due to the shift of MIT to the sounding region of the 

Irkutsk VS station and the higher rate of oxygen ion 

recombination resulting from a change in the neutral 

atmosphere composition and a rise in the upper atmos-

phere temperature [Prölss et al., 1991; Pavlov, 2011], 

the negative ionospheric disturbance lasted until May 14. 

Ionospheric disturbances in VS ionograms from the 

Irkutsk station appeared as spread-F of signals and a 

decrease in the F2-layer critical frequency relative to 

background values at 17:37 UT, i.e. 38 min earlier than 

at the Novosibirsk station. An ionogram illustrating 

these phenomena at 17:50 UT is given in Figure 5, e. 

The magnetospheric convection field (see Figure 3, e) 

makes MIT and DPB shift to latitudes close to the invar-

iant latitude of the Irkutsk station (horizontal dotted line 

in Figure 5, d). In addition to regular signals, there are 

diffuse signals, reflected from the MIT polar wall, in the 

VS ionograms. The virtual height of signal reflection 

from the F2 layer increases (Figure 5, e–f). 

The 21:15 UT VS ionogram (Figure 5, f) illustrates 

the structure of reflected signals in the case when the VS 

station is located in the diffuse electron precipitation zone.

 

Figure 4. Auroral oval dynamics on May 10, 2024 at 22:10–23:51 UT (a–d): blue dashed and solid lines represent respective-

ly its polar and equatorial boundaries, constructed from DMSP data; the orange line is its equatorial boundary determined by the 

IRI-2020 model [Bilitza et al., 2022; Zhang, Paxton, 2008]; the black rectangle marks the location of the Norilsk station; the red 

rectangles, the Novosibirsk and Irkutsk stations; the inclined line indicates the DMSP satellite path. TEC distribution (e) along 

the meridians of 85° E (left) and 105° E (right) on May 10 at 22:15, 22:30, and 22:45 UT (lines 1, 2, 3 respectively): the horizon-

tal line shows the latitudes of the Novosibirsk station (left) and the Irkutsk station (right); red and black circles denote the MIT 

bottom latitude according to the model [Deminov, Shubin, 2018] 
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Figure 5. Variations in foF2 and TEC (a), foF1 (b), foEs (c), invariant latitudes of the MIT bottom and DPB at 105° E (d) for 

May 9–14, 2024; VS ionograms from the Irkutsk station for May 10–11, 2024 (e–g). Designations are the same as in Figure 3. 

The black rectangle marks the interval without measurements on May 11, 2024 from 04:30 to 06:49 UT 

 

A “bunch” of beams is seen for signals reflected from 

ionospheric irregularities in the F2 layer. It is similar in 

shape to the beam recorded at the Novosibirsk station 

on May 10 at 19:46 UT (see Figure 3, g), but it is ob-

served at lower altitudes and frequencies. Particle pre-

cipitation at the inner plasma sheet boundary led to the 

formation of Es layers of auroral and delayed types, 

shown in the ionograms in Figure 5, f [URSI Handbook 

..., 1977]. No oblique Es layers were recorded in the 

ionograms from the Irkutsk station during the magnetic 

storm. Electron precipitation can result in the formation 

of ionospheric structures that reflect signals with an 

almost constant delay. In the 22:16 UT ionogram (Fig-

ure 5, f), such reflections form a nearly horizontal track. 

During the storm main and recovery phases, the G 

effect was recorded at the Irkutsk station, as at the No-

vosibirsk station: foF1>foF2. It was observed during the 

local daytime for three hours (22–01 UT) on May 10–11  

and for ten hours (22–08 UT) on May 11–12.  

On May 11 from 10:00 to 10:30 UT at sunset, the 

dusk enhancement of F2-layer electron density and peak 

height was detected in VS ionograms (Figure 5, g). As 

noted above, the convection field strength during this 

period decreased abruptly to an average level under quiet 

conditions, and then increased sharply (see Figure 3, e).  

