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Abstract. In the present paper, we have carried out an analysis of the 

ionospheric critical frequency data of the F2 layer during strong magnetic 

storms in 2017-2018. The ionospheric data of Paratunka (IKIR FEB RAS, 

Kamchatka, 53.0 N, 158.7 E), Wakkanai (Japan, 45.16 N, 141.75 E), and 

Moscow stations (Russia, 55.49 N, 37.29 E) were used. The study was 

carried out using a generalized multicomponent model (GMCM) 

developed by the authors. GMCM allows studying the dynamics of the 

ionospheric parameters in detail and estimating their characteristics. Using 

the modeling, we detected and studied anomalous changes in the 

ionosphere preceding and accompanying the periods of magnetic storms in 

the analyzed areas. The study results were compared with the traditional 

median method and showed the perspectiveness of GMCM. The research 

is supported by a grant from the Russian Science Foundation (project No. 

14-11-00194). 

1 Introduction 

Ionospheric response to the near-Earth space state has a complex nature, many aspects 

of which have not been sufficiently studied [1, 2, 3]. The recorded ionospheric parameters 

include regular diurnal and seasonal changes, and their dynamics depends on solar and 

geomagnetic activity, geographic location (polar and auroral zones, mid-latitude and 

equatorial regions), and on other factors [1, 2, 3]. The most severe irregular changes are 

observed in the ionosphere during solar flare events and magnetic disturbances and lead to 

the formation of ionospheric irregularities (ionospheric storms).  They often occur in the 

equatorial and auroral zones [1, 2, 3], but can also be observed in the mid-latitudes during 

disturbed periods [4, 5, 6]. Ionospheric storms can include positive and negative phases, 

having a complex space-time distribution [2, 3, 4]. Positive (negative) phases are 

characterized by an anomalous increase (decrease) in the electron concentration of the 

ionosphere, which has negative impact on modern technical system operation. A number of 

studies [3, 7-9] have noted that positive phases of ionospheric storms can be observed on 

the eve of strong magnetic storms. Timely detection of anomalous effects has important 

scientific and applied significance [1, 3, 10].  
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The main approaches and methods for studying of ionospheric processes include the 

traditional moving median method [1, 11], ionosphere physical models [12], ionosphere 

empirical models [13, 14], and neural network methods and models [2, 15]. A complex 

non-stationary nature of the ionospheric parameters impedes the application of traditional 

methods [16], which allow describing long-term changes of the ionospheric parameters but 

lead to a loss of information on ionospheric irregularities dynamics [4]. The accuracy and 

efficiency of modern methods (empirical, physical and neural networks) depend on the 

presence of qualitative operative data (the indices of magnetic and solar activities, the solar 

ultraviolet radiation spectrums, the atmospheric parameters, etc. are used) and are 

significantly reduced during disturbed periods due to the gaps in data, increase of the 

interference level, and so on.  Therefore, intensive development of technologies for 

monitoring of the near-Earth space state and methods of data analysis is currently observed 

[17, 18]. 

In this work, analysis of the ionospheric parameter dynamics was carried out during 

magnetic storms in 2017 - 2018 (the ionospheric critical frequency data (foF2) of Paratunka 

(Russia, 53.0 N, 158.7 E), Wakkanai (Japan, 45.16 N, 141.75 E), and Moscow (Russia, 

55.49 N, 37.29 E) stations were analyzed, and we used the resources 

http://spidr.ionosonde.net/spidr and http://wdc.nict.go.jp). The analysis was performed 

using a generalized multicomponent model (GMCM) developed by the authors. GMCM 

identification is based on a complex approach, combining the wavelet transform methods 

and ARIMA models [4]. The proposed model allows describing regular time course of the 

ionospheric parameters and estimating anomalous changes occurring during ionospheric 

storms. In this paper, the estimation of GMCM parameters was carried out for 15-minute 

data of the ionospheric critical frequency (we used the data of Paratunka station). Based on 

the obtained model, we detected and studied anomalous changes in the ionospheric 

parameters, occurring during magnetic storms.  

2 Generalized multicomponent model of ionospheric parameters  

The ionospheric parameter time series includes regular and anomalous components and 

can be represented as generalized multicomponent model (GMCM) [19]: 
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where     ( )  ∑   ( )     ̅̅ ̅̅  (     ̅̅ ̅̅ ̅ is the component number) is a model component 

describing ionospheric parameter regular variations (during the periods of absence of 

disturbances in the ionosphere), and including   ( ) components, determined by the level 

of solar activity, geomagnetic conditions and data recording location (geographical 

coordinates);  ( )  ∑      
 ( )  is an anomalous component including      

 ( ) multiscale 

components, having random nature and occurring during ionospheric disturbances (in case 

of regular data changes, it is assumed that 0)( tI );  ( ) is a random component including 

artificial noise (rocket launch, industrial bursts and so on) as well as hardware failures  etc.  

