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Abstract. The study presents the results of compara-

tive analysis of features of a short-period (with periods 

of internal gravity waves) variability of total electron 

content (TEC) in the ionosphere at middle (Novosi-

birsk) and high (Norilsk) latitudes over a long period of 

time (2003–2020). The period analyzed makes it possi-

ble to estimate not only diurnal and seasonal variations 

in the variability, but also its changes within the solar 

activity cycle. The level of TEC variability is shown to 

experience pronounced seasonal variations with maxima 

in winter months. The difference between the level of 

variability in winter and summer is about two times for 

Novosibirsk and up to seven times for Norilsk. The var-

iability features a distinct diurnal variation; however, 

the diurnal dependence at the mid- and high-latitude 

stations differs significantly. At high latitudes, the level 

of variability in the winter period strictly depends on 

solar activity. For the mid-latitude station, there is no 

clear dependence of variability level on solar activity; in 

the years of solar maximum, on the contrary, a slight 

decrease in the variability is observed. In summer, the 

level of variability at both middle and high latitudes 

remains practically unchanged and does not depend on 

solar activity. The main features in the dynamics of var-

iability are shown to be similar at stations located at 

other longitudes, except for the East American sector. 

The result obtained suggests that the short-period TEC 

variability at high latitudes is primarily related to 

changes in solar activity, but regular variations in the 

variability at midlatitudes are probably not associated 

with heliophysical activity. The observed increase in the 

level of short-period variability in the winter mid-

latitude ionosphere is assumed to be related to an in-

crease in wave activity in the stratosphere. 

Keywords: ionosphere; total electron content; GPS; 

ionospheric variability. 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

Earth's upper atmosphere is a region affected by the 

Sun and the magnetosphere, as well as by underlying 

layers of the neutral atmosphere. The determining factor 

in the thermodynamic regime of the upper atmosphere is 

heliogeomagnetic activity. At the same time, studies 

indicate that the ionospheric variations observed can be 

caused by atmospheric waves of different space-time 

scales: acoustic, internal gravity (IGW), tidal, and 

planetary waves propagating from the lower and middle 

atmosphere [Forbes et al., 2000; Lastovicka, 2006]. Un-

der certain conditions, IGW from sources located in the 

lower atmosphere can penetrate to great heights, causing 

wave disturbances in parameters of the upper meso-

sphere, thermosphere, and hence ionospheric plasma 

[Hocke, Schlegel, 1996], thereby ensuring the coupling 

between atmospheric layers. Using simulation results, 

Liu et al. [2013] have demonstrated that meteorological 

forcing can play a key role in the day-to-day variability 

of the ionosphere. The combination of these effects de-

termines properties of the ionospheric disturbance in 

different ranges of periods. 

Propagation of acoustic and internal gravity waves 

in the ionosphere causes short-period (with periods to 

5–6 hrs) disturbances [Medvedev et al., 2013]. Properties 

of short-period electron density disturbance in the F2 

layer of the ionosphere have been studied in [Araujo-

Pradere et al., 2005; Altadil, 2007; Ratovsky et al., 2015]. 

The normalized standard deviation of a selected iono-

spheric parameter in a given interval was generally used 

as a criterion for assessing the disturbance [Araujo-

Pradere et al., 2005; Altadil, 2007]. This approach was 

also applied when developing disturbance models 

[Mendillo et al., 2002]. Nesterov et al. [2017] have pro-

posed a method of normalizing to the standard deviation, 

rather than to the mean value (as is traditionally done), in 

order to construct a relative disturbance index. This ap-

proach allows one to avoid the possible dependence of 

the relative disturbance on the seasonal diurnal variation 

in the value under study. 

