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Abstract. We present the results of a comprehensive 

study of the manifestation of wave activity with periods 

of internal gravity waves (IGW) in various regions of 

the atmosphere: in the stratosphere, upper mesosphere, 

and in the F2-region of the ionosphere. The study is 

based on radiophysical and spectrometric measurements 

made with tools of the Institute of Solar-Terrestrial 

Physics (ISTP) SB RAS and the Era-Interim reanalysis 

data. The correlation coefficient with time shift between 

ionospheric and stratospheric activity for the annual 

interval varies in the range from 0.45 to 0.54, and for 

the 27-day interval it reaches the levels 0.4–0.8 in sev-

enty percent of the cases. Thirty percent of correlation 

coefficients less than 0.4 can be explained by the influ-

ence of neutral wind, geomagnetic activity, and non-

stratospheric IGW sources. Comparison between strato-

spheric activity and variations in characteristics of trav-

eling ionospheric disturbances (TID) has shown that a 

~15 day shift in stratospheric activity results in a fairly 

high correlation between stratospheric activity and dis-

turbance of IGW characteristics (~0.6). The delay of 

about 15 days can be attributed to the delay in the tem-

perature variations at heights of the lower thermosphere 

relative to the temperature variations at the altitude 

pressure level of 1 hPa. Comparative analysis of varia-

tions in mesospheric and ionospheric activity has re-

vealed time intervals when their behavior is consistent. 

Keywords: stratosphere, mesosphere, ionosphere, 

planetary waves, TID, IGW. 

 

 

 

 
 

 

INTRODUCTION 

The state of Earth’s atmosphere is largely deter-

mined by the complex effect of dynamic, chemical, ra-

diation, thermal, electrodynamic processes, as well as 

by the effect of solar and geomagnetic activity. Wave 

processes are the main mechanism of energy transfer 

between different regions of the atmosphere. Atmos-

pheric waves can travel over long distances and transfer 

energy from the underlying layers to the upper atmos-

phere, providing the interconnection between the at-

mospheric layers. To date, experimental evidence has 

been obtained of the impact of strong meteorological 

disturbances, such as sudden stratospheric warming 

(SSW) events, on atmospheric parameters in the meso-

sphere and even in the thermosphere [Goncharenko, 

Zhang, 2008, Goncharenko et al., 2010, 2013; Pancheva, 

Mukhtarov, 2011; Korenkov et al., 2012; Polyakova et 

al., 2014; Medvedev et al., 2015, Tolstikov et al., 2019]. 

At present, however, there is no generally accepted theory 

of energy transfer from a meteorological phenomenon up 

to heights of the thermosphere. In this work, we tried to 

detect ionospheric responses over Irkutsk to disturbances in 

the stratosphere and mesosphere. The analysis of wave 

activity at stratospheric heights is based on the Era-

Interim reanalysis data on the vertical wind velocity at a 

pressure level of 1 hPa (~50) km. To analyze manifesta-

tions of wave activity in the upper mesosphere, we have 

used data on the rotational temperature of the hydroxyl 

molecule (OH (6-2) band, 834.0 nm, ~87 km emission 

height) obtained from spectrometric measurements at 

the ISTP SB RAS Geophysical Observatory (51.8° N, 

103.1° E, Tory). To analyze manifestations of wave 

activity at ionospheric heights, we utilized values of the 

maximum electron density NmF2 according to the data 

from the Irkutsk (52.3° N, 104.3° E) vertical sounding 

ionosonde (ionospheric activity) and characteristics of 

traveling ionospheric disturbances (TID) obtained from 

simultaneous measurements at the Irkutsk Incoherent 

Scatter Radar (IISR) and the Irkutsk ionosonde (disturb-

ance of IGW characteristics). We also employed satel-

lite measurements of vertical atmospheric temperature 

profiles from MLS Aura [http://disc.gsfc.nasa.gov/Aura] 

and data on the geomagnetic activity index Kp from the 

World Data Center (WDC Boulder, Colorado, 

[ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/ 

INDICES/KP_AP]). 

http://disc.gsfc.nasa.gov/Aura
ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/ INDICES/KP_AP
ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/ INDICES/KP_AP
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COMPARISON BETWEEN 

