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Abstract. The phenomena which accompany syn-

chronization of night-time ionospheric and geomagnetic 
disturbances in an ULF range with periods 35–50 min 
near the mid-latitude station Kazan during a global 
magnetically quiet period have been analyzed. The 
comparison between dynamic spectra and wavelet pat-
terns of these disturbances has revealed that spectral 
features of simultaneous disturbances of the F2-layer 
critical frequency and H, D, Z geomagnetic field com-
ponents are similar. By studying spectral features of the 
F2-layer critical frequency over Kazan and disturbances 
of the H and D geomagnetic field components at mag-
netic stations which differ from Kazan station in longi-

tude and latitude, we have established that the disturb-
ances considered belong to the class of fast magnetoson-
ic waves. The analysis of solar wind parameters, inter-
planetary magnetic field (IMF), and values of the auro-
ral index AL in the period under study has shown that 
this event is associated with IMF Bz component disturb-
ances and occurs during substorm development. 

Keywords: ionospheric disturbances, geomagnetic 
field disturbances, interplanetary magnetic field, sub-
storm, magnetohydrodynamic disturbances 

 
 

 

 
INTRODUCTION 

One of the important aims of the study of ionospher-
ic and geomagnetic disturbances is to find natural and 
artificial sources of magnetohydrodynamic (MHD) 
waves. It is well known that Earth's magnetosphere is a 
natural resonator for Alfvén, fast (FMS), and slow mag-
netosonic (SMS) waves [Guglielmi, Troitskaya, 1973]. 
Propagation of Alfvén and SMS waves is related to the 
geomagnetic field. When these waves are reflected from 
the conducting ionosphere, standing MHD waves 
emerge in the magnetosphere. A source of these waves 
in Earth's magnetosphere can be a fast magnetic sound. 
In turn, FMS waves can penetrate into the magneto-
sphere from the solar wind (SW) or be generated by the 
Kelvin–Helmholtz instability at the magnetopause when 
flowed around by SW [Mishin, Tomozov, 2014]. The 
propagation velocity of MHD disturbances in the mag-
netosphere can vary from hundreds to thousands of kil-
ometers per second. Such fluctuations are currently as-
sociated with geomagnetic pulsations – ultralow-
frequency (ULF) periodic magnetospheric disturbances 
whose frequency range is from 1 mHz to 5 Hz.  

The appearance of MS waves in the magnetosphere–
ionosphere system is often associated with the develop-
ment of a geomagnetic storm. For example, Vorontsova et 
al. [2016] detected Pc5 geomagnetic pulsations in the re-
covery phase of a strong magnetic storm. During these 
pulsations, GPS data showed an increase in the total elec-
tron content (TEC) at the F2-layer height. The authors sug-
gested that an MS wave can be responsible for the simulta-
neous plasma and geomagnetic disturbances. However, the 

excitation of MHD waves in the magnetosphere and con-
ducting ionospheric layers may not necessarily be due to 
the development of global geomagnetic disturbances. For 
example, Barkhatova et al. [2009, 2015] have identified 
MS waves generated by the eastward electrojet and large-
magnitude earthquakes. In addition, along with geomag-
netic disturbances in the ULF range there were synchro-
nous disturbances in the conducting F2 layer. 

The main purpose of this study is to analyze the phe-
nomena accompanying the synchronous night-time iono-
spheric and magnetic disturbances, which was observed 
under global magnetically quiet conditions from per mi-
nute data acquired at Kazan station. The phenomenon un-
der study was short-lived and was observed for 50 min in 
the frequency range from 0.5 to 1 MHz (periods 15–30 
min), i.e. in the region of ULF oscillations. The synchroni-
zation suggests that the discovered disturbances are magne-
tosonic. To identify characteristic parameters of these iono-
spheric and magnetic disturbances, we have adopted meth-
ods of dynamic and spectral wavelet analysis, sufficient to 
establish the frequency range and times of their synchroni-
zation. For the time of occurrence of the MS disturbances 
under study near Kazan station, we have examined geo-
magnetic variations at stations remote from Kazan station 
in longitude and latitude. To find causes of the disturb-
ances, during their recording we analyzed extramagneto-
spheric processes involving changes in the dynamics of 
IMF components, proton velocity and density in SW. We 
have established the relationship of these ionospheric and 
magnetic disturbances with substorm activity, estimated 
from AL index. 
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1. DATA 
Possibilities of searching for synchronous ionospher-