Figure 6 presents VS ionograms with the results of re-

construction of HFC h'(f) and plasma frequency profile 

fe(h) [Grozov et al., 2012; Ponomarchuk et al., 2023], 

which illustrate quantitative changes in the F2-layer critical 

frequency and peak height during the dusk effect. 
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Figure 6. VS ionograms (gray dots), height-frequency characteristics h'(f) (red lines), and plasma frequency profiles fe(h) 

(dark red lines): the Irkutsk station, May 11, 2024 

 

Signals reflected from the F1 and E layers were rec-
orded on May 11, 2024 at 09:00 UT (Figure 6, a). The 
F1-layer critical frequency was 4.3 MHz; its peak 
height, 215 km. There are no reflections from the F-
region between 09:39 and 09:44 UT. Then, a track of 
signals reflected from the F2 layer appears in the iono-
gram of vertical sounding with an ionosonde near the 
upper boundary (600 km). The track is characterized by 
a large virtual height of the beginning of the layer. The 
signals reflected from the F1 layer are absent or faint in 
the ionogram. Hence there is no G effect. From 10:03 
UT, along with reflections from the F2 layer there are 
signals reflected from the F1 layer, and HFC of VS sig-
nals looks like that in the 10:15 UT ionogram in Figure 
6, b. The F2-layer critical frequency increases: 
foF2=7.17 MHz. The F2-layer peak height also increas-
es: hmF2=350 km. At 10:18 UT, there are maximum 
values of foF2=7.52 MHz and hmF2=354 km. Then, the 
F2-layer critical frequency and peak height decrease. At 
11:00 UT, foF2=6.0 MHz, hm F2=246 km (Figure 6, d). 

3.1.3. Features of ionospheric disturbances accord-

ing to VS data 
1. During the storm main and recovery phases, a 

long-lasting negative ionospheric disturbance occurred 

which revealed itself in a significant reduction of F2-

layer critical frequencies. Extreme deviation of foF2 

from background values was ~75 %. At the same time, 

the F1-layer critical frequencies decreased only on May 

11 and 12. Extreme deviation of foF1 from background 

values was ~25 %.  
2. During the storm main and recovery phases, 

there were intervals without reflections from the F2 
layer, associated with low electron content of this layer 
and increased radio wave absorption at low frequencies, 
close to the electron gyrofrequency, as well as with 
shielding of the F2 layer by the F1 or Es layers. 

3. During the storm main and recovery phases, au-
roral Es layers and extended oblique Es layers caused by 
electron precipitation at the inner plasma sheet bounda-
ry were recorded at the Novosibirsk station. The Irkutsk 
station registered auroral or delayed Es layers.  

4. During the storm main and recovery phases on 
May 11 and 12, the G effect was observed at both sta-
tions during the local daytime hours when the F1-layer 
critical frequency exceeded the F2-layer critical fre-
quency. On May 12, the continuous observation interval 
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of the G effect at the Irkutsk station was 10 hrs; at the 
Novosibirsk station, 8 hrs. 

5. At sunset on May 11, 2024, the dusk enhance-

ment of F2-layer electron density and peak height was 

recorded in VS ionograms of both stations. During this 

time, the convection field strength decreased sharply to 

almost its average level under quiet conditions, and then 

increased abruptly, which might have brought about the 

dusk effect. 

3.2. Ionospheric disturbances according to 

OS data 

Figure 2 presents a diagram of oblique sounding ra-

dio paths in the Asian region of Russia. The preliminary 

results of OS data analysis are set forth in [Yasyukevich 

et al., 2025]. It has been found that negative ionospheric 

disturbances during the superstorm main and recovery 

phases caused a significant reduction of maximum ob-

served frequencies relative to their level under quiet 

conditions and an increase in radio wave absorption, 

which together led to a weakening of signals and to long 

blackout intervals. Below are the results of a more de-

tailed investigation into peculiarities of manifestation of 

the magnetosphere-ionosphere coupling during the May 

10–13, 2024 magnetic storm in OS data. 