The level of ionospheric disturbance with IGW peri-

ods (from 10 min to several hours) was established to 

have a pronounced seasonal dependence at high and 

middle latitudes. Under quiet geomagnetic conditions, 

the lowest variability was found in the summer period; 

the maximum, in winter; and intermediate values of the 

disturbance were recorded during equinoxes. Ratovsky 

et al. [2015] also confirmed that the overall relative var-

iability obtained from digisonde data in Irkutsk has a 
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clear seasonal variation with a maximum in winter, a 

minimum in summer, and with intermediate values dur-

ing equinoxes. 

It was also revealed that the disturbance depends on 

local time (LT). For example, for the mid-latitude sta-

tion Ebro it was shown that the greatest variability in the 

F-region is recorded at night time [Altadil, 2007].  

Nonetheless, the question about the relationship be-

tween the disturbance level and solar activity remains 

open. For example, Ratovsky et al. [2015] have noted 

the absence of a clear dependence of the level of short-

period electron density variability in Irkutsk on an in-

crease in solar activity. The authors concluded that it 

remains unclear how to interpret the result since activity 

of gravity waves increases with solar activity 

[Medvedev et al., 2013]. Probably, the insufficiently 

long period of the study did not allow identifying the 

possible relationship. 

This paper reports the results of comparative analy-

sis of a short-period variability of the ionospheric total 

electron content (TEC) at middle and high latitudes. The 

period (2003–2020) under analysis includes almost two 

solar cycles, allowing us to estimate not only diurnal 

and seasonal variations in the short-period TEC varia-

bility, but also oscillations within the solar activity cycle. 
 

METHOD FOR ESTIMATING 

SHORT-PERIOD  

TEC VARIABILITY 

The study is based on TEC data obtained from 

measurements of dual-frequency GPS/GLONASS re-

ceivers of the international IGS network, located at 

close longitudes in mid-latitude (Novosibirsk, NVSK, 

53° N, 83° E, 50° Glat, 156° Glon) and high-latitude 

(Norilsk, NRIL, 69° N, 88° E, 64° Glat, 162° Glon) 

regions. Corrected geomagnetic coordinates of the sta-

tions (Glat, Glon) were calculated according to the 

IGRF model for 2010 

[https://omniweb.gsfc.nasa.gov/vitmo/cgm.html]. 

From phase and code measurements, series of verti-

cal absolute TEC are calculated by the method de-

scribed in [Yasyukevich et al., 2020b]. This method 

provides long-term series of non-negative values of ab-

solute TEC, taking into account differential code biases. 

The time resolution of the TEC values obtained is 15 

min. The estimates given in [Yasyukevich et al., 2020b] 

show that the deviation of the TEC values obtained by 

this method from the TEC values calculated by alterna-

tive methods (e.g., from global ionospheric maps) does 

not exceed 1–2.5 TECU. This corresponds to the dis-

crepancy between TEC values according to maps from 

different laboratories.  

To isolate short-period variations from the TEC 

series, we have applied the method described in [Ra-

tovsky et al., 2015], used to analyze variations in the 

maximum electron density of the F2 layer from Ir-

kutsk ionosonde data. The application of this method 

is also justified by the possibility of comparing re-

sults for TEC and NmF2. The method involves the 

following stages: 

1. For each moment of LT, the normalized devia-

tion of TEC from the 27-day median value is deter-

mined: 
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2. To separate the contributions of long-period 

(ΔTEC(LT)LONG) and short-period (ΔTEC(LT)IGW) varia-

tions, the series are filtered with a running window of 6 

hrs. Low-frequency TEC variations (ΔTECLONG, with 

periods over 6 hrs) are related to day-to-day ionospheric 

variability, as well as to tidal variations with diurnal and 

semidiurnal components. For each time instance, the 

variability in IGW ranges is defined as  

IGW LONG( ) ( ) ( ) .TEC LT TEC LT TEC LT      

Thus, given the time resolution of the initial TEC 

data, the range of periods of the disturbances obtained is 

0.5–6 hrs. Note that the time resolution of the initial 

data on vertical TEC does not allow us to estimate the 

contribution of the smallest-scale acoustic disturbances; 

therefore, in this paper, by the short-period disturbance 

is meant variations with periods close to IGW. 