ic and geomagnetic disturbances at Kazan station 
(55.78° N, 49.01° E) were determined from the presence 
of ionospheric vertical sounding data with minute reso-
lution for September 1–15, 2014. We carried out the 
analysis, using data on the F2-layer critical frequency 
and H, D, Z components.  

Within the interval considered, we observed a geo-
magnetic storm lasting more than three days (Dstmin=–
75 nT). It had a phase of sudden storm commencement 
(SSC) lasting for 3 hr, a main phase lasting for 4 hr 
(September 12, 20:00 UT – September 13, 00:00 UT), 
and a recovery phase lasting for more than two days 
(September 13, 00:00 UT – 15 September, 07:00 UT). 
The Dst indices for the entire interval are shown in Fig-
ure 1. According to the data, on the remaining days 
(September 1–11) geomagnetic conditions were quiet. 

Note that from September 4 to September 12 exper-
iments were performed on impulse heating of the iono-
sphere with powerful radio emission at the SURA Iono-
spheric Heating Facility (Vasilsursk). Hence it was as-
sumed that artificial plasma inhomogeneities may ap-
pear in the ionosphere. To exclude such disturbances, 
for the study we have selected the interval between Sep-
tember 1 and 4, within which the ionospheric heating 
facility did not work and global geomagnetic conditions 
remained undisturbed. 

Peculiarities of space-time distribution of MS waves 
have been revealed through the latitude-longitude analy-
sis of variations in geomagnetic field components. For 
this purpose, we have chosen a number of magnetic 
stations remote from Kazan station in latitude and longi-
tude. The magnetic stations are listed in Table. 

Station name Geographic 
latitude 

Geographic 
longitude 

L-shell 

Sodankylä 67.37° N 26.63° E 5.3 
Port Alfred 46.43° S 51.87° E 2.8 
Kazan 55.78° N 49.01° E 2.6 
Hel 54.61° N 18.82° E 2.5 
San Fernando 36.67° N 5.50° W 1.3 

 
Figure 1. Dst index for September 1–15, 2014. Gray color marks 
the interval under study 

 

2. IDENTIFYING MAGNETOSONIC 
DISTURBANCES IN THE QUIET 
NIGHT-TIME IONOSPHERE 

The search for simultaneous ionospheric and geo-
magnetic disturbances in the study of dynamic spectra 
of the critical frequency and magnetic field components 
has shown that on September 1, 2, and 4, they had no 
identical spectral features in the allowed frequency 
range up to 8 MHz. Figure 2 exemplifies dynamic spec-
tra of the critical frequency foF2 for September 2 and 4, 
2014. According to the given spectra, there are no pro-
nounced ionospheric disturbances at local night-time 
(+3 GMT). 

Moreover, on September 3, 2014, during local night-
time 03:30–05:00 LT (00:30–02:00 UT), there were a 
series of disturbances with characteristic frequencies in 
a range from 0.3 to 4 MHz in the dynamic spectrum of 
the F2-layer critical frequency. An important point is 
the simultaneous occurrence of a series of such disturb-
ances in the geomagnetic components in the same fre-
quency range. Figure 3 shows dynamic spectra of the 
F2-layer critical frequency and H, D, Z geomagnetic 
components for September 3, 2014. Black ovals indicate 
areas of coincidence of spectral features of the critical 
frequency and geomagnetic components. 

