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Аннотация. Ионосферные реакции на межпланетные ударные волны и солнечные вспышки могут быть довольно 
сложными из-за одновременного запуска различных нестационарных процессов в системе магнитосфера — ионосфера. В 
данном исследовании изучается реакция ионосферы на события сложной структуры, наблюдаемые всемирной сетью 
наземных магнитометров и приемников GNSS, такие как Sudden Storm Commencements (SSC) и солнечные вспышки 
с периодической структурой — квазипериодические пульсации (QPP), определяемые по спутниковым данным 
солнечного излучения. 
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Abstract. Ionospheric responses to interplanetary shock waves and solar flares can be highly complex due to the 
simultaneous triggering of diverse non-stationary processes within the magnetosphere-ionosphere system. This study 
investigates the ionospheric response to structurally complex events observed via the worldwide network of ground-based 
magnetometers and GNSS receivers. Specifically, we examine sudden storm commencements (SSCs) and solar flares featuring 
periodic structures, namely quasi-periodic pulsations (QPPs), identified from satellite-based solar radiation data. 
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INTRODUCTION 

The ionosphere is a highly responsive system that can 
be influenced by a number of various disturbances of 
different origin. Among the most impactful events are 
solar flares and interplanetary shock waves, capable of 
producing rapid and global perturbations in ionospheric 
density. Sudden increases in pressure caused by 
interplanetary shock waves — sudden storm 
commencements (SSCs) events — are able to cause rapid 
magnetic field variations associated with magnetospheric 
compression and enhanced ionospheric current systems 
[Araki, 1994; Curto et al., 2007]. At the same time, solar 
flares, releasing vast amounts of energy — primarily as 
extreme ultraviolet (EUV) and X‐ray emission — can 
significantly increase electron density in Earth's 
ionosphere [Liu et al., 2011]. The complexity of 
ionospheric response to such events is to be expected as a 
direct result of structural diversity and small scale of the 
events in question – the main issues of observation of 
effect made on the ionosphere are small amplitudes and 
short durations of studied impulses, yet these same 
characteristics provide unique opportunity to study 
ionospheric response to external influences. 

An impulsive impact of SC, with its average duration 
of a couple of minutes, is a convenient probing signal for 
the experimental study of the ionosphere-magnetosphere 
coupled response. Despite the seeming simplicity of such 
impact, the complex of ULF wave phenomena stimulated 
by SSC turns out to be surprisingly large. A pulse of the 
solar wind pressure may induce in the magnetosphere a 
stepwise increase of the geomagnetic field — main 
impulse (MI), preceding it a short preliminary reverse 
impulse (PI), local standing field line oscillations (Psc3-
5), and global cavity-mode oscillations. In a particular 
event, an observed response on an interplanetary shock or 
discontinuity may be rather complicated due to the 

simultaneous excitation of several ULF wave processes. 
According to the phenomenological model of SSC [Araki, 
1994], the observed geomagnetic field is to be interpreted 
as the superposition of stepwise compression and bipolar 
impulse further decomposed into the parts corresponding 
to the PI and the following MI. From the analysis of the 
SC propagation along the meridian, it seems that MI and 
PI are two overlapping wave processes of different 
physical nature. Simultaneous observations of 
magnetospheric and ionospheric processes allows the 
study of the immediate reaction of ionosphere on these 
processes. 

The other type of events discussed in this study, is a 
part of the most powerful processes in the solar system — 
solar flares. In observations of solar flare light-curves, they 
are noted to exhibit oscillatory patterns, known as quasi-
periodic pulsations (QPPs) [Zimovets et al., 2021]. QPPs 
are a common and intrinsic flare phenomenon, therefore, 
their understanding is necessary from the standpoint of the 
fundamental physics of the astrophysical environment 
energy releases. Flare emission occurring on the Earth‐
facing side of the Sun can cause an increase in electron 
density in different layers of the Earth's ionosphere – and, 
in case of QPPs, cause coupled oscillations in solar 
emission and ionosphere, providing an opportunity to 
analyze ionospheric response to oscillatory impulses and 
its possible delay. 

The increasing availability of global networks of 
ground-based GNSS receivers enables detailed 
investigations of these phenomena with unprecedented 
temporal and spatial coverage. Total Electron Content 
(TEC) is defined as the total number of electrons 
integrated between two points along a tube of 1m2 cross 
section, and can be used as measurement of ionospheric 
response, monitoring fluctuations in ionospheric electron 
density. The majority of the electron content in the 



  

ionosphere is located in the most ionized F‐region, which 
is why EUV flare emission predominantly causes changes 
in TEC, and magnetospheric disturbances and pressure 
changes also affect the electron density of ionosphere, 
allowing for usage of TEC for analysis of both types of 
events. Perturbations in TEC affect the code and phase 
delays of the received GNSS signals, and this data can be 
used to monitor the state and dynamics of the ionosphere 
and quantify changes in TEC. 