3. To determine the variability coefficient, the stand-

ard deviation σ of ΔTEC(LT)IGW at the given interval is 

calculated: for each day, three disturbance coefficients are 

found, with the standard deviation calculated separately 

only during the daytime or only at night, as well as 

throughout the days. To separate daytime and nighttime 

conditions, the time of passage of the solar terminator at an 

altitude of 100 km is used.  

To obtain the diurnal seasonal dynamics of the vari-

ability for each moment of LT, the standard deviation σ 

of TEC(LT)IGW is calculated for all the years analyzed. 

4. The purpose of this work is to study properties of 

TEC variability under quiet geomagnetic conditions. 

Therefore, sharp bursts exceeding the threshold of 2σ 

from the 27-day moving median are excluded from the 

disturbance series. Such bursts can be linked either to 

geomagnetic disturbances or to errors in estimating TEC.  

To identify seasonal variations in the dynamics of 

the variability coefficients, the series with a period of 27 

days were smoothed. 

 

RESULTS 

Figure 1 presents series of coefficients of short-

period TEC variability, calculated as σ of ΔTEC(LT)IGW 

for one local day, as well as their values smoothed over 

a period of 27 days (gray curve) for Novosibirsk 

(NVSK, bottom) and Norilsk (NRIL, top) in 2005. 

The coefficients smoothed over a period of 27 days 

reflect seasonal variations in variability. In addition, 

smoothed variability coefficients calculated separately 

only during local daytime (red curve) and only during 

local nighttime (blue curve) are plotted. 

The level of variability is seen to experience signif-

icant regular diurnal and seasonal fluctuations. The 

smallest TECIGW values are recorded at both latitudes 

in summer months. This finding is in agreement with  

https://omniweb.gsfc.nasa.gov/vitmo/cgm.html
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Figure 1. Series of coefficients of short-period TEC varia-

bility, as well as their values smoothed over a period of 27 days 

(gray curve) for Novosibirsk (NVSK, bottom) and Norilsk 

(NRIL, top) stations in 2005. Additionally, smoothed variability 

coefficients calculated only during local daytime (red curve) and 

only during local nighttime (blue curve) are plotted 

 

previously obtained ones for electron density disturb-

ance in the region of the ionospheric maximum.  

Note that at the mid-latitude station NVSK the level 

of variability at nighttime is only slightly (1.2–1.3 

times) higher than the level of disturbance in the day-

time. At the same time, the difference between daytime 

and nighttime values decreases in summer months.  

At the high-latitude station, the difference between 

daytime and nighttime variability is much more pro-

nounced — on average, the nighttime disturbance may 

be more than twice as great as the daytime one. In 

summer months, the nighttime disturbance was not es-

timated because of the polar day during this period at an 

altitude of 100 km and higher. 

Seasonal variations in the coefficient of short-period 

variability in different years are shown in Figure 2 for 

Norilsk (left) and Novosibirsk (right) for 2003–2020. 

The thick line indicates seasonal variations averaged 

over all the years of interest. In the top panel are sea-

sonal variations for the disturbance calculated for a local 

day; in the middle panel, only for the daytime; and in 

the bottom panel, for the nighttime. 

In the dynamics of variability, there is a pronounced 

seasonal variation with maxima in winter. This behavior 

is observed regularly from year to year. The difference 

between the level of disturbance in winter and summer  

is nearly two times for Novosibirsk and up to seven 

times for Norilsk. The seasonal differences are clearly 

seen both during nighttime and daytime, yet more pro-

nounced at night.  

Referring to Figure 2, the behavior of summer and 

winter TEC variability may differ significantly. There-

fore, to assess the effect of solar activity on the level of 

short-period TEC variability for each year under study, 

average disturbance coefficients are calculated separate-

ly for summer and winter periods.  