3.2.1. Novosibirsk—Irkutsk path 
First, we examine the OS path Novosibirsk—

Irkutsk. Since this path is short, the main features of 

changes in ionospheric parameters at transmitting and 

receiving points will also manifest themselves in varia-

tions of maximum observed frequencies of propagation 

modes for signals reflected from the E, F1, F2, and Es 

layers.  

Figure 7 illustrates variations in experimental MOFs 

of 1F2, 1F1, 2F2, 1Es propagation modes under dis-

turbed and quiet conditions, and presents OS ionograms 

from the Novosibirsk—Irkutsk path. Ionospheric dis-

turbances during the storm main phase revealed them-

selves in radio wave propagation conditions on May 10 

from 17:50 UT when spread-F of regular propagation 

modes 1F2 and 2F2 was recorded in OS ionograms 

(Figure 7, e). At this time, the magnetospheric convec-

tion field increased sharply, which resulted in a shift of 

MIT and the diffuse electron precipitation zone to the 

region of OS signal propagation and reflection along the 

Novosibirsk—Irkutsk path (see Figures 3, d and 5, d). 

The shift of MIT gave rise to additional diffuse signals, 

reflected from the MIT polar wall, along with signals of 

regular propagation modes in OS ionograms. In the 

ionogram received on May 10 at 18:25 UT (Figure 7, e), 

such signals are designated as 1s and 2s.  

Later, regular propagation modes 1F2 and 2F2 in the 

ionograms disappeared due to the lower concentration 

in the F2 layer and the corresponding increased absorp-

tion at low frequencies. Signals scattered by ionospheric 

irregularities in the diffuse precipitation zone near the 

MIT polar wall and signals reflected from the Es layer 

were recorded (see the 19:46 UT ionogram in Figure 7, e). 

During the storm early recovery phase, the reflecting 

ionospheric region was located in the MIT zone; there-

fore, there were weak diffuse signals of regular one-hop 

propagation modes and signals reflected from the type f 

flat Es layer in the OS ionograms (see Figure 7, e). 

The dusk effect in the ionosphere on May 11 at 10–

11 UT (see Figures 3, h and 5, g), described in Subsec-

tions 3.1.1 and 3.1.2, was also recorded in OS iono-

grams from the Novosibirsk—Irkutsk path as increasing 

1F2 MOF relative to the negative disturbance (Figure 7, a). 

In the ionogram on May 11 at 10:44 UT (Figure 7, f), there 

are signals reflected from the F1 and F2 layers.  

The G effect observed at the Novosibirsk and Ir-

kutsk stations (Figure 7, a, b) appeared in OS ionograms 

in the absence of signals reflected from the F2 layer, i.e. 

there was only a waveguide propagation channel formed 

by the Earth surface and F1 layer [Ponomarchuk et al., 

2024].  

A change in the mode structure of HF signals during 

the storm recovery phase is shown by OS ionograms in 

Figure 7, g. At 00:38 UT (during local morning hours) 

on May 12, 2024 when the G effect was observed at the 

Novosibirsk and Irkutsk stations, one-hop modes 1F1 

and 1Es were registered. During local midday hours, 

signals reflected once from the F2 layer were additional-

ly recorded in OS ionograms; and in the evening, 2F2 

and 1E propagation modes. 

3.2.2. Magadan—Irkutsk 

Figure 8 displays variations in experimental MOFs 

of 1F2, 1F1, 2F2, 2Es propagation modes under dis-

turbed and quiet conditions, variations in invariant lati-

tudes of the MIT bottom and DPB at 120° E, and OS 

ionograms from the Magadan—Irkutsk path. Horizontal 

dotted lines in Figure 8, e indicate the invariant latitudes 

of midpoints of the Magadan—Irkutsk (Φ=53.39°) and 

Magadan—Novosibirsk (Φ=57.77°) radio paths at an 

altitude of 250 km. 