The coincidences of the spectral features demon-
strate the synchronous ionospheric and geomagnetic 
disturbances in the region of the night-time ionosphere. 
However, dynamic Fourier spectra are not sufficiently 
informative in determining parameters of a real wave 
process. In this connection, further investigation into 
possible synchronization of parameters of these disturb-
ances was carried out by analyzing wavelet spectra. 
Note that the choice of the basis for the wavelet analysis 
to be used in the time-frequency expansion affects the 
final time and frequency resolution of the result. At the 
same time, the choice of the basic function cannot 
change the basic characteristic of the wavelet transform 
(low frequencies have a good frequency resolution and a 
bad time resolution; high frequencies, vice versa), but 
we can slightly improve the overall frequency or time 
resolution. The general principle of forming the basis 
for the wavelet transform is to use the scale transform 
and shifts. By changing the scales by wavelets, we can 
identify the difference between characteristics at differ-
ent scales and, by shifts, analyze properties of a signal at 
different points throughout the range studied. In this 
paper, we apply the basic Daubechies wavelets of the 
fourth order. Daubechies wavelets are a family of itera-
tively calculated wavelets. Peculiarities of the calcula-
tion of the wavelet spectrum in the form of a system of 
equations φ(t) and ψ(t) allow us to obtain ultimately two 
vectors, one of which contains a smoothed signal; and 
the other, a set of local features. This approach simpli-
fies the identification of characteristic properties of the 
initial data series since it allows us not only to deter-
mine the character and dynamic parameters of a signal, 
but also to precisely localize its features: spikes, sharp 
level jumps, etc. 
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The basic wavelet in use is described by the system 
of equations 

( ) ( )

( ) ( )
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where the function φ(t) describes the scaling function, 
and the function ψ(t) characterizes the form of the wave 
packet. The calculation of the system for each point at t 
involves computing the trigonometric polynomial coef-
ficients hk and gk with an iterative cascade algorithm. 
Figure 4 shows the time scanning of the derived forth-
order functions. 

Figure 5 depicts wavelet spectra of the critical fre-
quency foF2 and H, D geomagnetic components for Ka-
zan station, calculated for September 3, 2014 at night 
time (from 00:00 to 02:00 UT). Black arrows denote 
coincidences of maxima of ionospheric and geomagnet-
ic disturbances of the H component from 01:17 to 01:55 
UT. The best coincidence of the disturbances under 
study was noted for periods from 15 to 30 min. Figure 5 
does not show the wavelet spectrum for the Z geomag-
netic component since its spectral maxima do not coin-
cide with foF2 in the given interval. The spectral maxi-
ma of geomagnetic disturbances of the D component in 
the interval under study are ahead of the maxima noted 
for the critical frequency and H component. Then, syn-
chronous ionospheric and geomagnetic disturbances 
were found from foF2 and H data. 

As derived from the results, synchronous ionospher-
ic and geomagnetic disturbances are characteristic of the 
interval considered. The typical periods of the detected 
MS disturbances belong to the ULF range and are within 
35–50 min. The fact that the simultaneous disturbances 

of foF2 and geomagnetic components have similar fea-
tures allows us to assume that they have MS nature. 

 
3. SPATIAL ANALYSIS 

OF DISTRIBUTION OF  
MS WAVES CONSIDERED 

It has been noted above that the generation of MS 
waves in Earth's magnetosphere can be caused by exter-
nal and internal magnetospheric sources. In any case, 
the ultralow-frequency wave process of interest involves 
the entire magnetosphere. 
The nearest in longitude to Kazan is Port Alfred Obser-
vatory (46.4° S, 51.8° E), which is located at a magne-
toconjugated point. Figure 6 shows spectra of the criti-
cal frequency (Kazan) and H component, calculated 
from per minute data acquired at Port Alfred Observato-
ry on September 3, 2014, from 00:00 to 02:00 UT. 
Black arrows indicate coincidences of maxima of iono-
spheric and geomagnetic disturbances of the H compo-
nent in the interval 15–30 min. 

The result of the coincidence of the spectral maxima of 
the critical frequency at Kazan station and the H compo-
nent at Kazan station and Port Alfred Observatory, located 
at magnetoconjugated points, suggests the connection of 
the wave phenomenon to a corresponding geomagnetic 
field line.  

