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Abstract. The paper reports the results of compre-

hensive observations of space weather manifestations 

during geophysical events at the end of October – be-

ginning of November 2021 at the Yakut meridional ge-

ophysical network of SHICRA SB RAS equipped with a 

complex of various scientific instruments installed at the 

stations Yakutsk, Maimaga, Zhigansk, and Tixie Bay 

(neutron monitors, an ionosonde, a riometer, receivers 

of VLF radio noise and signals from navigation radio 

stations, magnetometers), as well as a complex of opti-

cal instruments installed in Maimaga. We present the 

results of the analysis of phenomena occurring in near-

Earth space, Earth’s ionosphere and atmosphere in the 

North-Eastern sector of Siberia. We examine the proper-

ties of the geophysical effects of space weather ob-

served at this time: Forbush decreases of cosmic rays, 

geomagnetic storm and substorm, riometric absorption, 

the occurrence of electrojet, quasi-periodic broadband 

radio hisses, assess changes in the effective height of the 

Earth—ionosphere waveguide, F2-layer critical fre-

quencies, absorption of short-wave radio waves, tem-

perature of the neutral atmosphere, radiant auroral band 

in 557.7 and 630.0 nm emissions, as well as the region 

of intense auroras and auroral red arc (SAR arc). 

Keywords: solar flare, magnetic storm, Forbush de-

crease, aurora, auroral arc, neutron monitor, ionosonde, 

riometer, receiver of VLF radio noise and signals from 

navigation radio stations, magnetometers. 
 

 

 

 

 

 

INTRODUCTION 

Solar activity (SA) cycle 25 began in December 

2019 and therefore the sharp increase in geophysical ac- 

tivity in late October and early November 2021 dur-

ing the initial growth phase of the next 11-year solar 

cycle is quite unexpected.  
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Only from October 26 to November 2, 2021, seven 

class M and one class X flares were recorded on the Sun, 

which occurred in one active region (AR) AR12887. 

Along with them, coronal mass ejections (CMEs) were 

repeatedly observed [https://cdaw.gsfc.nasa.gov/CME_ 

list]. As a result, significant changes in space weather 

occurred in near-Earth space, and hence an increase in 

solar cosmic ray (SCR) fluxes was detected on Earth, and 

the second strong magnetic storm with minimum Dst < 

–105 nT was recorded in the current solar cycle. 
 

CR INTENSITY VARIATIONS 
AS OBSERVED AT THE TIXIE BAY 
AND YAKUTSK STATIONS  

The most powerful solar flare (X1.0) during this pe-

riod with a maximum X-ray emission on October 28, 

2021 at 15:35 UT occurred in AR12887 and had coor-

dinates S28W02. At the same time, strong ultraviolet 

radiation and type II and IV radio emissions were recorded 

[https://www.spaceweather.com, https://solarmonitor.org]. 

This flare caused the first increase in SCR flux recorded 

on Earth in SC 25. This event was the 73rd since the 

first SCR flare observed on February 28, 1942.  
It is now known as GLE73 (Ground Level Enhance-

ment). The increase was small, and its amplitude was <6 % 

even at polar CR stations. Figure 1 presents pressure-

corrected 1-min data on this event from neutron monitors 

(NM) 18-NM-64 at the Tixie Bay station and 24-NM-64 at 

the Yakutsk station. At that time, both stations were on the 

nightside of Earth, and the increase in CR intensity in the 

data from these stations was very weak, almost invisible 

for current measurements (see Figure 1). As a GLE event it 

can be reliably identified only by using additional infor-

mation from the well-known Real-Time Database for 

High-Resolution Neutron Monitor Measurements (NMDB, 

[http://www.nmdb.eu]). 
The M1.7 class solar flare (S27W76) that occurred a 

few days later, on November 2, 2021, in the same AR 
[https://solarmonitor.org], caused the first powerful 
Forbush effect (FE) in SC 25, which began at the end of 
November 3. Its amplitude, according to the pressure- 

 

Figure 1. Ground level enhancement in CR intensity 

during the GLE73 event according to data from the Tixie 

Bay and Yakutsk neutron monitors 

 

corrected 1-min NM data from the Tixie Bay station, 

was as high as 18.9 %; and from the Yakutsk station, 

16.1 % (Figure 2). The complex structure of the de-

crease in CR intensity is due to the structure of inter-

planetary CME (ICME) arriving at Earth's orbit, which 

had a speed of ~1470 km/s [https://cdaw.gsfc.nasa.gov/ 

CME_list]. 
Note that the ICME structure is generally thought to 

consist of three parts: an interplanetary shock (IS), a 
region of turbulence behind it, and a following magnetic 
cloud (MC) [Howard, 2011]. In this case, IS is the first 
part of CME and is generated when the CME itself 
propagates at a super-Alfvénic velocity relative to the 
solar wind (SW). The second part (the turbulence re-
gion) results from the interaction of IS with background 
SW parameters and features a high level of their fluc-
tuations. The third part in CME development is MC. It 
is a plasma cloud moving from a source on the Sun, 
which, in particular, exhibits a strong regular slowly 
rotating magnetic field with low concentration and tem-
perature of SW plasma.  

Since 2009, SHICRA SB RAS has been monitoring 
the CR intensity in real time to predict ground-level 
effects of space weather. For this purpose, along with 
others we adopt the harmonic analysis method that also 
uses pressure-corrected 1-hour data from NMs installed 
at the Tixie Bay and Yakutsk CR stations [Grigoryev et 
al., 2008; Krymsky et al., 2003]. As an example, Figure 3, 
a, b presents the results of identification of parameters 
of the first harmonic of CR anisotropy simultaneously at 
the Tixie Bay and Yakutsk stations. At the top are 
names of the stations, the type of detectors, and projec-
tion onto the XY plane of the GSE coordinate system in 
use that shows the length of the unit vector of the first 
harmonic (diurnal) of CR anisotropy. At the bottom is 
the time dependence of the CR anisotropy vector per se; 
and bellow, its corresponding CR intensity. Note that 
the Tixie Bay and Yakutsk CR stations are spaced over 
a distance >1200 km and have their own power sources, 
thus the measurements made at them are completely 
independent. Projections of the CR anisotropy vectors 
are highlighted in red if they simultaneously exceed 0.3 
% at both stations and are antisunward, which increases 

 

Figure 2. Forbush effect as measured by Tixie Bay and 

Yakutsk neutron monitors 
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Figure 3. Results of prediction of a large-scale SW disturbance approaching Earth as measured by the Tixie Bay and Yakutsk 

neutron monitors  
 

Figure 3, a, b indicates that the above changes in CR 

anisotropy parameters started at the beginning of No-

vember 2, and FE itself began more than a day later, on 

November 3, 2021, at ~16:00 UT. Note that during the 

very decrease in CR intensity Earth was in disturbed 

SW behind the IS front, so the anisotropy parameters 

are significantly distorted and should not be taken into 

account when analyzing the event. 
 

GEOMAGNETIC VARIATIONS 
IN NOVEMBER 2021, 
THEIR CONNECTION TO THE  
INTERPLANETARY CONDITIONS 

Figure 4 illustrates the dynamics of the geomagnetic 
index Dst in November 2021 [https://wdc.kugi .kyoto-
u.ac.jp/dst_provisional/index.html]. It can be seen there 
were large geomagnetic disturbances. According to the 

classification [Loewe, Prolss, 1997], they can be classi-
fied as strong magnetic storms. During the magnetic 
storm main phase, hourly average Dst, according to pre-
liminary data, ran to –105 nT. Since September 2017, 
only three storms of the same level have been recorded 
on Earth: May 12, 2021, May 14, 2019, August 26, 2018. 

Figure 5 illustrates changes in the mid-latitude geo-

magnetic indices ASY-H and SYM-H (SYM-H is similar 

to Dst, but has 1-min time resolution), as well as in the 

SW velocity V and IMF B modulus [https://spdf.gsfc.nasa. 

gov/pub/data/omni/]. The magnetic storm, as shown in 

Figure 5 according to geomagnetic index data, had a 

sudden commencement on November 3 at 19:48 UT. 

We can assume that this storm results from the interac-

tion of Earth's magnetosphere with the CME-type high-

velocity SW structure characterized by strong IMF. 