As noted above, a negative ionospheric disturb-

ance can cause critical frequencies of reflecting iono-

spheric layers to decrease during the storm main and 

recovery phases, there is, therefore, a significant re-

duction of maximum observed frequencies as com-

pared to quiet conditions. Since a decrease in the fre-

quency of recorded signals leads to an increase in radio 

wave absorption, weak signals and long blackout inter-

vals are recorded during the storm main and recovery 

phases (Figure 8, a, b). As along the Novosibirsk—

Irkutsk path, weak diffuse regular propagation modes 

1F2 and 2F2 were recorded in OS ionograms from the 

Magadan—Irkutsk path on May 10 from 17:50 UT 

(Figure 8, f). The magnetospheric convection field in-

creases sharply (see Figure 3, e), which results in a shift 

of MIT and diffuse electron precipitation zone to the 

region of propagation and reflection of OS signals along 

the Magadan—Irkutsk path (Figure 8, e). Heights of 

diffuse signal reflection from the F2 layer increase, as 

can be seen in the 18:20 UT ionogram in Figure 8, f. 

During the local dusk-dawn hours on May 11 and 12, 

the middle (reflecting signals) part of the radio path was 

in the MIT zone; therefore, long blackout intervals alter-

nated with periods of recording signals reflected from the 

F1 and Es layers, as in the ionogram on May 11, 2024 at 

00:00 UT. 
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Figure 7. Variations in experimental MOFs of 1F2, 1F1, 2F2, 1Es propagation modes under disturbed (black dots) and quiet 

(red line) conditions on May 9–14, 2024 (a–d) and OS ionograms from the Novosibirsk—Irkutsk path for May 10–12, 2024 (e–g) 

 

The G effect in OS data from the Magadan—Irkutsk 

path appeared on May 11 and 12 at the same time when 

it was recorded in VS data from the Irkutsk station and 

in OS data from the Novosibirsk—Irkutsk path (see 

Figures 5 a, b and 8, a–c), which is natural because 

there was no waveguide channel for signal propagation 

by reflection from the F2 layer at the receiving point 

during these hours: the F1 layer shielded the F2 layer 

along the propagation path [Ponomarchuk et al., 2024]. 

Figure 8, g presents OS ionograms illustrating a 
change in the mode structure of HF signals during G-
effect transitional hours. At 09:35 UT (16:35 LT), along 
with the 1F1 propagation mode there is the 1F2 mode in 
the ionogram. At 15:25 UT (22:25 LT), only the 1F2 
and 2F2 propagation modes are observed in the iono-

gram. At 22:00 UT (05:00 LT), the 1F1 and 1F2 propa-
gation modes are registered in the ionogram. 

3.2.3. Magadan—Novosibirsk 
During the superstorm main and recovery phases, 

the initial part of the radio path together with the trans-
mitting station was located in the auroral zone; and the 
middle part of the path (invariant latitude of the mid-
point Φ=57.77°), in the MIT region. A decrease in the 
critical frequencies of the reflecting ionospheric layers 
caused a significant decrease in MOF as compared to 
quiet conditions and an increase in radio wave absorp-
tion, which together led to an attenuation of signals of 
1F2, 1F1, 2F2 propagation modes and to long blackout 
intervals (Figure 9, a–c). Along this path, the G effect 
was observed on May 13 only at 00:00–04:30 UT. 
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Figure 8. Variations in experimental MOFs of 1F2, 1F1, 2F2, 2Es propagation modes in disturbed (black dots) and quiet (red 

line) conditions (a–d); variations in invariant latitudes of the MIT bottom (black line) and DPB (red line) at 120° E (e) on May 9–

14, 2024, and OS ionograms from the Magadan—Irkutsk path for May 10–12 (f, g) 

 

 

Figure 9. Variations in experimental MOFs of propagation modes 1F2 (a), 1F1 (b), 2F2 (c) on May 9–14, 2024 under dis-

turbed (black dots) and quiet (red line) conditions 
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3.2.4. Features of ionospheric disturbances accord-

ing to OS data 
1. During the storm main and recovery phases, the 

long-lasting negative ionospheric disturbance caused a 

decrease in maximum observed frequencies relative to 

those under quiet conditions and an increase in radio 

wave absorption, which together led to a weakening of 

reflected signals and to long blackout intervals.  