STRATOSPHERIC AND 

IONOSPHERIC ACTIVITY 

Most studies perform space-time spectral analysis to 

investigate the wave activity in the stratosphere 

[Hayashi, 1971]. For atmospheric parameters (mainly 

geopotential height, potential temperature, zonal velocity), 

the Fourier spectrum is calculated with waves of differ-

ent wavenumbers identified [Pogoreltsev et al., 2015; 

Dell'Aquila et al., 2005]. Shpynev et al. [2015] carried 

out similar studies of wave activity of the stratosphere, 

using vertical velocity spectra. This approach to calcu-

lating the spectrum throughout the latitude circle is ade-

quate for establishing global dependences and trends in 

the atmosphere, but it is poorly suited for revealing the 

variability of the atmosphere in a small local area. In 

this regard, to assess the stratospheric wave activity in 

the Irkutsk region, we have applied the following meth-

od. From the entire array of reanalysis data we took a 

sector with geographic coordinates 50°–60° N and 90°–

120° E (the Irkutsk Region). As a measure of strato-

spheric activity, we used the measure of the spatial het-

erogeneity of data, specified by the standard deviation 

of the vertical velocity at the altitude pressure level of 1 

hPa relative to the mean velocity for the sector under 

study. The unit of measurement of stratospheric activity 

is millipascal per second (mPa/s); the time resolution is 

1 day. As a measure of ionospheric activity, we em-

ployed the rms value of relative disturbances of NmF2 in 

the range of IGW periods, obtained by averaging over 

one day. The relative disturbances of NmF2 in the range 

of IGW periods are relative deviations of NmF2 from 

running 27-day medians. With a low-frequency filter (6 

hr boundary period), these disturbances were divided 

into low-frequency (periods longer than 6 hr) and high-

frequency (less than 6 hr) components. The high-

frequency component was utilized as disturbances in the 

IGW range. The unit of measurement of ionospheric 

activity is percent (%), and the time resolution is 1 day. 

The main mechanism of energy transfer between dif-

ferent layers of the atmosphere is thought to be wave 

processes. It is therefore necessary to take into account 

the complexity of this problem, when comparing strato-

spheric and ionospheric activity. 

First, it takes some time for a wave to propagate 

from the stratosphere to the thermosphere; therefore, we 

can expect a delay in variations of stratospheric and 

ionospheric activity. It may be different for different 

time intervals due to the interference of several disturb-

ances and the change in wave characteristics. 

Second, the neutral wind has a significant effect on 

propagation conditions for internal gravity waves 

(IGW). When IGW propagate downwind, critical layers 

in which IGW are absorbed may appear at some heights. 

Thus, critical layers can block IGW propagation to ion-

ospheric heights. When IGW propagate upwind, there 

may be layers of horizontal and vertical reflections; 

these layers also impede IGW propagation to ionospher-

ic heights. When vertical reflection layers appear and 

there is no critical layer between them, waveguide IGW 

propagation can occur such that a wave is locked be-

tween two layers along the vertical and the wave dis-

turbance travels far from the IGW generation source in 

the horizontal plane. The horizontal drift of the IGW 

package may be as long as thousands of kilometers [Ero-

khin et al., 2007a, b; Suslov et al., 2017]. Thus, variations 

in the neutral wind may lead to a decrease in the correla-

tion between stratospheric and ionospheric activity. 

Third, geomagnetic activity, non-stratospheric IGW 

sources, ionospheric variations unrelated to IGW, but in 

the range of IGW periods, also cause a decrease in the 

correlation between stratospheric and ionospheric ac-

tivity. 

To compare annual variations in ionospheric and strat-

ospheric activity for 2011–2016, we have calculated corre-

lation functions between them for each year, and have 

found time shifts (in the range of 0 to 35 days), which pro-

vide maxima of the corresponding correlation functions 

[Bat, 1980]. Maximum of the correlation function K(τ) is 

called hereinafter the shear correlation coefficient: 

   ( ( )
( ) ,

S t S I t I
K

S I

   
 

 


 (1) 

where S is stratospheric activity; I is ionospheric activi-

ty; σ(S) is the standard deviation of stratospheric activi-

ty; σ(I) is the standard deviation of ionospheric activity. 