Figure 3 shows variations in the winter and summer 

average variability versus variations in solar activity (the 

F10.7 index). In the top panel, the disturbance was calcu-

lated for the local day; in the middle panel, only for the 

daytime, in the bottom panel, only for the nighttime. Num-

bers in the panels denote the correlation coefficients be-

tween F10.7 variations and the variability index in winter 

(Cw) and summer (Cs) periods respectively. 

It is obvious that at the high-level station NRIL the 

level of disturbance in winter depends on solar activity; 

this dependence is more pronounced at night (Cw is as 

high as 0.7). With decreasing solar activity, the disturb-

ance decreases by ~50 %. This implies that the intensity 

of the short-period TEC variability at high latitudes is 

determined by the level of solar activity. 

For the mid-latitude station NVSK, such a depend-

ence on the F10.7 level is not observed. This is con-

sistent with the results obtained by Ratovsky et al. 

[2015] for the electron density disturbance over Irkutsk. 

This result indicates that regular ionospheric disturbance 

variations in the IGW range at midlatitudes are likely 

unrelated to heliophysical activity. During years of high 

solar activity, on the contrary, there is a slight decrease 

in the disturbance level.  

Note that the disturbance level in summer months at 

high latitudes remains practically unchanged (~2 %), 

regardless of solar activity. There is also no significant 

correlation between F10.7 and the variability index 

(Cs~0.2). For the mid-latitude station in the summer peri-

od, there is a pronounced anticorrelation between the 

level of solar activity and disturbance (Cs is over –0.8). It 

is notable that in summer the average level of disturbance 

at NVSK appears to be even slightly higher than at NRIL. 

A possible explanation for the decrease in the level 

of relative disturbance during years of solar maximum 

at midlatitudes may be the fact that with an increase in 

solar activity, photochemical processes begin to prevail 

over dynamic ones (wave disturbances) and ionospheric 

plasma becomes more resistant to the weak impact of 

wave disturbances. The weakening of photochemical 

processes at night can also explain the predominance of 

the nighttime disturbance over the daytime one at mid-

latitudes [Rishbeth, Mendillo, 2001; Altadil, 2007]. 

Figure 4 displays diurnal and seasonal variations of the 

short-period TEC variability in Norilsk and Novosibirsk 

for 2003–2020. To obtain these distributions for each mo-

ment of LT, the standard deviations of ΔTEC(LT)IGW were 

calculated for all the years under study. 

At both stations, there is a pronounced diurnal and 

seasonal variation in the variability; however, the nature 

of this dependence is significantly different. 
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Figure 2. Seasonal variations in short-period TEC variability in different years for Norilsk (NRIL, left) and Novosibirsk 

(NVSK, right). The thick curve shows the variations obtained by averaging over all the years under study 

 

 

Figure 3. Dynamics of yearly averaged TEC variability in winter (black) and summer (gray) versus variations in annual average 

F10.7 (gray bars) in Norilsk (left) and Novosibirsk (right). Numbers in the panels indicate values of respective correlation coefficients 
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Figure 4. Diurnal seasonal variations in short-period TEC variability in Norilsk (left) and Novosibirsk (right). Lines indicate 

moments of passage of the solar terminator at heights of 100 km (solid line) and 300 km (dashed line) 

 

At the high-latitude station NRIL, the disturbance 

increases significantly at night, immediately after the 

passage of the solar terminator (ST). This is probably 

linked to the manifestations of auroral activity. At night, 

the station gets closer to the auroral oval expanding toward 

lower latitudes, which exhibits the development of intense 

small-scale ionospheric disturbances. Thus, the short-

period disturbance at the high-latitude station at night is 

determined mainly by processes in the auroral region. 

At the mid-latitude station NVSK, there are two dis-

tinct peaks of disturbance near the moments of ST pas-

sage; in this case, the disturbance level near the dawn 

terminator is higher than that near the dusk one. 

The motion of ST is a regular source of wave dis-

turbances in the atmosphere and ionosphere, generating 

waves as well as causing instabilities and fluctuations to 

occur in ionospheric plasma [Francis, 1974]. 

