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Abstract. In this work, we perform a joint analysis 

of the spatial-temporal dynamics of ionospheric and 

stratospheric variability (with scales characteristic of 

internal gravity waves) at different longitudes of midlat-

itudes of the Northern Hemisphere. We analyze the win-

ter periods of 2012–2013 and 2018–2019 when strong 

midwinter sudden stratospheric warmings (SSWs) oc-

curred. An increase in the variability in the stratosphere 

is shown to occur in a limited latitude interval 40–60° N 

in the region of existence of a winter circumpolar vor-

tex. Under SSW conditions, the generation of wave dis-

turbances in the stratosphere ceases manifesting itself in 

a significant decrease in the stratospheric variability 

index. Similar behavior is noted in the spatial-temporal 

dynamics of the index of the total electron content vari-

ability. The level of ionospheric variability at midlati-

tudes decreases significantly after SSW peaks. The de-

crease in the ionospheric variability can be explained by 

a reduction in wave generation in the stratosphere, asso-

ciated with the destruction of the circumpolar vortex 

during SSWs. 

Keywords: ionosphere, total electron content, varia-

bility, internal gravity waves, stratosphere, circumpolar 

vortex, sudden stratospheric warmings, atmosphere-

ionosphere interaction. 

 

 

 

 

 

INTRODUCTION 

To date, it has been established that the degree of in-
fluence of sources in the underlying atmospheric layers 
on the state of ionospheric plasma may be quite high 
[Forbes et al., 2000]. One of the causes of the observed 
variations in the ionosphere is internal gravity waves 
(IGWs) propagating from the lower and middle atmos-
phere [Lastovicka, 2006] and realizing the dynamic re-
lationship between different atmospheric layers [Yiğit, 
Medvedev, 2016].  

The circumpolar vortex (CPV) is a large-scale cy-
clonic-type circulation cell that forms in a cold air mass 
over the polar region in the upper stratosphere and the 
lower mesosphere in winter. Studies have revealed that 
CPV (and its associated jet stream) is a source of wave 
disturbances [Wu, Waters, 1996; Gerrard et al., 2011; 
Frissell et al., 2016; Liu et al., 2017]. Shpynev et al. 
[2015] have shown that inside CPV, conditions are cre-
ated for the occurrence of baroclinic instabilities, which 
generate atmospheric waves of various scales, including 
IGW. Theoretical calculations estimated that IGW gen-
eration may take up to 10–15 % of the total energy of 
the jet stream [Shpynev et al., 2019]. 

IGWs generated above the stratopause are resistant to 

turbulent decay and can propagate upward at different an-

gles over long distances [Kaifler et al., 2015], causing 

wave disturbances in the upper mesosphere, thermosphere, 

and hence in ionospheric plasma [Hocke, Schlegel, 1996]. 

Comparison of the wave variability in parameters of the 

neutral atmosphere and the ionosphere can provide infor-

mation about the processes that determine the dynamic 

coupling between different atmospheric layers. 

It has been established that in high and middle lati-

tudes the intensity of ionospheric wave disturbances with 

IGW periods has a pronounced seasonal dependence [Ra-

tovsky et al., 2015; Frissell et al., 2016; Yasyukevich, 

2021] with a maximum in the winter months. Frissell et 

al. [2016] and Yasyukevich et al. [2020c] have shown 

that there is a significant correlation between seasonal 

variations in the intensity of ionospheric disturbances 

and parameters of the neutral stratosphere in the CPV 

region. A possible connection between intensification of 

the winter ionospheric variability and the dynamics of 

the stratomesospheric jet stream over Eurasia was also 

observed in [Chernigovskaya et al., 2018]. 

The CPV and jet stream configuration varies greatly 

in winter, featuring significant spatial inhomogeneity; 

the strongest transformation of CPV occurs during peri-

ods of sudden stratospheric warmings (SSWs) [Labitzke, 

1972; Schoeberl, 1978]. By SSW is meant a sudden, 

sharp increase in the temperature of the high-latitude 

stratosphere during the winter months, which is associ-

ated with an increase in wave activity [Matsuno, 1971; 

Charlton, Polvani, 2007]. The nonlinear interaction of 

planetary waves propagating from the troposphere with 

the normal stratospheric flow during SSW periods leads 

to a weakening or destruction of CPV in the high-

latitude stratosphere. At the same time, the jet stream 

changes its position, and its shape is significantly modi-

fied. As a consequence, the IGW disturbances in the 

stratosphere are also generated unevenly.  
In this study, we perform a joint analysis of the spa-

tial-temporal dynamics of the intensity of IGW-scale 
wave disturbances in the ionosphere and stratosphere 
during the development and transformation of the cir-
cumpolar vortex in order to find a relationship between 
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disturbances in these atmospheric layers. For the analy-
sis, we have taken the winters of 2012–2013 and 2018–
2019, in the middle of which strong sudden stratospheric 
warmings were recorded. 

