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Abstract. We present the results of complex obser-
vations of various parameters of the middle and upper
atmosphere over Siberia in December 2012 — January
2013, during a major sudden stratospheric warming
(SSW) event. We analyze variations in ozone concentra-
tion from microwave measurements, in stratosphere and
lower mesosphere temperatures from lidar and satellite
measurements, in the F2-layer critical frequency (f,F2),
in the total electron content (TEC), as well as in the ra-
tio of concentrations of atomic oxygen to molecular
nitrogen (O/N,) in the thermosphere. To interpret the
observed disturbances in the upper atmosphere, the ex-
perimental measurements are compared with the results
of model calculations obtained with the Global Self-

Consistent Model of Thermosphere—lonosphere—
Protonosphere (GSM TIP). The response of the upper
atmosphere to the SSW event is shown to be a decrease
in f,F2 and TEC during the evolution of the warming
event and a prolonged increase in O/N,, f,F2, and TEC
after the SSW maximum. For the first time, we observe
the relation between the increase in stratospheric ozone,
thermospheric O/N,, and ionospheric electron density
for a fairly long time (up to 20 days) after the SSW
maximum at midlatitudes.

Keywords: sudden stratospheric warming, ozone,
stratosphere, ionosphere, electron density, total electron
content, atmosphere-ionosphere coupling.

INTRODUCTION

The December 2012 — January 2013 period is of par-
ticular interest for the study of solar-terrestrial physics
and atmosphere-ionosphere coupling because it exhibits
an almost simultaneous significant increase in solar ac-
tivity and a sudden stratospheric warming (SSW). By
SSW is meant an explosive increase in the temperature
of the high-latitude stratosphere in winter months. Being
quiet, the winter polar stratosphere features a stable
large-scale circumpolar vortex centered near the Pole.
Air masses in the vortex move at a high speed (up to
100 m/s) from west to east, forming the so-called jet
stream, with low temperature in the stratosphere (200 K
and lower). According to the classical scenario, the evo-
lution of SSW is associated with the intensification of
orographic stationary planetary waves (SPW) in the
troposphere [Matsuno, 1971]. In winter, SPW can pene-

trate into higher atmospheric layers, interacting with the
eastward stratospheric stream. Such interaction results
in a weakening or disruption of the circumpolar vortex
in the high-latitude stratosphere; there also may be a
shift of the vortex from the Pole [Charlton, Polvani,
2007]. Upward SPW transfer heat toward the Pole, thus
causing an increase in the temperature of the high-
latitude (polar) stratosphere [Matsuno, 1971]. As a re-
sult, during SSW events the stratospheric temperature
may rise by more than 50 K for a few days or even
weeks relative to quiet conditions. In recent years, it has
been shown that the enhancement of the nonlinear inter-
action between SPW and mean flow, which results in an
increase in the intensity of irregular oscillations — the
so-called stratospheric vacillations — may also be one of
the causes of SSW [Pogoreltsev et al. 2014]. The warm-
ing events during which, along with the polar tempera-
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ture rise, the mean zonal circulation and temperature
gradient over the hemisphere change their directions are
assigned to major SSW; and the day when at a 10 hPa
level and 60° latitude the zonal circulation changes its
direction is called maximum of SSW [Schoeberl, 1978].
The stratosphere returns to normal conditions (recovery
phase) after the SSW maximum, and usually more slow-
ly than the SSW event develops.

In the winter stratosphere/lower mesosphere during
SSW events, the polar vortex structure is radically trans-
formed [Labitzke, 1972; Schoeberl, 1978]. This has a
significant effect on the distribution of meteorological
parameters both in the troposphere and in the lowest at-
mospheric layer, and, as a consequence, on the weather
[Sun, Robinson, 2009]. Shpynev et al. [2015a] and
Yasyukevich et al. [2017] have shown that the transfor-
mation of the polar vortex structure during SSW is also
accompanied by an increase in the intensity of medium
scale wave disturbances in the middle atmosphere.