Afraimovich et al. [2009a, b] found that the motion of 

ST is accompanied by generation of medium-scale dis-

turbances of a special type in the ionosphere — wave 

packets manifested in the form of narrow-band TEC 

oscillations. A model of generation of magnetohydro-

dynamic plasma disturbances in the ionosphere – plas-

masphere system has been proposed. Further studies 

showed [Edemskiy, Yasyukevich, 2011] that the TEC 

disturbances related to the ST passage can have a more 

complex structure, apparently being a superposition of 

ionospheric plasma oscillations caused by the passage 

of not only magnetohydrodynamic, but also gravity 

waves. Thus, the greatest contribution to the short-

period TEC variability at midlatitudes is made by varia-

tions associated with the ST passage.  
Note, however, that an increase in the level of dis-

turbance is recorded not only near ST, but also 
throughout the nighttime. Moreover, during winter 
periods, the disturbance level remains increased 
throughout all days. 

It is worth noting that the results obtained can be 

applied to stations located near the longitudinal re-

gion under study since the discrepancy between geo-

magnetic and geographic latitudes varies greatly de-

pending on longitude. In this regard, diurnal and sea-

sonal distributions of the variability at close geo-

graphic latitudes, but in other longitudinal sectors 

characterized by different deviations between geo-

magnetic and geographic coordinates are examined. 

Figure 5 shows distributions for 2010–2020, similar 

to those depicted in Figure 4, for the pairs of stations 

located in the European (LAMA, SODA), West 

American (FAIR, HOLB), and East American 

(BAKE, DUBO) sectors. 
It is obvious that the dynamics of variability as a 

whole has a similar character in different longitudinal 
sectors. The greatest differences are observed for sta-
tions in the East American sector, where stations at sim-
ilar geographic longitudes are located closest to the ge-
omagnetic pole. Thus, the variability level during the 
nighttime at BAKE is much higher than at other high-
latitude stations considered. At the mid-latitude station 
DUBO, the variability level increases at night (immedi-
ately after the passage of ST) not only in winter, but 
also in summer. Nonetheless, based on the geomagnetic 
latitude of this station, it should be referred to as high-
latitude rather than mid-latitude. Obviously, the main 
conclusions about the variability behavior drawn in this 
work should be applied to this longitudinal region with 
caution, always taking into account the geomagnetic 
latitude of a station. The above results are valid for other 
longitudinal sectors considered. 

 

DISCUSSION 

The regularly observed considerable seasonal varia-

tions in TEC variability at midlatitudes with winter 

maximum and summer minimum do not correlate with 

variations in solar activity. A source of this variability 

may be processes in the underlying atmosphere.  

The following factors are considered as causes of the 

seasonal differences in the level of ionospheric IGW varia-

bility: seasonal variations in the photochemical regime 

[Araujo-Pradere et al., 2005] and changes associated with 

meteorological activity [Lastovicka, 2006; Altadill, 2007].  

One of the IGW sources in the winter polar strato-

sphere and the lower mesosphere is the circumpolar 

vortex [Wu, Waters, 1996; Whiteway et al., 1997]. The 

vortex is a large-scale cyclonic circulation cell formed 

in the cold air mass over the polar region and covering  
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Figure 5. Diurnal and seasonal variations in short-period TEC variability in the European (top), West American (middle), and 