 
1. DATA AND METHODS 

We have used ECMWF ERA-5 Global reanalysis 
data to analyze the variability of the stratosphere and 
lower mesosphere in the Northern Hemisphere during the 
fall-winter periods. The archive provides data on the main 
atmospheric gas parameters acquired by assimilating 
measurements by ground-based and remote sensing 
methods in a global numerical model for forecasting the 
stratospheric and tropospheric conditions. The archive 
ensures high spatial resolution of the data (up to 0.25° 
or ~30 km) in latitude and longitude up to a pressure 
level of 1 hPa (corresponds to an altitude of ~50 km, the 
upper stratosphere — lower mesosphere level) [Hers-
bach et al., 2020]. In this work, we use data with a spa-
tial resolution of 0.75° in latitude and longitude and a 
time resolution of 1 hr. 

To estimate the variability level in the upper strato-

sphere — lower mesosphere, we propose a modified 

variability index stdW(θ, φ, UT), calculated from global 

fields of the vertical velocity of atmospheric gas W. The 

index at a given moment of universal time (UT) at each 

selected point with a given longitude θ and latitude φ is 

defined as root mean square (RMS) of the vertical gas 

velocity W(θ, φ, UT) at a given latitude from the mean 

value in a longitude range θ±10°: 
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The RMS calculation in such a longitude range ex-

cludes large-scale disturbances from consideration. It 

should be pointed out that the application of a fixed lon-

gitude boundary will lead to a difference in the lower 

boundary of filtered variations at different latitudes. 

Since dealing with a limited latitude interval (40°–60° 

N), we exclude variations with a wavelength over 1700–

2500 km from the consideration. Estimates of typical 

scales of disturbances observed in vertical velocity dis-

tributions in the CPV region, given in [Shpynev et al., 

2016], have shown that the spectrum of the disturbances 

is maximum at wavelengths 300–1000 km (this scale 

corresponds to IGW). Thus, applying a filter with the 

given boundaries makes it possible to take into account 

the most intense variations when calculating the index; 

and the variability index we propose reflects the intensi-

ty of wave disturbances with scales characteristic of 

IGW. The index is measured in the same values as the 

vertical velocity W [cPa/s]. 

A similar index was exploited in [Yasyukevich et 

al., 2020c] to estimate seasonal variations in the strato-

spheric variability along the given latitude. However, 

the RMS calculation was made along the entire zonal 

circle, which did not allow us to estimate spatial varia-

tions in such an index.  

To analyze the short-period ionospheric variability, 

we used vertical total electron content (TEC) data ob-

tained from measurements at a worldwide network of 

GNSS signal receivers, processed and provided by the 

OpenMadrigal database Center [Rideout, Coster, 2006]. 

The initial data has a spatial resolution of 1°×1° in lati-

tude and longitude and a time step of 5 min. 

For the calculations, all initial TEC data was sorted 

into 3°×3° cells in latitude and longitude around the 

globe. The TEC value in each grid cell was obtained by 

averaging all the initial TEC values fell into the cell. This 

approach is necessary to increase the amount of data be-

cause a specific cell of the original grid is not always filled 

with TEC value due to motion of satellites. If tolerance to 

omissions was zero, the volume of filled cells would not 

allow research to be conducted over a long period of 

time. Moreover, in regions with a small number of sta-

tions, Madrigal TEC data may be characterized by errors 

and frequent absence of data in individual cells 

[Yasyukevich et al., 2020a]. Therefore, for ionospheric 

research in regions with a small number of receiving sta-

tions it is possible to adopt other services such as SI-

MuRG — System for Ionosphere Monitoring and Re-

search from GNSS [Yasyukevich et al., 2020b]. In re-

gions with a dense network of stations, the quality of 

Madrigal data is as high as that of other services 

[Rideout, Coster, 2006]. In view of the foregoing, we 

have selected two longitudes in the North American 

(240° E) and European (10° E) sectors, at which the den-

sity of stations (and hence TEC data) in the Northern 

Hemisphere is high in both periods of interest.  
The short-period variability index vrTEC(UT) was 