2.1 Using the multiresolution wavelet decompositions (MRA [20]) and ARIMA 

methods [16], the      regular component can be represented in the parametric form [4, 
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regreg   is the wavelet basis of the  -th component. 

Using the identification method described in the papers [4, 21], we carried out the 

estimation of the      regular component parameters (see Eq. (2)) for 15-minute data of 

the critical frequency (foF2). During identification, we used the foF2 data of Paratunka 

station (53.0 N, 158.7 E) from 2016 to 2018. To approximate the regular time course of the 

ionospheric parameters, the data recorded during calm geomagnetic conditions (there were 

no geomagnetic storms), and without strong seismic events in Kamchatka, were used as 

estimates. Considering the seasonality of ionospheric processes, the foF2 data of different 

seasons were modeled separately. The identification results showed that for 15-minute foF2 

data of Kamchatka, the      regular component has the following form: 
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level of the wavelet decomposition (the decomposition level was determined using the 

algorithm described in the paper [4]). 
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 ( ) 

     
               

              
       

 ( ) . 
The model parameters for winter season: 
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2.2 In view of the essential nonstationarity of the function  ( )  ∑      
 

 ( ) (see. Eq. 

(1)), and following the paper [22], its identification was carried out on the basis of 

nonlinear approximating schemes. Then we have the following relation:  
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 is a 

sequence of noise factor affect (assumed that this component  is uncorrelated and additive).  

In this case, the separation of (t)IM  components can be based on the use of threshold 

functions: 
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Based on the variability of the ionospheric process, 
adT  adaptive thresholds were 

introduced, and in Eq. (4) the coefficients  
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Then the 


nd ,  (


nd , ) coefficients satisfying the condition (5) determine the time 

moments     in which we observe a local (within the analyzed moving time window) 

increase (decrease) of the electron concentration for a scale   (the deviation  from the 

characteristic level exceeds the 
adT  threshold).  

In the work, the U threshold coefficient (see Eq. (5)) was determined by the criterion 

of the lowest error rate (a posteriori risk was estimated and minimized [23]). During the 

estimation of the a posteriori risk in determining the ionospheric conditions, we used K-

index of geomagnetic activity. The U threshold coefficient was determined separately for 

the periods of high ( 100 > f10.7
) and low ( 100  f10.7  ) solar activity. For Paratunka station, 

we estimated the following values of the U  coefficient: 5.35.2 U  for the periods of high 

solar activity, and 5.25.1 U  for low solar activity. 

Since the absolute value of the nd ,  coefficient characterizes the occurred anomalous 

feature amplitude on a scale   (i.e., the value of the function deviation from its 

characteristic level), it is logical to define it as a measure of ionospheric perturbation on a 

scale   scale. Then the intensity of positive (
I ) and negative (

I ) ionospheric anomalies 

at time nt   can be estimated as  
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Based on the multiscale structure of      
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where      ( )  ∑         ( ) (   )    
is a component which describes small-scale 

anomalous changes occurring for example during solar flares, geomagnetic disturbances, 

etc., and      ( )  ∑         ( )(   )    
 is a component which describes large-scale 

anomalous changes occurring during long-term ionospheric storms. 

Assuming that during long-term anomalous changes (     ( )   ) the time series 

structure is changed and, as a sequence,                          
 

 of the      regular 

component of the model (see Eq. (2)) increase. Therefore, identification of the      ( ) 

components can be based on checking the following condition: 
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advance time based on the μ-th component model, and         is the threshold value of the 

μ-th component defining the presence of anomalous changes in the μ-th component.  

Following the paper [16], the         threshold value in Eq. (7) was determined by:  

       (  )     ⁄ {  ∑ (       
 

)
 

    

   

}

  ⁄

  
        

                          ( ) 

where    ⁄  is the quantile of the level (    ⁄ ) of standard normal distribution, 

  
        

 is variance of residual errors of the μ-th component model, and        
 

are the 

weighting coefficients of the μ-th component model, which can be determined by the 

relation [16] 

(         
 

         
 

      
      

    
 

   
 

 
 
    
 

   

) (         
 

         
 

  

  )  (         
 

         
 

      
      

    
 

 
 
 
    
 

) 

where  
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B  is a backward shift operator:          
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Estimation of the thresholds         (see Eq. (7)) was carried out using 15-minute data 

of foF2 on the basis of Eq. (8), (the data of Paratunka station registered during calm 

conditions were used). We obtained the following results: 

1. summer season:              is the threshold value for      
 ( );              is the 

threshold value for      
 ( ) 

2. winter season:              is the threshold value for      
 ( );              is the 

threshold value for      
 ( ). 