Table 1 lists annual correlation coefficients between 

stratospheric and ionospheric activity for 2011–2016. 

It can be seen that during all the years considered 

there is a mean correlation coefficient of ~0.5 between 

variations in stratospheric and ionospheric activity. To 

explain the delay in them, the following hypothesis has 

been put forward. If stratospheric and ionospheric activ-

ity were due to the same IGW flux, the delay would be 

several hours, but not days. An alternative version is 

that we observe different IGW fluxes that have the same 

cause — planetary wave activity.  

Table 1 

Annual correlation coefficients 

between stratospheric and ionospheric activity 

Year 

Correlation 

coefficient 

without shear  

Correlation 

coefficient 

with shear 

Optimal shift 

in days 

2011 0.42 0.51 10 

2012 0.4 0.45 6 

2013 0.53 0.54 1 

2014 0.38 0.52 6 

2015 0.48 0.49 2 

2016 0.48 0.49 15 

It is assumed that the greatest IGW activity occurs 

during the phase of planetary wave maximum, iono-

spheric activity most strongly affected by disturbances 

in the mesopause region (~90 km) [Medvedev et al., 

2017; Tolstikov et al., 2019]. In this case, the delay in 

variations of stratospheric and ionospheric activity is 

explained by the delay in the planetary wave maximum 

at the mesopause (~90 km) relative to the planetary 

wave maximum at the stratopause (~50 km). Given that 

the characteristic vertical lengths of planetary waves are 
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~20–150 km and their characteristic periods are ~5–45 

days [Tolstikov et al., 2014], the delay of several days 

looks realistic. The delay in stratospheric and ionospher-

ic activity during different years may differ due to 

changes in planetary wave characteristics. 

As mentioned above, in addition to stratospheric ac-

tivity, ionospheric activity is influenced by many fac-

tors, including magnetic activity. Figure 1 shows regres-

sion of correlation coefficients on geomagnetic activity 

(Kp index). As expected, during more magnetically quiet 

years, the correlation between stratospheric and iono-

spheric activity is higher.  

Both stratospheric and ionospheric activity has a 

pronounced seasonal variation: in winter it is, on aver-

age, greater than in summer. However, along with the 

seasonal variation there are many smaller-period varia-

tions in stratospheric and ionospheric activity. To study 

them, it is necessary to analyze the correlation between 

stratospheric and ionospheric activity at shorter time 

intervals. Calculate the correlation coefficient without 

shear for each 27-day interval, the choice of which is 

based on the following considerations. On the one hand, 

the interval should include the amount of data required 

for the correlation analysis. On the other hand, the in-

terval should correspond to approximately the same 

seasonal conditions. Thus, the 27-day interval is a com-

promise between these requirements. 

Figure 2 shows the correlation coefficient without 

shear as a function of year (vertical axis) and day of the 

year (horizontal axis). Day of the year means that the 

correlation coefficient was calculated over an interval of 

±13 days relative to the day of the year. The correlation 

coefficient is seen to undergo quasiperiodic variations 

from –0.6 to 0.6, which can be explained as follows. As 

mentioned above, the delay in stratospheric and iono-

spheric activity variations can be explained by the delay 

in the planetary wave maximum at the mesopause (~90 

km) relative to the maximum at the stratopause (~50 

km). If stratospheric activity were supported by a single 

planetary wave, we would observe a constant correla-

tion coefficient. Its decrease at each point would depend 

on the wave phase difference by 50 and 90 km. A 

change in the phase difference during a year would not 

lead to quasiperiodic variations. They may be caused by 

the interference of several planetary waves. Tolstikov et 

al. [2014] have shown that temperature disturbances 

during stratospheric warming events in 2004–2013 were 

the interference of at least two planetary waves. The 

interference leads to quasiperiodic variations in the 

phase difference of the total wave by 50 and 90 km, 

which, in turn, causes quasiperiodic variations in the 

correlation coefficient. 

Figure 3 plots a shear correlation coefficient and an 

optimal shift in days as a function of year (vertical axis) 

and day of the year (horizontal axis). The shear correla-

tion coefficients are seen to be on average significantly 

higher than the coefficients without shear correlation. 