calculated in each grid cell [Yasyukevich et al., 2017]. 
For the moment of time UT, the index is derived by 
calculating RMS of TEC (TEC) at a given interval, cen-
tered on the middle of this interval and normalized to 
mean TEC in this window: 
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where <TEC(UT±2)> is TEC averaging over a given 
time interval. For the index to reflect the level of varia-
bility with IGW scales, the averaging interval should be 
limited to several hours (in this paper, 4 hrs). The index 
is a dimensionless value showing the intensity of TEC 
fluctuations within a given interval relative to the mean 
TEC value. The normalization allows us to compare the 
nighttime and daytime TEC variability. Note that the 
time resolution of the initial TEC data does not allow us 
to estimate the contribution of the smallest-scale acous-
tic disturbances (with periods less than 10 min); there-
fore, the short-period variability index used in the work 
incorporates TEC variations with periods from ~10 min 
to ~4 hrs. Such periods are typical of IGW. This index 
has been employed in [Yasyukevich et al., 2020c] to 
analyze seasonal variations in short-period ionospheric 
variability. Examples of the vrTEC(UT) index distribu-
tions obtained in the Northern Hemisphere at latitudes 
15–90° N for December 19, 2018 and January 13, 2019 
at 0 UT are given in Figure 1. 

The resulting vrTEC(UT) values were used to plot 
time-latitude distributions of the ionospheric variability at 
the given longitudes. Yasyukevich [2021] has indicated 
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that the short-period TEC variability experiences signifi-
cant intradiurnal variations. At a mid-latitude station, two 
distinct peaks are distinguished in the diurnal variability 
near the time of passage of solar terminators, which are 
the source of ionospheric disturbances of various scales 
[Afraimovich et al., 2009]. At a high-latitude station, the 
variability increases significantly at night. This may be 
due to auroral activity that intensifies at night. In order to 
exclude the influence of these disturbing factors when 
obtaining latitude-time distributions of ionospheric dis-
turbances at each latitude, we averaged all vrTEC(UT) 
values corresponding only to near-noon local time (10–14 
LT) at a given longitude. Time averaging is necessary for 
correct comparison with the dynamics of the 
stdW(θ, φ, UT) index whose time resolution is signifi-
cantly lower. To obtain the time-latitude distributions of 
the stratospheric variability index, we take stdW(θ, φ, 
UT) at the moment of UT closest to the local noon at the 
longitude under study. Thus, we compare the dynamics of 
distributions of the ionospheric and stratospheric variabil-
ity for the local daytime. 

 

 

Figure 1. Distributions of the ionospheric variability index 

vrTEC(UT) on December 19, 2018 (top) and January 13, 2019 

(bottom) at 0 UT (Northern Hemisphere, polar view) 

2. SHORT-PERIOD  

VARIABILITY 

IN THE STRATOSPHERE  

AND IONOSPHERE 

Figure 2 exemplifies distributions of fields of horizon-

tal wind (a), vertical velocity of atmospheric gas W (b),  

 

Figure 2. Distribution of fields of horizontal wind (a), verti-

cal velocity of atmospheric gas W (b), and variability index 

stdW(θ, φ, UT) (c) at the level of 1 hPa on December 19, 2018 

(Northern Hemisphere, polar view) 
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and stdW(θ, φ, UT) (c) at the level of 1 hPa (about 50 km) 

on December 19, 2018 (polar view). There is a well-

developed jet stream rounding the Pole. The jet stream is 

accompanied by pronounced medium-scale wave disturb-

ances, clearly observed in variations of the vertical velocity 

at latitudes 40°–60° N. The variability index distribution 

suggests that the greatest intensity of disturbances is rec-

orded in regions with high horizontal wind velocity gra-

dients in the jet stream: ~40°–60° N and ~60°–150° E.  

Figure 3 demonstrates similar distributions for Janu-

ary 13, 2019 — the period after the peak of strong SSW. 