3. Results of experimental studies 

Fig. 1, 2 show the results of the application of the described method (section 2). We 

used 15-minute (Paratunka, 53.0 N, 158.7 E) and hourly (Wakkanai, 45.16 N, 141.75 E and 

Moscow, 55.5 N, 37.3 E) data of the ionospheric critical frequency (foF2) for the 

experiments.  
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Figure 1 illustrates the results of the ionospheric data (foF2) processing during the 

magnetic storm on July 16-20, 2017. According to the cosmic weather review 

(http://ipg.geospace.ru) on July 12-15, due to the reduction of the influence from the 

coronal hole, the solar wind speed gradually decreased from 540 to 300       , the    
component of the IMF fluctuated from Bz=±2 nT to Bz=±4 nT. At 05.45 UT on July 16, 

due to the arrival of an inhomogeneous accelerated flow from the coronal hole and coronal 

mass ejections, the solar wind speed increased to 660 km/s during the day, the fluctuations 

of the southern component of the IMF increased to Bz = ± 23 nT. Then, until the end of the 

analyzed period, the solar wind speed was within 400-640 km/s, the fluctuations of the 

southern component of the IMF varied within±12 nT. The results of the foF2 data 

processing show the presence of positive anomalous changes in the ionospheric parameters 

(an increase in the electron concentration of the ionosphere is shown in Fig. 1 b, e, h in red, 

Eq. (5)) occurring on the eve of the magnetic storm in the analyzed areas (the pre-increase 

effect in the ionosphere [3, 7, 8, 9]). At Paratunka and Moscow stations, positive anomaly 

occurred about 35-37 hours before the onset of the magnetic storm, at Wakkanai station - 

about 15 hours. The analysis of GMCM residual errors (Fig. 1 d, j, Eq. (7)) also indicates 

the presence of anomalous changes in the ionospheric data time course on the eve of the 

event (the exceedance of the confidence intervals (STD) (Eq. (8)): the exceedance of 2.2 

STD for Paratunka station and the exceedance  of 1.6 STD for Wakkanai station). In 

contrast with GMCM, the application of the median method (Fig. 1a) did not make it 

possible to detect the anomalous change in the ionospheric parameters. During the initial 

phase of the magnetic storm, the electron concentration in the ionosphere was also 

anomalously increased (positive anomaly is shown in Fig. 1 b, e, h; significant deviations of 

the current data values from the median values (Fig. 1a)), which was probably due to the 

effect of rapid penetration of the electric field into the middle and low latitudes (PPEF 

effect [24]). At the recovery phase, the decrease in the electron concentration (negative 

anomaly is shown in Fig. 1 b, e, h in blue) began at Paratunka and Moscow stations with a 

difference of several hours and lasted for about 26 hours (there were gaps in the data at 

Paratunka station from 10:15 UT to 23:45 UT on July 17, 2017). The negative anomaly is 

probably due to the heating and elevation of the thermosphere, which leads to an increase 

of the recombination rate and, consequently, to depletion of ionization [2]. The duration of 

the negative anomaly was about 9 hours at Wakkanai station (Fig. 1 h). The modeling 

results (Fig. 1 d, g, j) indicate significant changes in the foF2 time course during negative 

phase of ionospheric storm (3.95 STD at Paratunka station, 2.7 STD at Wakkanai station 

and 3.3 STD at Moscow station) and its prolonged restoration (about 44 hours at Paratunka 

station and about 38 hours at Wakkanai and Moscow stations). Analogous dynamics of the 

ionospheric parameters during magnetic storms was repeatedly noted earlier in the papers 

[4, 25]. 
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Fig. 1. Results of the ionospheric critical frequency data (foF2) processing for July 14 – 19, 

2017 (time UT): d), g), j) – the confidence intervals of GMCM are shown by dashed lines 

(confidence probability is 70 %). Green dashed line is the beginning of the storm. 

 

Fig. 2, 3 show the results of the ionospheric data (foF2) processing during the magnetic 

storm on April 20, 2018. According to the cosmic weather review (http://ipg.geospace.ru) 

during the day on April 18-19, the solar wind speed was within 280-313       , the IMF 

   component fluctuated within ±5 nT. At the end of the day of April 19, an 
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inhomogeneous accelerated flow arrived from a coronal hole (CIR). During the day on 

April 20, the solar wind speed increased to 650 km/s and remained within 520-650 km/s 

until the end of the day on April 21, fluctuations of the IMF southern component increased 

to Bz = ± 19 nT at 08.12 UT on April 20. Due to the reduction of the influence from the 

coronal hole, the solar wind speed gradually decreased to 350     , the fluctuations of the 