2. During the storm main and recovery phases, the 

strengthening of the magnetospheric convection field 

caused MIT and DPB to shift to latitudes of reflecting 

regions of the radio paths, and radio wave propagation 

conditions became similar to subauroral. Changes in 

characteristics of radio wave propagation along the ra-

dio paths are associated with off-angle reflections of 

signals from the MIT polar wall and scattering of radio 

waves by ionospheric irregularities in the diffuse elec-

tron precipitation zone.  

3. The periods of manifestation of the G effect in 

ionospheric parameters (foF1>foF2) closely matched the 

recording intervals of signals reflected only from the F1 

layer in OS ionograms. 

4. Along the Novosibirsk—Irkutsk path in OS data 

on May 11 near 10–11 UT, the manifestation of the 

dusk effect was recorded as increasing 1F2 MOF 

against low values of this parameter. 

 

CONCLUSION 

We have examined the effects of the May 10–13, 

2024 magnetic storm, which revealed themselves as 

ionospheric disturbances that changed HF radio wave 

propagation conditions. Magnetosphere-ionosphere 

coupling features in data from vertical and oblique 

sounding with a continuous chirp signal have been iden-

tified. Experimental data was analyzed using empirical 

models of invariant latitudes of the MIT bottom and the 

equatorial boundary of the zone of diffuse precipitation 

of ≥100 eV electrons and the model of magnetospheric 

convection field strength. We have also employed data 

on spatial TEC distribution and DMSP satellite data. 

The following features of ionospheric disturbances 

caused by the great magnetic storm have been identified. 

1. During the storm main and recovery phases, a 

long-lasting negative ionospheric disturbance, which 

manifested itself as a significant decrease in F2-layer 

critical frequencies, caused a reduction of maximum 

observed frequencies along radio paths relative to their 

values under quiet conditions and an increase in radio 

wave absorption. An increase in the electric field of 

magnetospheric convection during this period led to a 

shift of the main ionospheric trough and the diffuse 

electron precipitation zone to the latitudes of VS sta-

tions and transceivers, as well as middle (reflecting sig-

nals) parts of radio paths. During dusk and night hours, 

additional diffuse signals reflected from the MIT polar 

wall were recorded in VS and OS ionograms. There 

were long blackout intervals. 

2. During the storm main and early recovery phases, 

there were intervals without reflections from the F-

region of the ionosphere due to shielding by the Es layer 

and increased absorption at low frequencies close to the 

electron gyrofrequency. Auroral Es layers and extended 

oblique Es layers produced by electron precipitation at 

the inner plasma sheet boundary were observed at the 

VS station in Novosibirsk. The Irkutsk station recorded 

Es layers of auroral and delayed types. 

3. During the storm recovery phase, the G effect was 

observed at the VS stations during local daytime hours 

when the F1-layer critical frequency exceeded the F2-

layer critical frequency. In OS ionograms, the G effect 

revealed itself in the absence of signals reflected from 

the F2 layer.  

4. On May 11, the dusk enhancement of F2-layer 

electron density and peak height was recorded in VS 

ionograms. Along the OS path Novosibirsk—Irkutsk, 

the dusk effect showed itself as an increase in 1F2 MOF 

against the background of its lower values. 

The work was financially supported by the Ministry 

of Science and Higher Education of the Russian Federa-

tion (Projects FWSE-2021-0002, FWZZ-2022-0019). 

The experimental data was obtained using the equip-

ment of Shared Equipment Center «Angara» [http://ckp-

rf.ru/ckp/3056/]. 
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