The problem of whether the waves of interest belong 
to the SMS class, which are related to the geomagnetic 
field line, or to the class of isotropic FMS waves can be 
solved by analyzing wavelet spectra of disturbances 
recorded at stations whose latitudes are different from 
the latitude of Kazan. 

 
Figure 2. Dynamic spectra of the F2-layer critical frequency for September 2, 2014 (top panel) and September 4, 2014 (bot-

tom panel); time is given in UT 
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Figure 3. From top to bottom: dynamic spectra of the F2-

layer critical frequency, D, H, and Z components for Septem-
ber 3, 2014. Black ovals indicate areas of coincidence of spec-
tra features 

 
Figure 4. Time scanning of the scaling function (a) and 
fourth-order Daubechies wavelet (b) 

 

 

 

 

 

 

 

 
Figure 5. From top to bottom: wavelet spectra of the F2-layer critical frequency, H and D geomagnetic components for September 3, 

2014. Black arrows mark a coincidence of spectra maxima in the interval between foF2 and H disturbances 
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Figure 6. From top to bottom: wavelet spectra of the F2-layer critical frequency registered at Kazan station, H component recorded at 

Kazan station, and H component recorded at Port Alfred Observatory for September 3, 2014. Black arrows indicate a coincidence of spectral 
maxima in the interval under study 

 
Figure 7. Wavelet spectra of foF2 at Kazan station (a, e), H component (b–d) and D component (f–g ) at Sodankyla, Hel, 

and San Fernando stations. Arrows denote coincidences between the foF2 disturbances in Kazan and magnetic components at 
the selected stations 
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Figure 8. Wavelet spectra of disturbances of the F2-layer critical frequency and Bx, By, Bz components for September 3, 2014. 

Arrows indicate areas of coincidence of spectral features of foF2 and Bz 

 
Figure 7 shows the wavelet spectra of the critical 

frequency foF2 over Kazan, as well as horizontal and 
azimuthal components of the geomagnetic field at sta-
tions selected in a latitude range 36–67° N (see Table). 

According to the data presented in Figure 7 (left 
panel), the first three of the critical frequency spectral 
maxima considered (Kazan, L=2.6) coincide with the H 
component maxima at magnetic stations in another lon-
gitude. The first foF2 maximum at Kazan station (~ 
01:17 UT) coincides with the maximum of the H com-
ponent recorded at the low-latitude station San Fernan-
do; the second maximum (~ 01: 34 UT), with the max-
imum at the high-latitude station Sodankyla; the third 
foF2 maximum (~ 01:45 UT), with the H component 
maximum at the high-latitude and mid-latitude stations 

Sodankyla and Hel. 
Note that all these foF2 disturbances at the mid-

latitude station Kazan reflect in the horizontal magnetic 
component of the stations located at other latitudes and 
longitudes.  

The analysis of disturbances of the azimuthal D com-
ponent at the stations involved (Figure 7, right panel) 
shows that the first two Kazan maxima of foF2 (~01:17 UT 
and 01:34 UT) reflect in D components at all other mag-
netic stations located almost along one magnetic meridian.  

Thus, between ~01:17 and 01:45 UT there are dis-
turbances recorded in the horizontal geomagnetic com-
ponent at stations Kazan, Sodankyla, Hel, and San Fer-
nando, within a large spatial region. This allows us to 
class them as FMS disturbances. 
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4. POSSIBLE CAUSES OF MS 
DISTURBANCES IN THE NIGHT-TIME 
IONOSPHERE 

It has been noted above that the synchronization of 
ionospheric and geomagnetic disturbances we have 
identified can be explained by propagation of MS waves 
through the region under study in the vicinity of Kazan 
station. Let us find possible causes of the disturbances. 
An extramagnetospheric cause may be low-frequency 
oscillations recorded in SW with 15–30 min periods and 
arising in it due to magnetogravitational disturbances 
which depend on solar activity. Such oscillations in SW 
and IMF parameters can be responsible for the occur-
rence of magnetospheric-ionospheric oscillations mani-
festing themselves in synchronous disturbances of the 
F2-layer critical frequency and geomagnetic compo-
nents. Parameters of disturbances of SW velocity V, 
proton density P, and IMF Bx, By, and Bz components in 
the frequency range of interest were analyzed within the 
time interval considered, through spectral wavelet anal-
ysis. The wavelet spectra obtained were compared with 
the previously observed disturbances of the critical fre-
quency and geomagnetic field at Kazan station.  