Note that the geomagnetic indices did not respond 

strongly to the previous structure with increases in V and B 

https://wdc.kugi.kyoto-u.ac.jp/dst_provisional/index.html
https://wdc.kugi.kyoto-u.ac.jp/dst_provisional/index.html
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Figure 4. Dst variations in early November 2021. Begin time is November 1 in hours; the days of the period in question are 

at the top 

 

Figure 5. SW velocity V (a), IMF B (b), and mid-latitude geomagnetic indices ASY-H (c) and SYM-H (d) on November 

1–11, 2021. The dotted horizontal line is the zero value of SYM-H. Begin time here and in the following figures is Novem-

ber 1 in minutes; the days of the period in question are shown at the top 
 

on November 1, changing by no more than 40 nT (SYM-H) 
and 60 nT (ASY-H). 

In the initial and main phases of the November 3–5, 
2021 storm, the stations Yakutsk (corrected geomagnetic 
coordinates: latitude Φ'≈56° N, longitude Λ'≈201° E), 
Zhigansk (Φ'≈61° N, Λ'≈194° E), and Kotelny Island 
(Φ'≈70° N, Λ'≈201° E) recorded strong geomagnetic dis-
turbances. At the Yakutsk and Zhigansk stations, fluxgate 
magnetometers MAGDAS-9 were employed to detect 
geomagnetic variations [Baishev et al., 2017], and on Ko-
telny Island, a fluxgate magnetometer DCR-3 [Yumoto et 
al., 1992]. Figure 6 shows changes in the magnetic field 
horizontal H and vertical Z components at these stations, as 
well as in mid-latitude ASY-H (c) and SYM-H (d) during 
these days. 

It can be seen that on Kotelny Island on November 3 at 

20:10 UT there was a sharp decrease in the magnetic field 

H component by ~900 nT relative to the quiet level; at the 

Zhigansk station, the same decrease began at 21:00 UT. 

The field at these stations returned back to the quiet level at 

~23:10 UT. The Yakutsk station at that time observed os-

cillatory changes in the H component with an amplitude to 

90–120 nT and a period ~16–20 min. The oscillatory 

changes in H were also seen at the Zhigansk station, but 

they had relatively lower amplitude against the background 

of a large negative bay. As for the Z component, at the 

Zhigansk station it decreased by ~840 nT (with significant 

oscillations); and at the Yakutsk station, by 180 nT (with 

low-amplitude oscillations). Negative magnetic field H, Z, 

and D components indicate that a westward electrojet de-

veloped in the ionosphere north of the Zhigansk station, 

which deflected by ~34° north of the latitude. We can as-

sume that this magnetic field disturbance is an isolated 

intense substorm. 
According to the data on auroral indices during this pe-

riod, AU>500 nT and AL<–1500 nT [https://wdc.kugi. 
kyoto-u.ac.jp/ae_realtime/]. According to the data from the 
global magnetometer network SuperMag [https:// super-
mag.jhuapl.edu/], the distribution of magnetic vectors ob-
tained from observational data and model calculations cor-
responds to current systems DP11 and DP12 [Yakhnin, 
2008]. In the sunlit hemisphere, the SML and SMU indices 
measuring intensities of westward and eastward electrojets 
[https://supermag.jhuapl.edu/] are comparable and run to 
–900 and 730 nT respectively, whereas in the nightside 
hemisphere the SML index of the westward electrojet (–
1500 nT) significantly exceeds SMU of the eastward elec-
trojet (520 nT). The pattern of changes in the magnetic 
field H component on Kotelny Island, at the Zhigansk and 
Yakutsk stations, located in the dawn sector during the 
development of the substorm, fits perfectly into the 
distribution of the calculated magnetic vectors from 
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Figure 6. Horizontal dH (a) and vertical dZ (b) components of the magnetic field at the stations Yakutsk (yak), Zhi-

gansk (zgn), and Kotelny Island (ktn), as well as mid-latitude ASY-H (c) and SYM-H (d) on November 3–5, 2021. Solid 

vertical lines in this and following figures correspond to 00:00 UT  
 

SuperMag as part of DP11. Figure 7, a exhibits the dis-

tribution of horizontal magnetic vectors calculated from 

AMPERE project data [https://ampere. jhuapl.edu/] to 

illustrate the direction of the ionospheric equivalent 

current in the period 21:04–21:14 UT. In the dawn sec-

tor at latitudes 65°<Φ'<69°, an auroral westward elec-

trojet can be identified. Figure 7, b illustrates the distribu-

tion of field-aligned currents as derived from AMPERE 

data [https://ampere.jhuapl.edu/]. In the dawn sector, 

field-aligned currents are seen to flow into the iono-

sphere at ~68°–72° N and flow out at ~64°–66° N. From 

this we can conclude that the «center of gravity» of the 

westward electrojet is at ~67° N. 
The data on mid-latitude ASY-H and SYM-H present-

ed in Figure 5, c, d suggests that at ~19:48 UT there was 

a noticeable jump in SYM-H by 20 nT to the region of 

positive values, which persisted until 21:17 UT, running 

to 50 nT at 20:57–21:00 UT. Afterwards, at ~21:34 UT, 

a sharp increase in ASY-H and a decrease in SYM-H 

began. It is fair to assume that during the period of in-

terest the magnetopause and tail currents sharply in-

creased in the magnetosphere, and an intense asymmet-

ric component of the ring current developed which was 

more than four times higher than the symmetric ring 

current component (167 and –37 nT respectively). 
On November 4 in the early hours of UT (~09–15 

LT), the effect of the eastward electrojet located south 

of this station was observed on Kotelny Island. This is 

evidenced by the positive bay in dH(ktn) and the nega-

tive bay in dZ(ktn) (see Figure 6). During this period 

there were no magnetic variations at the Zhigansk and 

Yakutsk stations. In ~8 hours after the above isolated 

intense substorm, the following magnetic field disturb-

ance began at these stations. In the magnetic field H 

component, from 6:50 UT both stations recorded a 

gradual development of positive (dH(yak)~100 nT, 

dH(zgn)~500 nT) and negative bays (dH(yak) ~–200 nT, 

dH(zgn)~ – 400 nT) superimposed by oscillations with 

a period to several tens of minutes and an amplitude to 

200 nT. The Z component at the Yakutsk station ex-

hibits a change from the positive bay with 

dZ(yak)~300 nT to the negative bay with dZ(yak)~ –

200 nT; and at the Zhigansk station, on the contrary, a 

change from the negative bay with dZ(zgn)~–450 nT to 

the positive one with dZ(zgn)~100 nT. The magnetic 

field oscillations are also seen to be superimposed on 

the bays. On Kotelny Island, the dН(ktn) variations are 

similar to those at the Zhigansk station, but the dZ(ktn) 

variations are opposite. The disturbance ended at ~18 

UT, its total duration was ~11 hrs. In the local time, 

the disturbance occurred in the afternoon, evening, and 

night hours from ~16 to 03 LT of the next day. 
The auroral indices on this day, as derived from 

[https://wdc.kugi.kyoto-u.ac.jp/ae_realtime/], were 

AU~500, AL~–2000 nT. In the sunlit hemisphere, SML 

and SMU are comparable and at some points in time 

amount to ±650 nT [https://supermag.jhuapl.edu/], 

whereas in the nightside hemisphere SML of the west-

ward electrojet (–2800 nT) significantly exceeds SMU 

of the eastward electrojet (400 nT). The pattern of 

changes in the magnetic field H components at the Ya-

kutsk stations, located in the dusk and night sectors dur-

ing the development of the substorm, is consistent with 

the distribution of magnetic vectors of the global net-

work SuperMag due to superposition of current systems 

DP2 and DP1 [Yakhnin, 2008]. The eastward electrojet 

took place in the afternoon and dusk sectors, as evi-

denced by the deviation signs of dH and dZ, at the lati-

tude 56°<Φ'<61°. In the late evening and night hours, 
 

https://ampere.jhuapl.edu/
https://wdc.kugi.kyoto-u.ac.jp/ae_realtime/
https://supermag.jhuapl.edu/
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Figure 7. Distribution of horizontal magnetic vectors, rotated 90° clockwise (a) at ionospheric heights, and field-aligned cur-

rents (b) on November 3, 2021 at 21:04–21:14 UT (AMPERE calculations) 
 

 

Figure 8. Distribution of horizontal magnetic vectors rotated 90° clockwise (a) at ionospheric heights and field-aligned cur-

rents (b) in the dusk sector on November 4, 2021 (AMPERE calculations) 
 

the Zhigansk and Yakutsk stations were under a complex 

system of westward and eastward currents. Figure 8, 

similar to Figure 7, demonstrates the distribution of hor-

izontal magnetic vectors in order to illustrate the direc-

tion of ionospheric equivalent currents and the distribu-

tion of field-aligned currents from AMPERE data 

[https://ampere.jhuapl.edu/] in the dusk sector. We can 

assume that in the dusk sector eastward currents do oc-

cur at the given latitudes (panel a); field-aligned cur-

rents flow into the ionosphere at Φ'~57°–60° and flow 

out of the ionosphere at Φ'~62°–65° (panel b). Based 

upon the pattern of field-aligned currents, it is expected 

that the center of gravity of the eastward electrojet is 

located at Φ'~58°. 