It has been found that during SSW events significant
changes occur in the stratospheric ozone concentration
at different heights [Kulikov et al., 2002; Scheiben et
al., 2012; Manney et al., 2015]. While the concentration
of this gas in the atmosphere is low, the ozone layer is
of crucial importance for global survival, and variations
in its density have a marked effect on climate [Baldwin
et al., 2007]. Temperature variations in the stratosphere
during SSW affect the coefficients of ozone formation
and destruction. The ozone concentration is also influ-
enced by the processes associated with the polar vortex
breakdown [Tao et al., 2015], the formation of polar
stratospheric clouds [Smyshlyaev et al., 2016], and the
activation of chemical losses of the stratospheric ozone
[Manney et al., 2015]. Hocke et al. [2015] have carried out
a composite analysis of the total ozone content (TOC) at
heights 5-60 km and a latitude of 80° during 20 SSW and
have established that after SSW maxima TOC far exceeds
climate values (up to 90 Dobson Units, DU). On the con-
trary, a negative anomaly in the polar ozone content (~—20
DU) is present for up to 90 days before SSW. Similar
ozone variations at 10 hPa over Moscow were recorded
through microwave measurements during the 2012/2013
winter SSW [Solomonov et al., 2017].

SSW events have an effect of higher atmospheric
layers: mesosphere, thermosphere, and ionosphere. In
the mesosphere above the warming zone in the strato-
sphere, the temperature decreases [Labitzke, 1981]. So,
during the 2008/2009 major winter SSW, Lukianova et al.
[2015] at the Sodankyl4 station observed a pronounced
cooling of the mesosphere, comparable in magnitude
with the temperature change in the stratosphere (~50 K).
Medvedeva et al. [2015] also recorded a change in the
mesosphere/lower thermosphere (MLT) temperature
during the 2012/2013 SSW event and an increase in OH
(~87 km) and O, (~94 km) emission intensities 2-2.5
times compared to undisturbed conditions. A three-
fourfold increase in the oxygen emission intensity in the
mesosphere during SSW was also reported in [Shepherd
et al., 2010; Shepherd, Shepherd, 2011].

In the thermosphere at heights above 140 km, varia-
tions in the atomic oxygen emission intensity have a
different nature: during the 1993 SSW maximum phase,
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the oxygen emission significantly decreased, whereas
during the recovery phase the emission intensity ex-
ceeded the values recorded before the warming [Shep-
herd, Shepherd, 2011]. During four SSW in 2010-2013,
Laskar, Pallamraju [2014] recorded a systematic in-
crease in the daytime oxygen emission at low latitudes,
accompanied by a simultaneous increase in the tempera-
ture of the polar thermosphere and by an enhancement
of the equatorward heat transfer. From the observational
results the authors suggested that during SSW at MLT
heights a secondary meridional circulation cell is
formed which promotes the oxygen outflow from the
high-latitude thermosphere and its transport to the equa-
torial thermosphere. An increase in the mid-latitude
thermospheric temperature during SSW was also detected
with the Millstone Hill radar [Goncharenko, Zhang, 2008].

Corresponding variations in the temperature of the
mesosphere and lower thermosphere during SSW as
well as a decrease in the maximum density and velocity
of the atomic oxygen emission at high latitudes were
derived from model calculations [Liu, Roble, 2002].
Thus, the experimental and model results demonstrate
global changes in the dynamics and composition of the
neutral atmosphere at all heights from the stratosphere
to the thermosphere during SSW events.

An increase in wave activity and significant changes
in the atmospheric circulation during SSW also have an
effect on ionospheric plasma, with the ionospheric re-
sponse to SSW events varying at different latitudes. The
response of the equatorial ionosphere to SSW has a
semidiurnal structure involving a significant electron
density increase relative to quiet days during prenoon
hours with its subsequent fall in the afternoon [Chau et
al., 2010, 2012; Goncharenko et al., 20103, b; Yue et al.,
2010]. This effect is associated primarily with variations
in the equatorial vertical electromagnetic plasma drift
[Chau et al., 2009, Goncharenko et al., 2010a; Klimen-
ko et al., 2015], caused by variations in the neutral at-
mospheric circulation (predominately of the zonal wind)
resulting from the modification of atmospheric tides
[Chau et al., 2010, Fuller-Rowell et al., 2010; Pedatella
etal., 2014].