The mean shear correlation coefficient is ~0.47; 70 % of 

the shear correlation coefficients between stratospheric 

and ionospheric activity are greater than 0.4; and 16 %, 

greater than 0.6. These facts suggest that planetary waves 

 

Figure 1. Regression of correlation coefficients between 

stratospheric and ionospheric activity (with optimal shift) on 

geomagnetic activity 

 

 

Figure 2. Correlation coefficients between stratospheric 

and ionospheric activity as a function of year (vertical axis) 

and day of the year (horizontal axis) for 27-day intervals  (hor-

izontal axis) for 27-day intervals 
 

in the stratosphere affect the ionosphere; 30 % of the 

shear correlation coefficients less than 0.4 can be ex-

plained by the influence of variations in the neutral 

wind, geomagnetic activity, and non-stratospheric IGW 

sources. Quasiperiodic variations in the optimal shift 

may be caused by beats due to the interference of several 

waves. 
 

COMPARISON BETWEEN 

STRATOSPHERIC ACTIVITY  

AND VARIATIONS IN TID 

CHARACTERISTICS 

Automatic methods of processing simultaneous 

measurements made with IISR and the Irkutsk iono-

sonde DPS-4 provided representative statistics of pa-

rameters of TID propagation in the ionosphere 

[Medvedev et al., 2015]. In this work, we have used the 

methods of numerical estimation of disturbances of TID 

parameter distributions, developed in [Tolstikov et al., 

2019]. Using the entire volume of winter simultaneous 

measurements made with IISR and the Irkutsk iono-

sonde DPS-4, we calculated winter mean distributions 

of TID parameters. 

The calculation results are presented in Figure 4. 

Then, we determined the correlation coefficients K be-

tween the mean winter distributions of each parameter  
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Figure 3. Shear correlation coefficient and optimal shift in 

days as a function of year (vertical axis) and day of the year 
and the distribution on a particular day.  

 

 

Figure 4. Winter average distributions of TID parameters: 

TID azimuths (a); elevations (angle to the horizon: positive 

upward, negative downward) (b); wavelengths (c); velocities (d) 
 

The difference 1–K was assumed to be the degree of 

disturbance for each day in terms of the parameter (azi-

muth, elevation, wavelength, and velocity modulus). At 

K=1, parameter distribution completely coincides with 

the winter mean distribution and the disturbance is equal 

to zero. At K=0, the disturbance is equal to 1, at K=–1 it 

is equal to 2. Now we can compare the disturbance of 

each IGW parameter with stratospheric activity. The 

longest series of observations was obtained for 2011 

(January 16 – February 16).  

Figure 5 compares stratospheric activity and disturb-
ance of IGW characteristics for the winter period of 2011 
(January 16 – February 16) corresponding to the longest 
series of observation. Figure 5 and Table 2 indicate that 
with a ~15 days shift in stratospheric activity, a fairly high 
correlation is observed between stratospheric activity and 
disturbance of IGW characteristics. An increase or de-
crease in stratospheric activity and disturbance of IGW 
characteristics may result from a common cause — the 
impact of a strong planetary wave. In the former case, the 
planetary wave acts at the altitude pressure level of 1 hPa, 
whereas a change in the disturbance of IGW characteristics 
is associated with a change in the wind pattern in the lower 
thermosphere [Medvedev et al., 2017; Tolstikov et al., 
2019]. The ~15 day delay in the disturbance of IGW char-
acteristics may be explained by the corresponding delay in 
the temperature variations at heights of the lower thermo-
sphere relative to the temperature variations at the altitude 
pressure level of 1 hPa. To estimate the reality of this de-
lay, we used temperature data from the AURA satellite. 

Figure 6 displays daytime temperatures over Irkutsk 
at heights of ~50 and ~90 km for January 16 – February 

16, 2011. Without a time shift, the correlation coeffi-

cient between temperatures at heights of ~50 and ~90 
km was ~0.21, and with a shift of 19 days, it was ~0.41. 
The delay obtained from AURA satellite data (19 days) 
is comparable to the delay obtained by comparing strat-
ospheric activity and the disturbance of IGW character-
istics (15 days). 