 

The ASY-H and SYM-H indices (see Figure 5, c, d) un-
dergo changes indicating further development of the mag-
netic storm initial phase. The changes began on November 
4 at ~00:45 UT: there was a positive jump in ASY-H from 
8 to 119 nT and a negative decrease in SYM-H from zero to 
–42 nT at 01:27 UT. Then there was a decrease in ASY-H 
to 40 nT and an increase in SYM-H to –33 nT at 02:47 UT. 
The observed changes in the indices manifested themselves 
in the magnetic field H component at the Yakutsk and Zhi-
gansk stations as small negative bays deviated by ~46 and 
~60 nT; on Kotelny Island at that time a positive bay in dH 
(ktn) and a negative bay in dZ (ktn) began to develop. 

Based upon variations in the ring current index SMR 
calculated from SuperMag data [https://supermag. 
jhuapl.edu/], we can conclude that the storm main phase 

https://ampere.jhuapl.edu/


Analysis of helio- and geophysical events 

13 

began at ~05:25 UT and lasted until 08:37 UT, i.e. its 
duration was ~192 min. The storm recovery phase lasted 
until November 11, was accompanied by the develop-
ment of a number of substorms on November 5, 6, and 
8–10 with AU<200 nT and AL>–400÷–700 nT. 

The November 3 event, defined as an isolated intense 
substorm, is likely to be an element of the initial phase of 
the storm we describe. This can be inferred from Dst data 
[https://wdc.kugi.kyoto-u.ac.jp/dst_provisional/index.html] 
and variations in SW parameters. Figures 9, 10 illustrate 
changes in the interplanetary medium parameters on the 
days under study. 

As it follows from Figure 10, the storm occurred 
against the background of positive IMF sector. SW and 
IMF varied from 19:00 UT on November 3 to Novem-
ber 10. 

At first, they were detected in the solar plasma pa-
rameter β, which characterizes the ratio of thermal pres-
sure to magnetic pressure, and its sharp increase from 1 
to 5.9 was observed for 15 min (see Figure 9). Note 
[Kurazhkovskaya et al., 2021] that β is one of the im-
portant factors influencing the storm intensity — the 
lower β during the storm main phase, the greater its in-
tensity. This pattern also manifested itself in the storm 
of interest: a maximum decrease in SMR was ~–130 nT. 
In the IMF parameters, there was a slight decrease in B 
from 2.6 to 1.5 nT at IMF zero north-south component, 
as well as decreases in the azimuthal component By 
from 2 to 1.4 nT and in the radial component Bx from –1 
to 0 nT (see Figure 10). 

 

 

Figure 9. Changes in solar wind parameters on November 3–5, 2021: velocity V (a), proton density N (b), dynamic pressure 

P (c), parameter β — the ratio of thermal pressure to magnetic pressure (d) 

 

Figure 10. Changes in IMF B (a), its radial Bx and azimuthal By components (b), north-south component Bz (c), and SW azi-

muthal electric field Eu (d) on November 3–5, 2021 
 

https://wdc.kugi.kyoto-u.ac.jp/dst_provisional/index.html
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A sharp increase in the dynamic pressure P to ~7 nPa 

occurred ~5 min after the start of strong changes in β. Sim-

ultaneously, the SW velocity increased to ~700 km/s; the 

density, to ~7 cm
–3

; IMF, to ~12 nT; and strong fluctua-

tions began in By and Bx, with Bz changing direction to the 

south 19 min after the sharp increase in P. At the same 

time, there was an abrupt rise in the SW azimuthal electric 

field Ey=–VBz from zero in the positive direction to ~10 

mV/m and more. 
During disturbances of the interplanetary parame-

ters, interruption in the IMF sector structure was ob-

served for ~15 hrs. During this time, V increased from 

~500 to ~700 km/s, reaching ~800 km/s and higher dur-

ing disturbances; and after the disturbances, the velocity 

of ~650 km/s remained almost unchanged for more than 

12 hrs. The IMF modulus was constant before the dis-

turbances, 3 nT, then it increased sharply to 12 nT, be-

ing as high as ~25 nT during the disturbances, and after 

them it was ~14 nT for more than 12 hrs. 
The magnetosphere did not respond strongly to the 

sharp increases in N, P, and β, which occurred on No-

vember 5. This was manifested by weak changes in 

ASY-H and SYM-H, the horizontal H and vertical Z com-

ponents of the magnetic field at the Yakutsk and Zhi-

gansk stations (see Figure 6), as well as in auroral indi-

ces. This response of the magnetosphere may be ex-

plained by the northward IMF orientation, but this re-

quires further investigation. 
 

VARIATIONS IN NATURAL 
ELECTRIC POTENTIALS  
AT THE YAKUTSK STATION  
AND THEIR RELATIONSHIP  
WITH MAGNETIC DISTURBANCES  

It is of interest to comparatively analyze parameters 

of the magnetic field components and the electric poten-

tials during the magnetic storm considered. Take a clos-

er look at the behavior of natural potentials on Novem-

ber 3–4, 2021. Variations in one-hour Dst values during 

this storm are shown in Figure 4. Variations in the X and 

Y components were recorded with the geophysical in-

strument ADU-07 installed at the radiophysical station 

Oybenkel. Variations in natural potentials E were meas-

ured with the same instrument by underground non-

polarizing electrodes spaced by 100 m [Kozlov et al., 

2022]. 
The correlation coefficient of the difference between 

the natural potentials ENS, EEW (north—south, east—west) 

and the corresponding magnetic components X and Y at 

8:30 a.m. – 10:30 a.m ρ(ENS, By)=0.69±0.1 (p<0.005) and 

ρ(EEW, Bx)=0.88±0.1 (p<0.005). The range of variation 

ρ=0.5÷0.9. The relationship between variations in the natu-

ral potentials EEW and their induced Bx variations can be 

expressed as EEW=0.05 Bx–16, where E is measured in 

mV; and B, in relative units of ADU-07. It should be noted 

here that the shift in the expression obtained at Bx=0 varies 

from –12 to –22 during a storm due to the presence of slow 

components of variations that are superimposed by varia-

tions caused by faster pulsations. Accordingly, for ENS and 

By, we obtain the relation ENS=0.06 By–10 when the shift 

changes from –6 to –18.  
Compare the measured variations in natural poten-

tials during magnetic storms at the moments of maxi-

mum thawing of the seasonal thaw depth on September 

7–8, 2017 and during the November 3–4, 2021 storm 

when the upper layer had already been freezing from 

above for a month, but the entire thaw depth had not yet 

frozen. During the two-step very strong G4-level storm 

on September 7–8, 2017 there were high-latitude geo-

magnetic variations accompanied by excitation of bursts 

(wave trains) of Pc5 geomagnetic pulsations.  
During the first step, Dst ran to –142 nT; and during the 

second step, to –124 nT. The correlation coefficient of the 

difference between the natural potentials ENS, EEW and the 

corresponding magnetic components X and Y during pulsa-

tions lasting for 8.33 hrs ρ(ENS, By)=0.77±0.1 (p<0.005) 

and ρ(EEW, Bx)=0.65±0.1 (p<0.005), ρ=0.5÷0.9. The de-

pendence of ENS (mV/100 m) on the magnetic field 

strength (relative units of ADU-07e) during pulsations of 

the first burst (interval 5600–5700 s from the beginning of 

the day on September 8, 2017) can be expressed as 

ENS=0.0002 By–22; during the pulsations of the second 

burst (interval 40000–70000 s from the beginning of the 

day on September 8, 2017), as ENS=0.0002 By–24. During 

the complete freezing of the top layer, which thaws in 

summer, (the January 26, 2021 storm), there were also 

high-latitude geomagnetic variations accompanied by exci-

tation of bursts (wave trains) of Pc5 geomagnetic pulsa-

tions. It was a weak G1-level storm. During the storm, Dst 

was as high as 39 nT. The correlation coefficient between 

ENS, EEW and Bx, By during the pulsations ρ(ENS, 

By)=0.61±0.1 (p<0.005) and ρ(EEW, Bx)=0.62±0.1 

(p<0.005). The dependence of ENS (mV/100 m) on the 

magnetic field strength (relative units of ADU-07e) during 

pulsations at 16:50–17:00 UT can be expressed as 

ENS=0.0013 By–27, and at 17:20–17:40 UT as ENS= 

=0.0016 By–28.  
Thus, comparing the magnetic field components and 

the electric potentials during the above three magnetic 

storms occurring in different seasons (on maximum 

thawing of the active layer in September, on complete 

freezing of the active layer in late January and early 

November when the upper part of the active layer be-

gins to freeze) allows us to conclude that with complete 

ground freezing there is a steeper dependence than with 

maximum thawing of the top layer of ground. The slope 

coefficient of the linear relationship is eight times high-

er. The coefficients of the dependence observed in early 

November 2021 are closer to winter ones. A change in 

the dependence coefficients is associated with a change 

in the conductivity of the active layer. 
 