 

Figure 3. Distributions of fields of horizontal wind (a), verti-

cal atmospheric gas velocity W (b), and variability index stdW (θ, 

φ, UT) (c) at the level of 1 hPa on January 13, 2019 (Northern 

Hemisphere, polar view) 

We can see that the CPV structure has been significant-
ly changed and there is no jet stream in near-polar latitudes. 
At the same time, there is a significant weakening of wave 
disturbances, which is reflected in the low stratospheric 
variability index. Thus, after strong SSW the source of 
generation of small-scale disturbances in the strato-
mesosphere is "turned off", which may affect the variabil-
ity of higher atmospheric layers. 

Figures 4, 5 show latitude-time distributions of indi-
ces of variability in TEC (left) and in the upper strato-
sphere at the level of 1 hPa (right) at two longitudes in the 
European (top) and American (bottom) sectors during the 
winter periods 2012–2013 and 2018–2019 respectively. 
We have considered the latitude range 40°–60° N, where 
the intensity of stratospheric disturbances in the CPV 
region is maximum (see Figure 2, c). The winter periods 
of interest are marked by the occurrence of strong SSW 
in the stratosphere. Peak dates for the SSW events (the 
day of the mean circulation reversal at the level of 10 
hPa) were respectively January 6, 2013 and January 1, 
2019. 

The above Figures show that the stratospheric varia-
bility features a significant space-time inhomogeneity. 
The level of variability in both winter periods is signifi-
cantly higher in the European sector than in the Ameri-
can one (the intensity of the color scale differs twice). In 
the first winter month when there is a well-developed 
CPV and a stable jet stream in the stratosphere, the vari-
ability is high, indicating the continuous generation of 
wave disturbances in the jet stream region. 

During strong SSW, the circumpolar vortex and its 

related jet stream first shift to the Pole, and then break 

down. During both winter periods after the SSW peaks, 

the stratospheric variability decreases significantly. The 

low variability level persists for about a month. Then 

CPV recovers and the intensity of disturbances increases. 

Similar variations can be found in the time-latitude dis-

tributions of the ionospheric variability index. Thus, an 

increase in the variability level occurs at the beginning of 

the winter periods considered. After SSW peaks (in mid-

January), the variability level in the ionosphere decreases 

considerably. 

Note that the intensity of disturbances in the ionosphere 

changes with a delay relative to similar variations in the 

stratosphere (~7–10 days). For example, a sharp increase in 

the intensity of disturbances at latitudes 50°–60° N in the 

North American sector is recorded in the stratosphere on 

January 5–10, 2013 (Figure 4, d) and January 10–15, 

2013 in TEC (Figure 4, c). This agrees with the results 

reported by Yasyukevich et al. [2020c]; the authors 

have shown that the cross-correlation function between 

stratospheric and ionospheric variations was maximum 

at mid-latitude stations with a delay from ~10 to 20 

days. Tolstikov et al. [2021] have carried out a compre-

hensive study of manifestations of wave activity with 

IGW periods in different regions of the atmosphere: the 

stratosphere, the upper mesosphere, and the F2-region 

of the ionosphere. The authors have demonstrated that 

the best correlation between stratospheric activity and 

IGW variability in the ionosphere is observed when strato-

spheric activity is delayed by ~15 days. According to the 

authors, the ~15 day 
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Figure 4. Latitude-time distributions of variability indices in the ionosphere (left) and in the upper stratosphere (right) at two 
longitudes in the European (top) and American (bottom) sectors in the winter of 2012–2013. Periods of geomagnetic disturbances 
on panels a and c are marked with a gray fill. Red dashes on panels b, d indicate peak dates of SSW 

 

Figure 5. Latitude-time distributions of variability indices in the ionosphere (left) and in the upper stratosphere (right) at two 

longitudes in the European (top) and American (bottom) sectors in the winter of 2018–2019. Periods of geomagnetic disturbances 

on panels a and c are marked with a gray fill. Red dashes on panels b, d indicate peak dates of SSW 
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delay between the IGW variability and stratospheric 

activity can be explained by the corresponding delay in 

temperature variations at heights of the lower thermo-

sphere relative to temperature variations in the strato-

sphere. Thus, our findings are consistent with the previ-

ously published ones. 
Note also the presence in the distribution of the 

ionospheric variability of periodic structures with long-
er periods (~5–6 days), most pronounced in 2018–2019 
(Figure 5, a, c). These variations may be associated with 
the impact of planetary waves whose intensity also in-
creases significantly during an SSW [Pancheva et al., 
2008]. Planetary waves can propagate upward, affecting 
the mesosphere — lower thermosphere parameters 
[Zorkaltseva, Vasiliev, 2021], and modulate the IGW 
amplitude through the wave-wave interaction mecha-
nism. The study of such large-scale disturbances is, 
however, beyond the scope of this work. 