Figure 8 shows wavelet spectra of foF2 at Kazan sta-
tion (upper panel) and Bx, By, Bz for the interval consid-
ered. Arrows indicate areas of synchronization of dis-
turbances of these parameters. The results show that 
there is a coincidence of the spectral features for foF2 
and Bz in the interval 15–30 min. For Bx and By there are 
no such coincidences. 

This suggests that the onset of these disturbances in 
the night-time ionosphere can be associated with long-
period oscillations of the IMF vertical component. 

It is known that the orientation and modulus of Bz 
component largely determine the global and high-latitude 
geomagnetic disturbances. The latter fact is examined, for 
example, in [McPherron et al., 1973]; the authors have 
noted that the substorm onset phase is closely related to the 
southward turning of Bz component. During this period, 
energy is accumulated in the magnetotail; then it is dissi-

pated during the substorm development phase. Lyons 
[1996] has suggested that most magnetospheric substorms 
are triggered by a decrease in the large-scale electric field 
transferred from SW to the magnetosphere. The main 
cause of the decrease in the electric field is the northward 
turning of the IMF vertical component. However, Hender-
son et al. [1996] has noted that substorms can also occur in 
the absence of noticeable abrupt changes in the SW and 
IMF parameters. Thus, the question about the influence of 
Bz direction, its modulus, and duration of retaining certain 
values on substorm onset processes is still debatable. Pecu-
liarities of the connection of this component with the sub-
storm activity of the magnetosphere have been discussed in 
many works, for example, [Barkhatov et al., 2017; Voro-
byov et al., 2016; Henderson et al., 1996].  

Thus, the onset of ionospheric and geomagnetic dis-
turbances in the night-time magnitosphere can be 
caused by the development of high-latitude substorm 
processes. In this case, SW and IMF parameters exhibit 
abnormal behavior, thus allowing us to identify phases 
of onset, development, and decay of an auroral sub-
storm. In this connection, we have analyzed the dynam-
ics of the Bx, By, and Bz components (left panel) and SW 
parameters (proton density and velocity) (right panel) in 
the interval of interest. In Figure 9, black vertical lines 
indicate coincidences of spectral features of foF2 and H 
component at Kazan station. 

The study of the dynamics of proton density varia-
tions in SW shows that up to 00:45 UT (+3 GMT for 
Kazan) the proton density was high, then decreased, 
and reached the minimum value at 01:00 UT. At 
01:00–02:00 UT, there was a general increase in SW 
velocity, which persisted throughout the interval. In 
addition, at ~01:00 UT, Bz values changed from small 
negative values to positive ones. This very situation, 
according to [Barkhatov et al., 2017; Morley, Freeman, 
2007], corresponds to the conditions for substorm de-
velopment. 

 

 
Figure 9. IMF Bx, By, Bz components (a), SW velocity and density (b) at 00:00–02:00 UT for September 3, 2014. Ver-

tical black lines show coincidences of spectral features of foF2 and H component at Kazan station 
 

a 

b 
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Figure 10. From top to bottom: wavelet spectra of disturbances of foF2, H component, and AL-index variations for September 

3, 2014. 
 
Moreover, substorm activity periods can be identi-

fied by analyzing the dynamics of auroral activity indi-
ces (AU, AL). The interval of interest corresponds to the 
night-time magnetosphere, in which the western electro-
jet (AL) is localized. Figure 10 shows wavelet spectra of 
foF2 and horizontal geomagnetic component at Kazan 
station versus AL index variations. The ionospheric dis-
turbances under study, which occur with disturbances of 
geomagnetic components, are within 01:17–01:55 UT. 