GEOMAGNETIC STORM EFFECTS 
IN VLF EMISSION AMPLITUDE 
VARIATIONS 

Observations of VLF emission amplitude variations 

carried out at the radiophysical station Oybenkel of 

SHICRA SB RAS in November 2021 have revealed a 
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wide variety of types of continuous and discrete natural 

radio noise in the range 1.0–7.0 kHz. Magnetic and electric 

components of VLF emission are recorded at the radio-

physical station Oybenkel that is located at a distance of 25 

km from man-made statics near Yakutsk and more than 5 

km from the nearest power transmission line. 
The work uses 1 s data on VLF noise received by an 

east-west oriented magnetic frame, amplified in a receiver-

recorder, on 11 bandpass filters from 0.4 to 8.7 kHz, and 

converted by an analog-digital converter for storing in the 

recorder's memory [Murzaeva et al., 2001]. We have also 

employed data on VLF emission in a range to 20 kHz, 

received by a vertical electric asymmetric dipole.  
Dynamic variations in VLF noise received by an 

east-west oriented magnetic frame during the November 

3–4, 2021 storm are illustrated in Figure 11; their corre-

sponding dynamic spectra in the range to 20 kHz re-

ceived by the vertical electric asymmetric dipole are 

shown in Figures 12–15. 
On the Earth surface, bursts of chorus waves and 

broadband hisses are generally observed during the de-

velopment of magnetospheric substorms; VLF noise 

storms, during magnetic storms; and quasi-periodic 

VLF emissions, under quiet geomagnetic conditions 

[Manninen et al., 2020]. For the November 3–4, 2021 

magnetic storm considered, there are both bursts of cho-

rus waves and various quasi-periodic emissions, broad-

band and quasi-periodic hisses, various stimulated dis-

crete and narrowband signals. When examining VLF 

emission variations during this period, we revealed the 

following chronology of events with manifestation of 

continuous and discrete emissions of various types: 

1. VLF emission disturbances began with a burst of 

broadband hiss at 20:55:55 UT (see Figure 11). At first, the 

hisses were observed at 3.4–5.3 kHz, then the frequency 

range expanded to 3.0–5.7 kHz. With a gradual increase in 

the intensity of hisses, the upper limit of the range in-

creased to 9 kHz at 21:20 UT. Then, at 21:40 UT, the hiss-

es had a maximum intensity in the range 1.0–13.5 kHz. At 

22:00 UT, the hisses began to weaken, the range became 

2.0–6.0 kHz; and at the end of the hour, the hisses ceased 

abruptly. These continuous hisses in various frequency 

ranges over the period from ~21 to 23 UT manifested 

themselves in VLF emissions when IMF Bz began to 

change direction from south to north (from minimum nega-

tive to maximum positive values). 
2. From ~22:30 on November 3 to 02:00 UT on 

November 4, 2021, chorus waves (0.1–0.3 s discrete 

elements with increasing frequency) were recorded in 

VLF emission. The frequency range of the chorus 

waves varied from 1.5–8.0 kHz to 3.0–5.0 kHz. At the 

same time there were 2–3 s quasi-periodic structures 

with choral elements that lasted from 23:00 on Novem-

ber 3 to 01:20 UT on November 4, 2021. In the same 

time period, whistling atmospherics (whistlers) were 

detected which stimulated short discrete signals (see 

Figure 12).  
3. From 01:00 to 03:00 UT on November 4, 2021, 

VLF emissions of various types were recorded. First, 

0.7–4.5 kHz hisses with a maximum intensity in two 

frequency bands 1.3–3.2 and 3.5–5.0 kHz (see Figure 13). 

At this time, IMF Bz, as well as for the time period 

21:00–23:00 UT on November 3, 2021, changed from 

minimum negative values to positive ones. 

 

Figure 11. Variations in the amplitude of VLF noise received on November 3–4, 2021 by an east-west oriented magnetic frame: 
black — 8.7 kHz, red — 6.7 kHz (a); blue — 5.6 kHz, black — 4.0 kHz, red — 3.1 kHz (b); red — 2.2 kHz (c); black — 1.6 kHz, red 
— 1.1 kHz (d); blue — 0.8 kHz, black — 0.6 kHz, red — 0.4 kHz (e) 
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Figure 12. Dynamic spectra in a range to 20.0 kHz on November 3, 2021 at 23:00:00–23:00:14 UT: whistling atmospher-
ics that stimulate triggering emission 

 

Figure 13. Dynamic spectrum of VLF emission in a range to 20.0 kHz at 01:00 UT on November 4, 2021. The embedded 

panel shows a narrowband hiss at frequencies 2.5–3.5 kHz, which generates trigger signals and chorus waves 

 

Figure 14. QP hisses at frequencies 1.5–5.0 kHz on November 4, 2021 at 02:00–03:00 UT. On the time scale are minutes 

from the top of the hour 
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Figure 15. Quasi-periodic whistler-generated emissions against the background of hiss at 3.0–5.0 kHz on November 4, 2021 
 
In addition, narrow-band hisses were observed at frequen-

cies 2.3–2.8, 2.6, 2.5–3.0, 2.0–5.0 kHz, which occurred 

with stimulation of discrete trigger signals and chorus 

waves (embedded panel in Figure 13). At the same time, 

2–3 s quasi-periodic hisses induced by whistlers at 3.5–4.5 

and 3.2–5.0 kHz were observed against the background of 

the continuous hiss (see Figure 12). Duration of these qua-

si-periodic hisses was almost 2 min. At the same time, 

chorus waves were observed at 2.3–5.0, 2.0–4.5, and 1.5–

5.0 kHz. From 02:15 to 02:50 UT, quasi-periodic (QP) 

hisses were recorded with increasing frequencies in the 

range 1.6–4.3 kHz with 80–100 s periods (see Figure 14). 

At that time, IMF Bz was positive. Note also that at 03:40–

04:00 UT a hiss was detected at 1.3–2.7 kHz and chorus 

waves occurred. 
4. Throughout the time interval of interest, a weak 

plasmaspheric hiss was observed at 0.6–3.0 kHz with 

periodic slight increases and decreases in intensity with 

a maximum from 04:00 to 09:00 UT on November 4, 

2021 when no other VLF emission types were detected. 
5. On November 4, 2021 from 10:10 to 11:40 UT, 

there was a broadband hiss at different frequencies in 

the range 2.2–5.0 kHz with a maximum intensity at 

10:50 UT within 2.2–4.8 kHz. During this period, 

Bz>0, and the expansion of the frequency range and its 

subsequent narrowing are associated with a change 

from Bz<0 to Bz>0, and vice versa. Broadband hisses of 

3.0–5.2 kHz were also recorded from 11:50 to 12:50 UT. 