When comparing the variability in the stratosphere 
and ionosphere, we should take into account the fact 
that the ionospheric variability, along with the effects of 
underlying atmospheric layers, depends on a large num-
ber of factors, such as solar and geomagnetic activity, 
regular disturbances in the auroral oval (at high lati-
tudes), etc. It cannot, therefore, be expected that the 
latitude-time pattern of the ionospheric variability will 
strictly repeat such a pattern in the stratosphere. 

The dynamics of solar and geomagnetic activity 

indices according to the OmniWeb service 

[https://omniweb.gsfc.nasa.gov/form/dx1.html ] is shown 

in Figure 6. Note that in general the helio-

geomagnetic conditions during the periods of interest 

were fairly quiet. There were isolated periods of weak 

geomagnetic disturbances (Kp≤4.3). The most intense 

geomagnetic disturbances (Kp≤5.3) were recorded on 

January 4–5 and January 31 – February 2, 2019. All 

the periods with Kp exceeding 3.5 are marked in Fig-

ures 4 and 5 with a gray fill. In the variations of the 

ionospheric variability index, we can identify intensi-

fications associated with changes in geomagnetic 

conditions. At the same time, the geomagnetic varia-

tions cannot explain most of the variations in the ion-

ospheric variability index observed during the peri-

ods considered. The most significant changes in solar 

activity occurred on January 2013: the F 10.7 index 

increased sharply from ~100 to ~170 s.f.u. (Figure 6, 

a), yet there are no similar variations in the dynamics 

of the ionospheric variability index. 

Thus, the synchronous decrease observed in the level 

of variability in the stratosphere and ionosphere after the 

peaks of strong SSW indicates a connection between 

variability in these atmospheric layers and is evidence 

of the impact of wave disturbances occurring in the 

CPV region at stratospheric heights on ionospheric 

plasma. A similar decrease in IGW activity in the iono-

sphere after the peak of strong SSW in the winter 2008–

2009 has been detected by Nayak, Yiğit [2019]. The 

authors suggested that the decrease in IGW activity is 

related to changes in wave propagation conditions. 

Nonetheless, our findings suggest that the main cause 

may be the destruction of CPV and, as a consequence, 

cessation of generation of waves in the stratosphere. 

 

Figure 6. Dynamics of geomagnetic activity indices (Kp, 

black curves) and solar radio emission flux (F10.7, red curves) 

during periods of interest 

 

CONCLUSION 

We have carried out a joint analysis of the spatio-
temporal dynamics of variability (with IGW scales) in 
the ionosphere and stratosphere during the winter peri-
ods 2012–2013 and 2018–2019 at midlatitudes and two 
longitudes in the European and North American sectors. 
These periods featured the occurrence of strong sudden 
stratospheric warmings when a significant transfor-
mation of the circumpolar vortex and its associated jet 
stream occurred in the stratosphere. 

The stratospheric variability is shown to exhibit a 
significant space-time inhomogeneity. The maximum 
stratospheric variability index is recorded in the regions 
characterized by high gradients of horizontal wind ve-
locity in the jet stream. During both winter periods con-
sidered, after SSW peaks there is a significant decrease 
in the stratospheric variability, observed for about a 
month. 

Similar variations have been found in the latitude-
time distributions of the ionospheric variability index at 
midlatitudes: an increase in the variability level at the 
beginning of the winters considered and a significant 
decrease in the variability in mid-January after the SSW 
peaks. 

Cessation of generation of wave disturbances in the 
stratosphere, associated with the destruction of the 
circumpolar vortex and jet stream during the SSW pe-
riods, may explain the decrease in the ionospheric var-
iability in the middle of the winter periods studied. 

We are grateful to MIT Haystack Observatory for 
Madrigal TEC data, to ECMWF for ERA5 Reanalysis 
archive data, as well as to OmniWeb service for data on 
helio-geomagnetic activity indices. The work was fi-
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