The dynamics of the AL index suggests that during 
the period there was a bay-like disturbance preceded by 
a quiet period (AL~–20 nT). From 00:43 to 01:20 UT, 
the index decreased, reached a minimum of ~–180 nT, 
and then gradually increased for half an hour to ~–20 nT. 

Such a dynamics indicates the development of sub-
storm activity in the auroral region of the night-time 
ionosphere. All the synchronous foF2 and geomagnetic 
disturbances of interest are within the substorm. 

Thus, the spectral analysis of the IMF components and 
SW parameters has shown that the extramagnetospheric 
source of the ionospheric and geomagnetic MS disturb-
ances under study can be IMF Bz disturbances. This occurs 
against an increase in SW velocity and an earlier increase 
in proton density. This very situation in IMF and SW 
meets the substorm development conditions. 

Simultaneously with the substorm, the field lines are 
stretched into the geomagnetic tail, which undergo the 
ultralow-frequency vibration produced by the disturbed 
magnetized SW. Then, one of the sources of MS waves 
in the frequency range considered may be substorm ac-
tivity [Belakhovsky et al., 2015] caused by SW disturb-
ances. The MS disturbances recorded over a large spa-
tial region can be generated by instability of the western 
electrojet involved in the substorm process as an ele-
ment of a large-scale three-dimensional current system 
– the Substorm Current Wedge (SCW). 

 
CONCLUSION 

The results of the studies demonstrate that synchro-
nous ionospheric and geomagnetic disturbances in the 
class of Pi3 pulsations can exist in middle latitudes at 
local nighttime under global geomagnetically quiet con-
ditions. This has been revealed by comparing spectral 
patterns of the critical frequency foF2 over Kazan station 
with geomagnetic components over a large spatial re-
gion including high, middle, and low latitudes. We have 
identified the most probable extramagnetospheric cause 
of the MS disturbances detected, which manifests itself 
during a substorm and is related to IMF Bz variations. 
Let us summarize briefly the main results of the work: 
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1. We have found coincidences of spectral features of 
dynamic Fourier spectra of the F2-layer critical frequency 
and H, D, Z components at Kazan station at local night-
time (00:00–02:00 UT, 03:00–05:00 LT) for September 3, 
2014. At the same time, there were no similar disturbances 
on September 2 and 4 under the same geomagnetic condi-
tions. Thus, we have demonstrated that synchronous iono-
spheric and geomagnetic disturbances can occur in middle 
latitudes. 

2. We have used the wavelet analysis to determine 
characteristic periods of these disturbances, which lie in 
the range of ULF oscillations and vary from 15 to 30 
min. In this case, coincidences of spectral features are 
noted for foF2 and H disturbances at Kazan station, thus 
allowing us to suggest that they have MS nature. 

3. We have classed the disturbances of interest as 
FMS waves by analyzing coincidences of spectral fea-
tures of foF2 over Kazan with the disturbances of the H 
and D components at magnetic stations differing from 
Kazan in longitude and latitude. 

4. We have revealed the synchronization of previ-
ously observed ionospheric and geomagnetic disturb-
ances at Kazan station with disturbances of the IMF Bz 
component. We can assume that long-period Bz oscilla-
tions reflect in the mid-latitude ionosphere and geomag-
netic components. We have established that in the event 
considered this phenomenon emerges during the sub-
storm period. 

Thus, the existence of synchronous ionospheric and 
geomagnetic disturbances in the night-time mid-latitude 
ionosphere can be caused by an extramagnetospheric 
source, which in this case may be represented by dis-
turbances of the IMF Bz component. The resulting 
change in the Bz orientation, an increase in SW velocity, 
and an earlier increase in proton density create condi-
tions for substorm development. Simultaneously with 
the development of substorm activity, field lines stretch 
into the geomagnetic tail, which are disturbed by ULF 
oscillations of magnetized SW. The FMS disturbances 
detected in a large spatial region can be generated by the 
western electrojet instability associated with substorm 
development. 

We are grateful to Akchurin A.D. and Yusupov 
K.M. for providing us with ionospheric sounding data 
from Kazan station. 
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