During this period, Bz changed its values from nega-

tive to positive. These hisses were accompanied by 

3.0–5.0 kHz quasi–periodic emissions generated by 

whistlers (see Figure 15). At 12 UT on November 4, 

intense continuous chorus waves were recorded at 1.0–

1.5, 1.7–2.7, 3.2–4.4, 1.4–4.4, 0.9–3.5 kHz. Besides, 

there were 3 s narrowband hisses at 4.4 kHz, as well as 

2–3 s quasi–periodic structures with choral elements at 

1.9–2.9 and 0.8–1.4 kHz, which lasted from 12:10 to 

13:10 UT. 
6. From 13:10 UT, the VLF emission disturbances 

weakened. The most notable events during this time 

were chorus waves and narrowband hisses at 5.5 kHz, 

which were driven by whistlers from 13:50 to 14:10 

UT. At 15:20–16:00 UT, there were 2–4 s intense nar-

rowband hisses at 1.0–4.0 kHz, accompanied by choral 

elements. After 16:00 UT, the VLF emission intensity 

recovered to the level corresponding to that observed 

before the onset of the storm. 
Thus, noteworthy among the main events are con-

tinuous and quasi-periodic broadband hisses associated 

with the change of Bz direction: 
Broadband hisses with changes in the lower and 

upper frequencies and the VLF emission intensity, 

which correspond to changes of the values and direc-

tion of Bz relative to the geomagnetic field from south 

to north (from negative to positive values). Such 

broadband hisses were recorded in the ranges 1.0–13.5 

kHz at 21:00–23:00 UT on November 3, 0.7–4.5 kHz 

at 01:00–03:00 UT on November 4, and 3.0–5.2 kHz at 

12:00–13:00 UT on November 4. 
 Broadband hiss at 2.2–5.0 kHz on November 4 at 

10:10–11:40 UT. At this time, Bz>0, and the expansion of 

the frequency range and its subsequent narrowing is at-

tributed to the change from Bz<0 to Bz>0, and vice versa. 
 QP hisses on November 4, 2021 at 02:15–02:50 UT 

with an increase in frequencies in the range 1.6–4.3 kHz 

with 80–100 s periods; Bz >0. 
 

EFFECTS OF SOLAR FLARES 
IN VLF EMISSION AMPLITUDE 
VARIATIONS AND PHASE  
VARIATIONS OF SIGNALS  
FROM VLF RADIO STATIONS 

The Yakutsk station (62.02° N, 129.70° E) and the Po-

lar Geocosmophysical Observatory Tixie Bay (71.6° N, 

128.9° E) record radio signals in a very low-frequency 

band (VLF — 3–30 kHz). 
An increase in the X-ray flux during solar flares 

leads to a sharp increase in the electron density in the 

ionosphere. This causes sudden phase and amplitude 

anomalies (SPA, SAA) during propagation of electro-
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magnetic VLF and LF signals. A decrease in the phase 

delay in the VLF radio signal during SPA can be inter-

preted as a decrease in the effective height of the Earth 

—lower ionosphere waveguide, and a decrease in damp-

ing of radio waves (an increase in the amplitude of the 

recorded signal) during SAA when propagating in the 

waveguide can be interpreted as a decrease in the verti-

cal electron density gradient of the lower ionosphere 

[Kumar, Kumar, 2018]. 
In diurnal amplitude and phase variations of radio sig-

nals from transmitters NAA (USA, 44.65° N, 67.28° W, 
24.0 kHz signal frequency), NWC (Australia, 21.82° S, 
114.17° E, 19.8 kHz), and Khabarovsk (RSDN-20, 11.904 
kHz) when recorded at the Yakutsk and Tixie Bay stations 
due to an M1.7 X-ray flare on November 2, 2021, the max-
imum intensity of the X-ray flux was detected at 03:01 UT. 
A maximum amplitude increase during SAA was 1.69 
(03:09 UT) and 2.59 dB (03:09 UT) along the NAA—
Tixie Bay and NAA—Yakutsk radio paths respectively. 
Along the NWC—Yakutsk radio path, the maximum 
amplitude during SAA was 1.53 dB (03:09 UT), and a 
decrease in the phase delay in radio signal during SPA 
was 90° (03:09 UT). Along the Khabarovsk—Yakutsk 
radio path, a maximum amplitude increase during SAA 
was 1.18 dB (03:04 UT), and a decrease in the phase 
delay in radio signal during SPA was 16° (03:09 UT). 
Along the Khabarovsk—Tixie Bay radio path, the max-
imum amplitude increase during SAA was 2 dB (03:04 
UT), and a decrease in the phase delay in radio signal 

during SPA was 21° (03:09 UT). 
Information on solar X-ray flares of class C2.9 and 

higher from October 26 to November 2, 2021 and on SAA 
of radio signals from RSDN-20 (11.904 kHz), NWC (19.8 
kHz), and NAA (24 kHz) transmitters recorded at the Ya-
kutsk and Tixie Bay stations is presented in Table 1. The 
catalog of solar flares of class C2.9 and higher from Octo-
ber 26 to November 2, 2021 and SPA of radio signals from 
RSDN-20 (11.904 kHz) and NWC (19.8 kHz) transmitters, 
detected at the Yakutsk and Tixie Bay stations is given in 
Table 2. The recorded SPA values are reduced to unit 
length of radio paths (degree/Mm). 

Note that on October 26 from 20:47 UT, the RSDN-
20 transmitters were turned off until 08:03 UT on Octo-
ber 29, 2021; on November 1, the NWC transmitter was 
turned off from 00:00 to 06:40 UT. 

Represent the maximum amplitude change during 
SAA as a function of maximum X-ray flux P in the 
range 1–8 Å and averaged along the entire radio path of 
the cosine of the solar zenith angle X. The zenith angle 
values along the paths with coordinates at a resolution 
of 200 km were calculated by the algorithm 
[http://stjarnhimlen.se/comp/tutorial.html]. Along the No-
vosibirsk—Yakutsk radio path, with increasing X-ray 
flux of solar flares the amplitude increases relative to 
background (undisturbed) values. Along the Khaba-
rovsk—Yakutsk and NWC—Yakutsk radio paths, satu-
ration is recorded when the flux runs to 6·10

–6
 W/m

2
.  

 

Table 1 
Solar X-ray flares from October 26 to November 2, 2021 

and sudden amplitude anomalies in radio signals from RSDN-20 (11.904 kHz), NWC, and NAA transmitters 

Date 

Time of 

maximum 

X-rays 
 

Class 

Khabarovsk 
RSDN-20, dB 

Novosibirsk 
RSDN-20, dB 

Krasnodar 

RSDN-20, dB 
NWC, 

dB 
NAA, 

dB 

Y
ak

u
ts

k
 

T
ix

ie
  

Y
ak

u
ts

k
 

T
ix

ie
 

Y
ak

u
ts

k
 

T
ix

ie
 

Y
ak

u
ts

k
 

Y
ak

u
ts

k
 

T
ix

ie
 

Oct. 26, 

2021 
1:04 C9.3 1.04 – 0.9 – night night 3.42 3.17 – 

Oct. 26, 

2021 
1:50 С3.5 0.45 – 1.5 – night night 0.82 – – 

Oct. 26, 

2021 
2:47 M1.3 0.57 – 3.96 – 1.47 – 1.98 2.64 – 

Oct. 26, 

2021 
6:04 C7.8 0.57 – 1.06 – 1.71 – 1.26 1.31 – 

Oct. 27, 

2021 
6:08 C8.5 off off off off off off 1.47 1.1 – 

Oct. 28, 

2021 
7:40 M1.4 off off off off off off 2.32 1.28 night 

Oct. 29, 

2021 
2:42 M1.5 off off off off off off 2.9 2.07 1.24 

Oct. 29, 

2021 
5:58 C4.8 off off off off off off – 1.66 1.16 

Oct. 29, 

2021 
6:07 C5.9 off off off off off off 1.12 – 1.69 

Oct. 30, 

2021 
3:15 C3.9 0.59 – – – – – – – – 

Oct. 31, 

2021 
7:06 C2.9 – – 0.48 – – – – – – 

Nov. 01, 

2021 
1:45 M1.5 1.71 1.01 1.8 – night night off 3.61 1.78 

Nov. 02, 

2021 
3:01 M1.7 1.18 2 2.78 – – – 1.53 2.59 1.69 

http://stjarnhimlen.se/comp/tutorial.html
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Table 2 
Solar X-ray flares from October 26 to November 2, 2021 

and sudden phase anomalies of radio signals from RSDN-20 (11.904 kHz) and NWC transmitters 

Date 

 