In the mid-Ilatitude and polar ionosphere during SSW
maxima, there was a largely negative response in the
electron density [Pancheva, Mukhtarov, 2011; Bessarab
et al., 2012; Polyakova et al., 2014; Yasyukevich,
2018]. In contrast, during the recovery phase (up to 20
days), the ionospheric electron density far exceeded
monthly averages [Polyakova et al., 2014; Yasyukevich,
2018]. A cause of the negative/positive electron density
disturbances during SSW development and in the re-
covery phase is likely to be SSW associated O/N, varia-
tions in the thermosphere [Korenkov et al., 2012;
Klimenko et al., 2013; Shpynev et al., 2015b;
Yasyukevich, 2018].

In this paper, we report the results of comprehensive
observations of various parameters of the middle and
upper atmosphere over Eastern Siberia in January 2013
during a major SSW, which is one of the longest events
of this type on record [Goncharenko et al., 2013]. To inter-
pret variations in the upper atmosphere parameters, we
have used the results of numerical model calculations.
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DATA AND RESEARCH METHOD

The study of stratospheric changes is based on the
complex experiment (lidar and microwave observations),
carried out in Tomsk in January 2013 [Marichev et al.,
2014; Matvienko et al., 2016].

The method of ground-based microwave radiometry
involves measuring the rotational spectra of trace gas (in
our case, ozone) emission in millimeter and submillime-
ter wave ranges. The accuracy of the observations by
microwave methods depends weakly on weather condi-
tions and the presence of aerosols in the atmosphere,
which is an advantage as compared to optical and infra-
red observations. Furthermore, microwave ozone obser-
vations can be made 24 hours a day. Recently, there has
been a significant advance in the development of new-
generation mobile microwave spectrometers [Kulikov et
al., 2007]. The use of mobile ozonemeters allowed us to
accomplish a number of tasks under severe field condi-
tions, which would be difficult to perform using the
standard microwave technique. Information about the
O; content is in the measured spectrum of integral at-
mospheric radiation in the vicinity of the rotational
spectral line of this gas. With the spectrum inversion we
can obtain data on the vertical ozone distribution (VOD)
in the atmosphere. When solving the problem of esti-
mating the vertical ozone profile, we used model height
dependences of pressure and temperature. The error in
determining VOD from its spectra does not exceed 20
%. The use of the real temperature distribution to esti-
mate the ozone profile decreases the error in determin-
ing VOD to 10 % in the height range 20-40 km.

The device consists of a heterodyne uncooled re-
ceiver tuned to a fixed frequency of 110 836.04 MHz
corresponding to the rotational transition of the ozone
molecule 6,665, and a multichannel spectrum analyz-
er. At the receiver input is a module comprising an an-
tenna (scalar horn) and a commutator for calibrating the
level of the received thermal radiation of the atmos-
phere. The beam width of the horn antenna at 3 dB is
5.4°. The single sideband noise temperature of the re-
ceiver is 2500 K. The receiving mode in one bandwidth
is provided by a low-cutoff filter (waveguide) with di-
rect losses of 0.5 dB and mirror channel suppression of
more than 20 dB. The spectrum analyzer includes 31
filters with a bandwidth of 1 to 10 MHz and a total fre-
quency band of 240 MHz. The device parameters allow
us to measure the ozone radiation spectrum accurate to
~2 %. Spectra of atmospheric thermal radiation are
measured using a method of calibration by two “black-
body” standards, which are at the liquid nitrogen boiling
temperature and at the ambient air temperature.