 

COMPARISON OF MESOSPHERIC 

AND IONOSPHERIC ACTIVITY 

To analyze manifestations of wave activity in the 

upper mesosphere, we have used data on the rotation-

al temperature of the hydroxyl molecule (OH (6-2) 

 

Figure 5. Comparison of stratospheric activity with the dis-

turbance of TID characteristics for 2011. The black line indi-

cates stratospheric activity; red, TID parameter disturbance; the 

black dashed line is stratospheric activity, shifted to achieve the 

maximum correlation coefficient 
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Table 2 

Correlation coefficients between stratospheric activity and the disturbance of TID characteristics 

 Correlation coefficient 

without shear 

Correlation coefficient 

with shear 

Optimal shift 

in days 

Azimuth –0.5 0.64 15 

Elevation –0.03 0.56 12 

Wavelength –0.3 0.66 15 

Velocity  0 0.6 9 

 

 

Figure 6. Daytime temperatures over Irkutsk at heights of 

~50 and ~90 km, obtained by the AURA satellite. The black line 

is the temperature at ~50 km; the red line, the temperature at 

~90 km; the black dotted line, the temperature at ~50 km with a 

time shift to derive the maximum correlation coefficient 
 

band, 834.0 nm, ~87 km) obtained from spectromet-

ric measurements at the ISTP SB RAS Geophysical 

Observatory (51.8° N, 103.1° E, Torah) with a time 

resolution of 10 min. The rotational temperature of 

the hydroxyl molecule reflects the temperature of the 

atmosphere at the mesopause. As a characteristic of 

atmospheric variability in the upper mesosphere, we 

utilized the standard deviations of the mesopause 

temperature (K) in the night variation, which can be 

used to analyze the manifestation of wave activity 

with IGW periods at these heights. The method is 

described in detail in [Perminov et al., 2014a, b]. 

Measurements are made at night in the absence of 

dense clouds and full moon. Since series of spectro-

metric observation data are discontinuous, thereby 

limiting the capabilities of the correlation analysis, 

we have qualitatively compared manifestations of 

mesospheric and ionospheric activity and have identi-

fied the time intervals in which their behavior is con-

sistent. 

Figure 7 exemplifies interdiurnal variations in meso-

spheric and ionospheric activity for January 2014, 2017, 

and 2019. 

 

 

CONCLUSIONS 

Comprehensive study of the manifestation of wave 

activity with IGW periods in various regions of the at-

mosphere allowed us to assess the influence of wave 

activity in the stratosphere and planetary waves on wave 

activity at ionospheric heights. 

The shear correlation coefficient between ionospher-

ic and stratospheric activity for the annual interval var-

ies in the range of 0.45 to 0.54, and for the 27-day inter-

val it reaches 0.4–0.8 in 70 % of cases; 30 % of the 

shear correlation coefficients less than 0.4 can be ex-

plained by the influence of variations in the neutral 

wind, geomagnetic activity, and non-stratospheric IGW 

sources. The optimal time shift varies over a wide range 

from 1 to 30 days. The delay in ionospheric activity 

relative to stratospheric activity can be explained by the 

fact that stratospheric activity is determined by the plan-

etary wave maximum for the stratopause (~50 km), 

whereas ionospheric activity is most strongly affected 

by disturbances at the mesopause (~90 km). In this case, 

the time shift depends on the delay in the planetary 

wave phase in the mesopause region relative to that in 

the stratosphere. 

Comparison between stratospheric activity and vari-

ations in characteristics of traveling ionospheric disturb-

ances has revealed that a ~15 day shift in stratospheric 

activity results in a fairly high correlation between strat-

ospheric activity and the disturbance of IGW character-

istics (~0.6). A delay of about 15 days in the disturbance 

of IGW characteristics may be explained by the corre-

sponding delay in temperature variations at heights of 

the lower thermosphere relative to those at the altitude 

pressure level of 1 hPa. This version is confirmed by the 

close delay in temperature variations at heights of ~50 

and ~90 km, obtained from AURA satellite data. 

Comparative analysis of mesospheric and iono-

spheric activity variations has found time intervals in 

which their behavior is consistent. 

 

 

Figure 7. Day-to-day variations in ionospheric (red line, left axis in %) and mesospheric (black line, right axis, K) activity 
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