Time of 

maximum 

X-rays 

Flare 
class 

Khabarovsk 
RSDN-20, 

deg./Mm 

Novosibirsk 
RSDN-20, 
deg./Mm 

Krasnodar RSDN-

20, 
deg./Mm 

NWC, 
deg./Mm 

Yakutsk Tixie Yakutsk Tixie Yakutsk Tixie Yakutsk 
Oct. 26, 

2021 
1:04 C9.3 5.5 – – – night night – 

Oct. 26, 

2021 
1:50 С3.5 – – – – night night – 

Oct. 26, 

2021 
2:47 M1.3 7.5 – 3.03 – – – – 

Oct. 26, 

2021 
6:04 C7.8 1.43 – 1.33 – 1.65 – – 

Oct. 26, 

2021 
9:52 C5.0 night night night night 1.15 – night 

Oct. 27, 

2021 
6:08 C8.5 off off off off off off 5.85 

Oct. 28, 

2021 
7:40 M1.4 off off off off off off 8.62 

Oct. 29, 

2021 
2:42 M1.5 off off off off off off 11.7 

Oct. 29, 

2021 
5:58 C4.8 off off off off off off – 

Oct. 29, 

2021 
6:07 C5.9 off off off off off off 5.96 

Oct. 30, 

2021 
3:15 C3.9 3.14 – – – – – 2.34 

Oct. 31, 

2021 
7:06 C2.9 – – 1.89 – – – – 

Nov. 01, 

2021 
1:45 M1.5 8.29 5.76 4.17 – night night off 

Nov. 02, 

2021 
3:01 M1.7 11.43 8.64 – – – – 9.57 

 

With a further increase in the ionizing X-ray flux, the 

signal amplitude increase reduces. Similar changes in 

SAA are discussed in other works (e.g., [Todoroki et al., 

2007]). To describe the dependence of SPA on X-ray 

flux and solar zenith angle, we make use of the empiri-

cal expression [Orlov, 1998] 

  lg cos ,A B P X    (1) 

where Ф is a change in signal phase relative to the un-

disturbed value, reduced to unit length of the radio path; 

P is the maximum intensity of solar X-ray flux in the 

range 1–8 Å during a flare, and cosX  is the cosine of the 

solar zenith angle averaged throughout the radio path. 
From the data on SPA (see Table 2), the algorithm 

[http://stjarnhimlen.se/comp/tutorial.html] was used to 

determine the solar zenith angle X from geographic coor-

dinates along each of the radio paths with a step of 200 

km. We assumed the conditions for radio signal propaga-

tion to be nighttime when cosX<0. Table 3 lists the pa-

rameters of model (1) estimated by the least square meth-

od for the Khabarovsk—Yakutsk, Novosibirsk—

Yakutsk, and NWC—Yakutsk radio paths. 
 

Table 3 

Parameters of SPA dependence on the logarithm of the product of X-ray flux [1–8 Å] 
by the solar zenith angle cosine averaged along a propagation path 

Radio path, 
length 

Sample 

size 
Coefficient A Coefficient B Determination 

coefficient R2 
Standard deviation of 

residuals, deg./Mm 
Khabarovsk—Yakutsk, 
1.40 Mm 6 74.56±12.3 12.36±2.22 0.89 1.37 

Novosibirsk—Yakutsk, 
2.64 Mm 4 9.68±14.66 1.22±2.51 0.1 1.46 

NWC—Yakutsk, 
9.40 Mm 6 67.64±15.99 11.51±3.05 0.78 1.73 

 

 

 

 

http://stjarnhimlen.se/comp/tutorial.html
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The low coefficients of model (1) with large fluctua-

tions, as well as the small coefficient of determination, 

were obtained under the conditions of SPA recording along 

the Novosibirsk (RSDN-20) — Yakutsk path due to the 

small sample size, with flares on October 26 (see Table 2) 

of classes M1.3 and C7.8 having an increased X-ray back-

ground, which reduced the sensitivity of SPA. The SPA 

data acquired along the Khabarovsk (RSDN-20) — Ya-

kutsk and NWC—Yakutsk radio paths from October 26 to 

November 2, 2021 is well described by the linear depend-

ence on the logarithm of the product of X-ray flux 1–8 Å 

by zenith angle cosine averaged along the propagation 

path. The estimates of model (1) do not contradict those we 

have obtained earlier for a larger sample size [Starodubtsev 

et al., 2019]. 
To determine how the effective height Δh of the 

Earth—ionosphere waveguide change from the recorded 

phase delay in VLF radio signal at SPA under conditions 

of single-mode propagation, we employ the expression 

[Mitra, 1977] 

2

3

n

360 1
,

2 16

d
h

R h

 
    

  
  (2) 

where Δφ is a change in VLF radio signal phase at SPA 

(degrees); R is the Earth radius (km); λ is the wave-

length (km); d is the length of the radio path (km); hn is 

the medium height of the ionosphere (70–74 km).  
In our calculations, we took hn =72 km. The Earth radi-

us was determined on each radio path by averaging the 

values found from latitudes corresponding to the path sec-

tions with the step of 200 km, using the reference ellipsoid 

model WGS 84 [https://planetcalc.ru/7721 /?thanks=1]. 

Changes in the effective height of the Earth—ionosphere 

waveguide, estimated from phase changes in radio signals 

from the RSDN-20 (11.904 kHz) and NWC (19.8 kHz) 

radio transmitters recorded at the Yakutsk and Tixie Bay 

stations during SPA from October 26 to November 2, 

2021, are presented in Table 4. 

Figure 16 illustrates changes in the effective height 

of the Earth—ionosphere waveguide along the NWC—

Yakutsk and Khabarovsk—Yakutsk radio paths depend-

ing on Pcos(X). 
A greater change in the height of the waveguide (≈1 

km) is observed on the mid-latitude radio path Khaba-

rovsk—Yakutsk relative to the NWC—Yakutsk path, 

half of which is located at low latitudes and crosses the 

geomagnetic equator. This change may be linked to the 

manifestation of the equatorial ionospheric anomaly. 
Analysis of amplitude-phase variations recorded during 

sudden ionospheric disturbances on October 26 – Novem-

ber 2 has shown that the VLF radio signal propagation at 

11.904 kHz along the meridian under daytime conditions 

on the 1400 km path can be considered single-mode. In the 

network of long radio paths that were found to be in night 

conditions, this fact may be useful in increasing the sample 

size of recorded SAA and SPA. We have adopted the 

parameters of the SPA model that is satisfactorily de-

scribed by the linear function lg(PcosX). This can be 

used for estimating the X-ray flux during solar flares by 

the surface method. We have estimated the change in the 

effective height of the Earth—ionosphere waveguide from 

recorded SPAs. 

Table 4 

Changes in the effective height of the Earth—ionosphere waveguide, 
estimated by phase changes of RSDN-20 (11.904 kHz) and NWC (19.8 kHz) radio signals, 

recorded at the Yakutsk and Tixie Bay stations during SPA on October 26 – November 2, 2021 

Date Time of maxi-

mum X-rays 
Flare 
class 

Khabarovsk 
RDSN-20, km 

Novosibirsk 
RDSN-20, km 

Krasnodar 
RDSN-20, km 

NWC, km 

Yakutsk Tixie Yakutsk Yakutsk Yakutsk 

Oct. 26, 2021 1:04 C9.3 2.08 – – night – 

Oct. 26, 2021 2:47 M1.3 2.84 – 1.15 – – 

Oct. 26, 2021 6:04 C7.8 0.54 – 0.5 0.62 – 

Oct. 26, 2021 9:52 C5.0 night night night 0.43 night 

Oct. 27, 2021 6:08 C8.5 off off off off 2.11 

Oct. 28, 2021 7:40 M1.4 off off off off 3.1 

Oct. 29, 2021 2:42 M1.5 off off off off 4.21 

Oct. 29, 2021 6:07 C5.9 off off off off 2.15 

Oct. 30, 2021 3:15 C3.9 1.19 – – – 0.84 

Oct. 31, 2021 7:06 C2.9 – – 0.72 – – 

Nov. 01, 2021 1:45 M1.5 3.14 2.18 1.58 night off 

Nov. 02, 2021 3:01 M1.7 4.33 3.27 – – 3.45 

 
 
 

https://planetcalc.ru/7721/?thanks=1
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Figure 16. Changes in the effective height of the Earth—

ionosphere waveguide on the NWC — Yakutsk and Khaba-

rovsk — Yakutsk radio paths depending on solar X-rays 

 

 

Figure 17. Geomagnetic conditions according to Kp on 

October 26 – November 13, 2021 The green rectangle 

marks the Forbush effect 

 

IONOSPHERIC CONDITIONS 
DURING FORBUSH EFFECT  
AS OBSERVED AT THE ZHIGANSK 
STATION  

Figure 17 illustrates variations in the three–hour 

planetary geomagnetic activity index Kp on October 26 – 

November 13, 2021 before and after the Forbush effect. 