Ground-based lidar measurements of thermal condi-
tions of the stratosphere and mesosphere over Tomsk
were initiated at the V.E. Zuev Institute of Atmospheric
Optics of Siberian Branch of the Russian Academy of
Sciences in 1994 [Matvienko et al., 2009]. The lidar
measurements of the vertical temperature distribution
from molecular (or Rayleigh) light scattering are based
on an unambiguous relationship between the molecular
backscatter coefficient and the atmospheric density at a
certain height. The lidar complex includes an Nd:YAG
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transmitter — a laser with a collimator, with a wave-
length of 532 nm, pulse energy up to 200 mJ, pulse train
rate of 10 Hz, output beam spread of 0.1 mrad; receiv-
ing and recording system — a Newton telescope with the
primary mirror diameter of 1 m and focal length of 2 m.
The ionospheric sounding is performed at night.
Backscatter signals are received in the photon-counting
mode. The photodetector is connected to a computer,
which controls measurements as well as data acquisition
and processing. The resulting vertical resolution for the
temperature profile is 192 m, and the accumulation time
necessary to obtain information about temperature from
a height of 60 km is ~2 hrs. This time is determined by a
relative error of 10 % at a maximum height. The relative
error of measurements depends on the number of pho-
tons received from a given height, which is determined
by the duration of the strobe, the number of laser shots,
aerosol and air densities, and background light. In this
case, at 30—40 km the relative error is 2 %, i.e. it does
not exceed ~2.5 K at 40 km.

Variations in parameters of the stratosphere and
lower mesosphere (temperature, wind) were also esti-
mated from ERA-Interim data
[http://www.esrl.noaa.gov; Dee et al., 2011]. These data
are global fields of basic parameters of the neutral at-
mosphere (temperature, wind, geopotential, etc.) at
standard levels of up to 1 hPa (46-48 km). The data on
planetary wave activity in the period of interest were
obtained from the MERRA reanalysis dataset
[https://gmao.gsfc.nasa.gov/reana-lysissMERRA].

Results of the complex experiment were comple-
mented by observations of ionospheric parameters for
this period. The paper examines variations in the F2-
layer critical frequency (f,F2) from ionosonde meas-
urements at Tomsk (85° E, 56° N) and Irkutsk (104° E,
52° N). Besides, we analyze the behavior of the total
electron content (TEC), using data from
GPS/GLONASS dual-frequency phase receivers of the
IGS network [Dow et al., 2009] located in the nearest
points. Vertical TEC series I, were derived from initial
slant TEC data by the method described in
[Yasyukevich et al., 2015]. Time resolution of f,F2 and
vertical TEC data is 15 min. For each day, we calculate
daily average f,F2 and TEC for the time interval 10-16 LT.

The O/N, variations in the thermosphere are ana-
lyzed from measurements of the Global Ultra-Violet
Imager (GUVI) onboard the TIMED (Thermosphere,
lonosphere, Mesosphere Energetics and Dynamics) sat-
ellite [Strickland et al., 2004]. The calculation of the
column integrated O/N, ratio involves measuring the
dayglow intensity of atomic oxygen (O) at the 135.6 nm
wavelength and nitrogen (N,, Lyman — Birge — Hop) in
the far ultraviolet. As a result, the GUVI data represent
the ratio of integral densities O/N, in the daytime, com-
puted from the height at which the N, integral is 10"’
cm 2 (about 140 km) [Christensen et al., 2003].

To interpret disturbances in the upper atmosphere,
experimental measurements were compared with the
model calculations from the Global Self-Consistent
Model of the Thermosphere, lonosphere and Protono-
sphere (GSM TIP) [Namgaladze et al,. 1988; Korenkov
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et al., 1998]. The model is based on the numerical inte-
gration of the system of quasi-hydrodynamic equations
of continuity, motion, and heat balance for neutral and
charged particles of thermal near-Earth plasma together
with the equation for electric field potential in the height
range from 80 km to the geocentric distance of 15 Earth
radii in terms of the mismatch between geographic and
geomagnetic axes. For given input parameters, GSM
TIP calculates global distributions of temperature T,,
densities of O,, N,, O, and vector of the mean mass ve-
locity of the neutral component of Earth’s upper atmos-
phere, densities, temperature, and velocities of atomic
(O*, H") and molecular ions and electrons, as well as the
two-dimensional distribution of the potential of iono-
spheric and magnetospheric electric fields. The geo-
magnetic field is approximated by the central dipole.
The model uses a spatial grid in the geomagnetic coor-
dinate system with a step of 5° in latitude, 5° in longi-
tude, and a variable vertical step increasing with height.