East American (bottom) sectors at high (left) and middle (right) latitudes. Station names and their coordinates are in the corre-

sponding panels. Lines indicate moments of passage of the solar terminator at heights of 100 km (solid line) and 300 km (dashed line) 

 
the upper troposphere and the stratosphere. The cir-
cumpolar vortex is followed by the development of a 
jet stream — a narrow, clearly limited atmospheric gas 
stream that features high velocities (up to 100 m/s and 
higher) and large vertical and horizontal wind shears. 
It has been found that shear instabilities in a jet stream 
lead to generation of IGW-scale atmospheric waves at 
stratospheric heights (with periods from tens of 
minutes to several hours) [Shpynev et al., 2015]. 
Shpynev et al. [2019] have shown that up to 10–15 % 
of the total energy of jet stream can be spent on IGW 
generation. Frissell et al. [2016] concluded that there is 

no clear correlation between the level of variability of 
the mid-latitude ionosphere and the geomagnetic activ-
ity indices (AE and SYM-H); at the same time, the cor-
relation with the dynamics of the circumpolar vortex is 
significant. The relationship between the intensifica-
tion of the winter ionospheric disturbance and the dy-
namics of the stratospheric jet stream over Eurasia was 
also observed in [Chernigovskaya et al., 2018]. 
Yasyukevich et al. [2020a] have revealed that there is 
a clear correlation between the indices of short-period 
variability in the stratosphere, ionosphere, and at the 
height of the mesopause.  
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Thus, the increase in the level of short-period varia-

bility in the mid-latitude ionosphere may be related to 

meteorological factors, namely, to an increase in wave 

activity in the stratosphere, associated with the devel-

opment of the winter circumpolar vortex. 

 

CONCLUSION 

The paper has analyzed properties of the short-

period TEC variability in the ionosphere at middle and 

high latitudes. The period of interest includes almost 

two solar cycles (2003–2020), which made it possible 

to estimate not only diurnal and seasonal variations in 

the disturbance, but also changes in its level depending 

on solar activity.  

It has been shown that in the disturbance dynamics 

there is a pronounced seasonal variation with winter 

maxima. The difference between the level of variability 

in winter and summer is about two times for Novosi-

birsk and up to seven times for Norilsk. The seasonal 

differences are clearly seen both during nighttime and 

daytime, yet more pronounced at night.  

The variability dynamics features a pronounced di-

urnal variation; however, the nature of the diurnal de-

pendence at mid- and high-latitude stations differs sig-

nificantly. At the high-latitude station, the disturbance 

increases significantly at night, immediately after the 

passage of the solar terminator, which is likely associat-

ed with manifestations of auroral activity intensifying at 

night. At the mid-latitude station, in the diurnal varia-

tion of the variability there are two pronounced peaks 

near the time of passage of solar terminators. Increased 

values of the disturbance level are also recorded in win-

ter periods throughout the days.  

At the high-latitude station NRIL, the variability 

level in winter strictly depends on solar activity, this 

dependence being more pronounced at night. From solar 

maximum to minimum, the variability level in winter 

decreases by more than 50 %. For the mid-latitude sta-

tion NVSK, there is no clear dependence of the disturb-

ance on solar activity; during years of solar maximum, 

on the contrary, a slight decrease in the disturbance lev-

el is observed. The result obtained suggests that the 

short-period TEC variability at high latitudes during the 

nighttime is associated primarily with changes in the 

level of solar activity; however, regular seasonal varia-

tions in the disturbance at midlatitudes are probably 

unrelated to heliophysical activity. 

In summer, the variability level at high latitudes re-

mains practically unchanged (~2 %), regardless of solar 

activity. At the mid-latitude station in the summer peri-

od, there is a pronounced anticorrelation between the 

level of solar activity and TEC variability. 

We assume that this increase in the level of short-

period variability in the mid-latitude ionosphere may 

be associated with meteorological factors, namely, 

with an increase in wave activity in the stratosphere, 

related to the development of the winter circumpolar 

vortex. 

These findings may be of practical value for the real-

time prediction of the state of a radio channel and the 

deterioration in the operation of radio engineering sys-

tems, as well as may be used for developing and testing 

dynamic models of the ionosphere, depending on vari-

ous factors. Understanding properties of the regular ion-

ospheric variability is also valuable in studying the ef-

fects of various non-stationary events on the ionosphere. 

This work was financially supported by the Russian 

Science Foundation (Grant No. 20-77-00070). 
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