The period of interest was mostly quiet and moderately 

disturbed except for November 3–4 when Kp>6 with a 

maximum of 8– (highlighted in red). 
The digisond or digital ionospheric station DPS-4 at 

the Zhigansk station (Φ'61° N, Λ'194° E) probes the 

ionosphere at 1–12 MHz frequencies in a patrol mode 

every 15 min. Figure 18 shows hourly critical frequen-

cies foF2 of the ionospheric F2 layer for November 1–9, 

2021. The Forbush effect, or a decrease in the intensity 

of galactic cosmic rays, was detected on November 3–5, 

2021 (green rectangle, see also Figure 2). 
It can be seen that after the onset of the Forbush effect, 

namely, during its recovery phase, completeabsorption 

and shielding of HF radio waves were observed in the 

ionosphere (conditions B and A are marked with a gray 

rectangle) for ~12 hrs. Recall that under condition B the  

 

Figure 18. Hourly variations in foF2 at the ionospheric 

station Zhigansk on November 1–9, 2021. Total absorption 

and shielding of HF radio waves; the gray rectangle de-

notes conditions B, A 
 

measurement is affected or precluded by complete ab-

sorption of radio waves; and under condition A, by the 

presence of an underlying layer (shielding) [URSI Man-

ual..., 1977]. Note also that the aforementioned iono-

spheric conditions were not observed during the recov-

ery phase of the Forbush effect. 

Figure 19 is similar to Figure 18, but foF2 variations 

(light circles) are shown for four days per each sounding 

session. It can be seen that the decrease in foF2 from 

8 to 4 MHz began at about 07:00 UT on November 4 

(16:00 LT) and was observed for ~30 min. This clearly 

indicates a shift in the boundary of closed field lines to-

ward the equator or the development of magnetospheric-

ionospheric disturbance. The event occurred before the 

beginning of the F2-layer absorption and shielding period 

that lasted for ~14 hrs. Thus, the delay in ionospheric dis-

turbances at the latitude of the Zhigansk station (conditions 

B, A) from the beginning of the Forbush effect was ~ 7 hrs. 

Figure 20 illustrates riometric absorption variations at 

the station Maimaga on November 3–5, 2021. The green 

segment represents the Forbush effect; the blue one, iono-

spheric disturbances or conditions B, A over the Zhigansk 

station. It can be seen that the onset of the Forbush effect 

in riometric absorption variations at the end of November 

3 was marked by a short-term increase in intensity to 0.75 

dB, which suggests the arrival of a shock wave from a 

solar flare to Earth's magnetopause. Then, until ~08:00 

UT on November 4, there are gaps in data on riometric 

absorption variations. Absorption maxima to 2.5 dB are 

observed during ionospheric disturbances. 

Using data from the ionospheric station Zhigansk, we 

found that during the first half of the Forbush effect there 

was an ionospheric disturbance that manifested itself in 

complete absorption and shielding of HF radio waves.  
After the active phase of the Forbush effect, the ion-

ospheric station Zhigansk observed foF2 lowered by 

1.5–2.0 MHz due to the magnetospheric-ionospheric 

storm accompanying the Forbush effect.  
Riometric absorption suggests that absorption maxima 

are recorded during the Forbush-effect decrease. 
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Figure 19. Fifteen-minute variations in foF2 at the iono-

spheric station Zhigansk on November 4–7, 2021. Total ab-

sorption and shielding of HF radio waves; the blue rectangle 

indicates conditions B, A 

 

 

Figure 20. Riometric absorption variations on Novem-

ber 3–5, 2021. Total absorption and shielding of HF radio 

waves; the blue rectangle marks conditions B, A; the green 

one, time of the Forbush effect 
 

OPTICAL OBSERVATIONS 

The SHICRA SB RAS meridional network of opti-

cal stations consists of three observation stations. 

Three identical spectrographs are installed at the opti-

cal stations Tixie Bay, Maimaga (63° N, 129.5° E, 

near Yakutsk), and Neryungri (56.7° N, 124.7° E) that 

are spaced in latitude. 
Since 2014, permanent recording of hydroxyl 

bands OH(3, 1) has been carried out at the optical sta-

tion Maimaga that is located 120 km north of Yakutsk. 

The infrared spectrograph detects OH(3, 1) bands in 

the far infrared region (~1.5 µm). It consists of a 

Shamrock monochromator equipped with a highly sen-

sitive infrared photodiode detector manufactured by 

Andor Technology. The operating wavelength range is 

1490–1544 nm, cooling is –60 °C, the opening angle is 

~3 °, and the resolution of the spectrograph with an 

entrance slit 0.2 mm wide is 0.8 nm. Spectra of OH(3, 

1), emitted at an altitude of ~87 km, are recorded au-

tomatically at a solar depression angle >9° every mi-

nute and transmitted daily to the Institute's server. 
In September 2015, a similar infrared spectrograph 

was installed at the Polar Geocosmophysical Observa-

tory (PGO) Tixie Bay; and in October 2017, at the 

observation station Neryungri. Thus, all three stations 

have identical photosensitive infrared spectrographs 

that detect the hydroxyl band in the far infrared region. 

According to many recent works, the OH(3, 1) band is 

thermalized quite well [Shefov et al., 2006] and corre-

sponds to the ambient temperature of the neutral at-

mosphere at the height of its emission. The choice of 

the hydroxyl emission band in the infrared region is 

due to three circumstances: firstly, the highest intensi-

ty of hydroxyl emissions in this spectral region; sec-

ondly, the lower contribution of parasitic light from 

stars and the Moon; and thirdly, the absence of auroral 

emissions.  
Measurements with the infrared spectrograph were 

made at night in cloudless and slightly overcast weath-

er. There were OH(3, 1) emissions recorded with an 

exposure of 60 s. The method of estimating the rota-

tional temperature of molecular emissions is based on 

fitting model spectra, constructed taking into account 

the instrumental function of the device for different 

predetermined temperatures to the actually measured 

spectrum, by the least square method.  
No significant variations in the neutral atmosphere 

temperature beyond the noise level were detected dur-

ing GLE and Forbush decreases. Observations on the 

temperature of the neutral atmosphere at an altitude of 

~87 km for October 11 – November 20, 2021 from the 

stations Neryungri, Maimaga, and Tixie Bay are 

shown in Figure 21. 
 

 

Figure 21. Rotational temperatures of OH(3, 1) emission 

at three different stations 
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OBSERVATIONS  
OF AURORAS AND SUBAURORAL 
GLOW ON THE MERIDIAN 
OF YAKUTSK DURING  
THE NOVEMBER 4, 2021  
MAGNETIC STORM  

The magnetic storm main phase began on November 3, 

2021 at ~21:35 UT due to arrival of plasma flow from a 

solar flare. Optical observations at the Maimaga and Tixie 

Bay stations were performed using the astronomical 

program until 21:20 UT on November 3 and were automat-

ically continued on November 4 from 08:50 and 09:15 UT 
respectively. The beginning of observations at the 

Maimaga station was characterized by intermittent 

clouds, and only from ~09:15 to ~11:00 UT did the trans-

parency of the atmosphere become satisfactory for record-

ing auroras and subauroral glow throughout the sky. Due to 

atmospheric conditions, auroral dynamics could be record-

ed by the Tixie Bay station until ~11:00 UT. 
Auroras at the Tixie Bay station were observed by 

the all-sky camera Keo Horizon in the visible region. At 

the Maimaga station, subauroral glow and auroras were 
recorded by the full-sky camera Keo Sentry in some 
emissions [Ievenko, Parnikov, 2022]. Figure 22 presents 
data from the all-sky cameras at the two stations as keo-
grams on November 4, 2021 at 09:00–11:30 UT. The 
keogram from the Tixie Bay station (a) shows the dy-
namics of discrete auroras along the meridian in the 
range of geomagnetic latitudes 63°–71°. Keograms from 
the Maimaga station (b, c) exhibits the dynamics of au-
roras and subauroral glow in the 557.7 and 630.0 nm 
[OI] emissions at latitudes52°–62°. 

The phase of development of a substorm, according 
to mid-latitude magnetograms, began at ~09:12 UT (see 
Figure 5) with SYM-H~–100 nT. At that time, under 
conditions of intermittent clouds, a broad brightening of 
wide radiant auroral band was observed in the 557.7 and 
630.0 nm emissions in the vicinity of the zenith of the 
Maimaga station and a rapid expansion of intense auroras 
to the pole. The keograms show a short-term increase in 
the intensity of these emissions with a maximum at 57°–
62° latitudes. An increase in diffuse aurora (DA) was 
recorded equatorward of discrete auroras (panels b, c). 