 
SUDDEN STORM COMMENCEMENT  

For the study of ionospheric response to SSC, we 
selected the event on May 10, 2024, beginning at 17:05 
with duration of approximately 10 minutes. The structure 
of magnetospheric response to interplanetary shock wave, 
with both PI and MI impulses, can be observed using 
magnetometer geomagnetic field data (Figure 1), provided 

by INTERMAGNET database [https://intermagnet.org].  
In geomagnetic data it can be seen, that behaviour of 

magnetic field is dependent on the coordinates of 
magnetometer stations — for the selected set of station 
there is a visible difference in scale and sign of main and 
preliminary impulse (MI and PI) of SSC. This observation 
suggests that ionosphere-magnetosphere coupled 
observations have to be made accordingly, on pairs of 
close GNSS and magnetometer stations. Examples of such 
pairs (Figure 2) for magnetometer measurements and 
GNSS-derived TEC variations (from daily GNSS data 
provided by NASA Earthdata database 
[https://cddis.nasa.gov]) showcase the existence of 
ionospheric response to main impulse of SSC (whereas 
the response to small preliminary impulse cannot be 
confidently estimated), and the dependance of such 
response on the location of coupled stations. 

 
Figure 1. Magnetometer data (Bx) for selected stations, from start of SSC (red dashed line) 
 

 

 

Figure 2. Magnetic field (Bx) and TEC variation comparison for pairs of stations 



  

The pairs of stations shown (Figure 2) correspond 
to day and twilight points on Earth, with more central 
and northern locations along approximately the same 
meridian. However, another interesting set of 
observations is comparison of magnetic and 
ionospheric responses along the parallel, providing an 
insight into propagation of ionospheric disturbance as 
compared to magnetospheric (Figure 3). In this 
comparative analysis can be seen, that extrema of 
ionospheric response have significant delay from the 
start time of SSC, and the increase in this delay 
corresponds with the distance from subsolar meridian 
(Figure 3, horizontal red dashed line). However, 
magnetospheric data does not show the same time 
difference – both start and extrema of magnetospheric 
impulse along the parallel are staying approximately 
the same. This observation may allow us to make a 
conclusion, stating that the observed location-

dependent result of magnetosphere-ionosphere coupled 
comparison demonstrates the difference in propagation 
of disturbance from subsolar point across ionosphere 
and magnetosphere: it seems, that ionospheric reaction 
is relatively separate from its magnetospheric 
counterpart, and though having visible correlations 
(Figure 2), ionospheric and magnetospheric 
measurements are not necessarily simultaneous across 
all structural points of impulse. 

 
QPP 

 Analysis of QPP-ionosphere response is based on 
the event of solar flare on February 1, 2026. This solar 
flare has periodic structure with T~20 min, having three 
peaks of emission (Figure 4). Solar emission data are 
provided by LISIRD [https://lasp.colorado.edu/lisird]. 

 

Figure 3. Magnetic field (Bx) and TEC variation comparison along parallel 

 

Figure 4. Solar flare emission, February 1, 2026 



  

 

Figure 5. Pairwise cross-correlation between TEC response and solar emission (Ro>0.5) 
 
Method of analysis for QPP-ionosphere data is 

proposed by this study to be as follows: the preliminary 
analysis of periodicity in ionospheric and solar 
radiation data consists of Lomb-Scargle periodogram 
computation for the datasets and identification of the 
primary oscillation period for both solar indices and 
TEC. This allows for detection of the presence or 
absence of the target periodicity and a verification of 
period consistency for both solar flare and ionospheric 
response. For a more detailed analysis of the oscillating 
component, it must be isolated from the main trend. 
Variational Mode Decomposition (VMD) method 
allows for the extraction of the main mode 
corresponding to the target periodic component. The 
comparison with periodograms provides an 
independent cross-check of the primary oscillation 
period, ensuring that the mode extracted isolates main 
analyzed oscillatory component. Subsequently, this 
specific mode with a period approximately consistent 
between the solar flare and ionospheric data is used for 
further analysis: application of VMD to each 
measurement results in a pair of sets of periodic data 
components. 

The obtained two sets of time series representing 
the solar flare and the subsequent ionospheric response 
enable a statistical comparison using pairwise cross-
correlation analysis between separate solar and 
ionospheric timeseries. This opens a possibility for an 
assessment of the general parameters of the ionospheric 
response: main oscillation period and ionospheric 
response delay. For the event used in this study such 
analysis provided estimation of period T~1300 s (22 
min) for both ionosphere and solar emission, and 
average time lag between solar emission oscillations 

and dTEC/dt as ∆t~150 s (Figure 5), proving both the 
existence, periodicity and noticeable delay of 
ionospheric response to QPP. 
 

CONCLUSION 

 Analysis of ionospheric response to different types 
of external impulses provided the result of observable 
TEC variations caused by both SSC and QPP events. 
Both of these events have demonstrated the intricate 
nature of ionospheric response: neither of responses 
correlate directly to corresponding coupled 
measurement of magnetosphere/solar emission, but 
display delays in response. 
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