IMF southern component decreased to Bz=±5 nT. The ionosphere behavior during the 

magnetic storm demonstrates a similar character with the previous event. Fig. 2 shows the 

results of data processing using the threshold coefficient 2.5U   (the exceedance  of 2.5 

STD in the analyzed time window, see Eq. (5), Fig. 2 b, c, e, f, h, i). Analysis shows that on 

the eve of the magnetic storm (from 20:00 UT on April 18 to 05:00 UT on April 19), the 

level of electron concentration decreased at Wakkanai station (Fig. 2e), and increased at 

Moscow station (Fig. 2h). At Paratunka and Wakkanai stations, an increase in the electron 

concentration is observed about 2 hours before the beginning of the magnetic storm (Fig. 

2b, e, it is shown in red), which reached its maximum intensity during the main phase of the 

magnetic storm (Fig. 2c, f). At Moscow station during the initial and main phases of the 

magnetic storm, the ionospheric concentration was also increased (see Fig. 2 h, i). Then, the 

electron concentration significantly decreased (Fig. 2b, e). The negative anomaly that 

occurred during the recovery phase reached the maximum values at the analyzed stations 

during the period from 14:00 to 18:00 UT on April 21, 2018 (Fig. 2c, f). The modeling 

results (Fig. 2d, g, j) show that a decrease in the electron concentration led to a significant 

change in the time course of the foF2 data, as evidenced by an increase of GMCM errors 

(the exceedance of 4.8 STD at Paratunka station, 3.6 STD at Wakkanai station and 2.3 STD 

at Moscow station) and significant deviations of the data from the median (Fig. 2a). Fig. 3 

shows the results of ionospheric data processing using the threshold coefficient 2U   (the 

exceedance of 2 STD in the analyzed time window). Analysis of the results confirms the 

dynamics of the ionospheric process at the analyzed stations described above and shows the 

efficiency of the proposed method. The possibility of adaptive tuning of the algorithms 

makes it possible to study the dynamics of the ionospheric parameters in detail and to 

estimate the moments of the onset of ionospheric disturbances with high accuracy. 
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Fig. 2. Results of the ionospheric critical frequency data (foF2) processing for April 18 – 

23, 2018 (time UT): d), g), j) – the confidence intervals of GMCM are shown by dashed 

lines (confidence probability is 70 %). Green dashed line is the beginning of the storm. 
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Fig. 3. Results of the ionospheric critical frequency data (foF2) processing for April 18 – 

23, 2018 (time UT, the threshold coefficient 2U  ). Green dashed line is the beginning of 
the storm. 

3 Conclusions 

The application of GMCM allowed us to study the dynamics of the ionospheric 

parameters during the disturbed periods in detail. A similar behavior of the ionosphere was 

observed in the analyzed regions, an anomalous increase in the electron concentration of 

the ionosphere several hours before the beginning of the magnetic storms (the pre-increase 

effect in the ionosphere [3, 7]). During the initial phase, the electron concentration also 

remained anomalously increased, and during the recovery phase, there was a strong 

decrease in the electron concentration, and negative ionospheric storms, leading to a 

significant and prolonged change in the time course of the ionospheric process, occurred. 

According to the results of the papers [27, 28], a similar behavior of the ionosphere is 

typical for the periods of increased solar activity and can be observed in regions from high 
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to low latitudes. The long-term negative ionospheric storms occurring during recovery 

phase are probably due to the heating and elevation of the thermosphere, which lead to an 

increase of the recombination rate and, consequently, to depletion of ionization [29]. 

Anomalous increases detected in the ionosphere on the eve of the magnetic storms have 

been repeatedly observed in the works [3, 4, 7] and have been analyzed using GMCM in 

the papers [8, 19, 28] in more detail. The observed frequency of the pre-increase effect  at 

different stations and the comparison with the parameters of the interplanetary medium 

allow us to make an assumption about the validity of the hypothesis presented in the paper 

[3] and to suppose that such ionospheric anomalies are associated with a certain channel of 

energy penetration from interplanetary space and the magnetosphere. In this case, such 

effects are of interest in space weather problems and can serve as a indicator for an 

approaching magnetic storm. According to the results of this study, the detection of these 

effects can be performed on the basis of GMCM, and the efficiency of this approach can be 

improved if the number of analyzed recording data stationsis extended.  

In the future on the basis of the developed approach, the authors plan to continue 

studying the ionospheric parameter dynamics  applying a wider range of data recording 

stations and increasing the statistics. 

The research is supported by a grant from the Russian Science Foundation (project No. 

14-11-00194). The authors are grateful to the organizations recording the data which were 

applied in the paper. The work was carried out by the means of the Common Use Center 

"North-Eastern Heliogeophysical Center" CKP_558279. 
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