 

Figure 22. Dynamics of auroras and subauroral glow on the meridian of Yakutsk during the November 3–4, 2021 magnetic 

storm: a — a keogram from the Tixie Bay station projected onto the Earth surface for the 110 km height of auroras in the visible 

region; b, c — keograms in the 557.7 and 630.0 nm [OI] emissions from the Maimaga station for the aurora height of 110 and 

250 km respectively; Z is the zenith of the observation station. The color emission intensity scales are shown in relative units for 

the Tixie Bay station and in kR for the Maimaga station 
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The keogram from the Tixie Bay station (a) demon-
strates a shift of discrete auroras to the pole from the 
southern horizon to the geomagnetic latitude of ~68.5° 
(formation of an auroral bulge). 

From ~09:30 UT, discrete auroras were observed 
which moved toward the equator at the Tixie Bay station 
during the recovery phase of the substorm. At the 
Maimaga station, after the rapid decay of auroral activity, 
the DA equatorial boundary was detected in the vicinity of 
the zenith; and a stable auroral red arc (SAR arc), in the 
630.0 nm emission with an intensity 600–900 R on the 
southern horizon until ~11:00 UT. 

Figure 23 displays processed images with recording 
of auroras and subauroral glow across the sky in geo-
magnetic coordinates. The recording was performed 
under good atmospheric transparency at 10:04 UT dur-
ing the recovery phase of the substorm. At that time, in-
tense discrete auroras were observed at the Tixie Bay sta-
tion (see Figure 23, a) at a geomagnetic latitude of ~66° 
and moved toward the equator as described in the keogram 
(see Figure 22, a, 10:04 UT). The Maimaga station rec-
orded the DA equatorial boundary in the vicinity of the 
zenith at a latitude of ~58° and discrete auroras on the 
northern horizon in the two emissions. At 630.0 nm, there 
was a SAR arc with an intensity of ~8.00 R far south of the 
station with a decrease in geomagnetic latitude to the east. 

In Figure 23, с, the image is projected onto the Earth 
surface for a DA height of 250 km in the 630.0 nm 
emission. For the given height of the red arc 350–400 
km, its projection at 10:04 UT was at latitudes ~50°–53° 
on the meridian of the observation station. 

 

CONCLUSION 

Thus, the comprehensive analysis leads to the follow-

ing conclusions. 
1. The SHICRA SB RAS neutron monitors, in-

stalled in Yakutsk and PGO Tixie Bay, recorded the 

first terrestrial increase in the SCR flux in solar cycle 

25. This event was the 73rd since the registration of the 

first SCR flare on February 28, 1942 and is now known 

as GLE73, which had a low amplitude to 6 % even at 

polar CR stations. 
2. The M1.7 class solar flare that occurred on No-

vember 2, 2021 caused the first powerful Forbush effect 

in SC 25, which began at the end of November 3. Its 

amplitude, according to one-minute pressure-corrected 

NM data from the Tixie Bay station, ran to 18.9 %; 

from the Yakutsk station, 16.1 %. 
3. Using observations from the Yakutsk meridional 

chain of magnetic stations, we have shown that on No-

vember 3, 2021 in the dawn sector north of the Zhi-

gansk station but south of Kotelny Island at a latitude 

61°<Φ'<70°, a westward electrojet developed in the 

ionosphere, which deflected by ~30°–35° to the north. 

The pattern of changes in the magnetic field H compo-

nents at the Zhigansk and Yakutsk stations, located in 

the dawn sector, fits perfectly into the distribution of 

magnetic vectors of the global SuperMag network as 

part of polar current system DP11 and complements the 

pattern of real magnetic vectors. Data from the AM-

PERE project on the distributions of magnetic variations 

at ionospheric heights and field-aligned currents in the 

dawn sector makes it possible to pinpoint the location of 

the westward auroral electrojet at Φ'~67° N. 
4. From measurements of the Yakutsk meridional 

chain of magnetic stations during the strong geomagnet-
ic storm, we have found that on November 4, 2021 an 
eastward electrojet took place in the afternoon and dusk 
sectors at 56°<Φ'<61°, and in the late evening and night 
hours the Zhigansk and Yakutsk stations were under a 
complex system of ionospheric currents. Data from the 
AMPERE project on the distributions of magnetic varia-
tions at ionospheric heights and field-aligned currents in 
the dawn sector allows us to specify the location of the 
eastward auroral electrojet at Φ'~58° N. 

 

Figure 23. An example of recording of auroras and subauroral glow across the sky at the two stations in the November 4, 2021 

event. The processed images projected onto the Earth surface are shown for the 110 km height of discrete auroras at the Tixie Bay 

station (a), for the 110 and 250 km heights of subauroral glow in the 557.7 and 630 nm emissions respectively at the Maimaga sta-

tion (b, c). The emission intensity scales are given in kR (b, c); for the Tixie Bay station (a), in relative units 
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5. We have examined interplanetary medium condi-

tions during the development of the strong geomagnetic 

storm on November 3–11, 2021. Data on variations in 

SW and Dst parameters allows us to assume that the 

November 3 event defined as an isolated intense sub-

storm is likely to be an element of the initial phase of 

the described storm. 
6. On complete ground freezing, a steeper depend-

ence is observed of the potential difference on the mag-

netic field strength than with maximum thawing of the 

top layer of ground. The slope coefficient is eight times 

higher. The coefficients of dependence observed in ear-

ly November 2021 are closer in time to the winter ones. 

The change in these coefficients is associated with a 

change in ground conductivity. 
7. During the events in early November 2021, con-

tinuous and quasi-periodic broadband hisses were ob-

served associated with a change in the direction of the 

IMF Bz component: a change in the lower and upper 

frequencies and VLF emission intensity in ranges 1.0–

13.5 kHz at 21:00–23:00 UT on November 3, 0.7–4.5 

kHz at 01:00–03:00 UT on November 4, 3.0–5.2 kHz at 

12:00–13:00 UT on November 4, 2.2–5.0 kHz at 10:10–

11:40 UT on November 4. There were also 80–100 s QP 

hisses at 02:15–02:50 UT on November 4 with a fre-

quency increase in the range 1.6–4.3 kHz. 
8. Analysis of amplitude-phase variations record-

ed during sudden ionospheric disturbances on October 

26 – November 2 has shown that VLF signal propaga-

tion at a frequency of 11.904 kHz along the meridian in 

daytime conditions along the 1400 km path can be con-

sidered single-mode. 

9. We have adopted parameters of the SPA model 

that is satisfactorily described by a linear function of the 

logarithm of the product of the X-ray flux and the solar 

zenith angle cosine averaged along the radio path. We 

have assessed the change in the effective height of the 

Earth—ionosphere waveguide from recorded SPAs. 
10. Data from the ionospheric station Zhigansk has 

revealed that during the Forbush effect there was an 

ionospheric disturbance manifested itself in complete 

absorption and shielding of HF radio waves. After the 

active phase of the Forbush effect, the ionospheric sta-

tion Zhigansk detected a reduction in F2-layer critical 

frequencies by 1.5–2.0 MHz due to the magnetospher-

ic–ionospheric storm caused by the Forbush effect. Ri-

ometric absorption shows that absorption maxima occur 

during the negative phase of the Forbush effect. 
11. No significant variations in the temperature of 

the neutral atmosphere beyond the noise level were de-

tected during GLE and Forbush decreases. 
12. During the initial phase of the development of 

the substorm, there was a brightening of the wide radi-

ant auroral band in the 557.7 and 630.0 nm emissions in 

the vicinity of the zenith of the Maimaga station and a 

rapid expansion of intense auroras to the pole with a 

maximum at latitudes 57°–62° in the dusk sector of 

MLT. An increase in DA was recorded equatorward of 

discrete auroras. A shift of discrete auroras to the pole 

from the southern horizon to the geomagnetic latitude of 

~68.5° (formation of an auroral bulge) was observed at 

the Tixie Bay station. During the substorm recovery 

phase, discrete auroras were seen moving toward the 

equator. After the rapid decay in auroral activity, the 

Maimaga station recorded the DA equatorial boundary 

in the vicinity of the zenith at a latitude of ~58° and a 

stable auroral red arc (SAR arc) in the 630.0 nm emis-

sion with an intensity 600–900 R at geomagnetic lati-

tudes ~50°–53° until ~11:00 UT. 
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