GSM TIP was utilized for two calculations of iono-
spheric parameters for the period from December 22,
2012 to January 25, 2013:

1) without regard to day-to-day solar activity varia-
tions (the calculation results show only climatological
seasonal variations);

2) with regard to solar activity variations.

In both the variants, the SSW effect is disregarded,
and we associate the ionospheric effects ignored in the
model with SSW. Note that this approach is not without
some drawbacks. For example, it ignores possible
changes in the lower atmosphere due to an increase in
solar activity. However, we believe that these effects are
much weaker than the SSW effect, caused by significant
temperature variations and wave activity increase. To
interpret ionospheric disturbances during the period of
interest more correctly, it is necessary to use a model
describing the behavior of the parameters of the lower
and upper atmosphere such as the EAGLE model
[Klimenko et al., 2018a]. In future, we plan to conduct
such a study.

VARIATIONS IN

THE STRATOSPHERE

AND LOWER MESOSPHERE
DURING SSW

The stratospheric warming in December 2012 —
January 2013 is classified as major. Figure 1 shows
distributions of zonal mean values of temperature (a)
and zonal wind speed (b) at a latitude of 60° N in the
middle (10 hPa, black lines) and upper strato-
sphere/lower mesosphere (1 hPa, gray curves) as de-
rived from ERA-Interim data versus values averaged
over 10 years (dashed lines). Figure 1, c displays var-
iations in amplitude of SPW with zonal wavenumber
1 (gray curve) and 2 (black curve) for a geopotential
height at the 10 hPa level and 60° N latitude accord-
ing to MERRA reanalysis data.

As noted above, the development of SSW is due to the
intensification of planetary waves. It can be seen that
the increase in the planetary wave amplitude with zonal
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Figure 1. Variations in 60° N latitude zonal mean values
of: temperature (a), zonal wind speed (b) in the middle (10
hPa, black curves) and upper stratosphere/lower mesosphere
(1 hPa, gray curves) versus 10-year averaged values (dashed
lines); variations in amplitude of SPW 1(gray curve) and 2
(black curve) for a geopotential height at the 10 hPa level and
a latitude of 60° N (c)

number 1 (SPW1) began on December 14, 2012; and on
December 22 for SPW1 the amplitude was maximum.
Then SPW with zonal number 2 (SPW2) increased until
January 8. The increase in the SPW1 intensity manifested
itself in the polar vortex shift relative to the Pole, whereas
the intensification of SPW2 was accompanied by polar
vortex splitting.

The zonal mean stratospheric temperature (10 hPa, ~
30 km) at a latitude of 60° N began to increase on De-
cember 21, 2012 (Figure 1, a). A decrease in the zonal
mean zonal wind speed in the stratosphere was detected
later — at the end of December (Figure 1, b). The wind
changed direction from eastward to westward at 10 hPa
on January 6 — the day when SSW reached maximum.
The recovery of the stratospheric circulation to the nor-
mal conditions continued throughout the month; the
zonal mean zonal wind became eastward only at the end
of January (Figure 1, b).

Figure 2 shows spatial distributions of strato-
spheric temperature at 10 hPa on some days of the
period of interest in the polar coordinate system.

Bold curves are isolines of the geopotential
height; symbols mark points at which the experiment
was carried out (Tomsk, Irkutsk).
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Figure 2. Maps of the stratospheric temperature (10 hPa) at 12 UT for some days from December 22, 2012 to January 17,
2013. Bold curves are isolines of the geopotential height. Diamonds mark locations of Irkutsk and Tomsk

It is seen that during the development and maximum
of SSW the region of the greatest increase in the strato-
spheric temperature is in North Asia, and the temperature
near the points considered increases by more than 50 K
(Figure 2, ¢, d). We clearly observe the formation of a
stratospheric anticyclone (H) and its movement from
midlatitudes to the Pole. After January 6, the polar cy-
clone split into two low-pressure cells (L), which shifted
to middle latitudes in the Asian and North American re-
gions. The stratospheric temperature remained elevated
throughout January, but in the second half of the month
the highest temperature region occurred in the North At-
lantic region (Figure 2, f).

Figure 3 illustrates horizontal wind fields at 10 hPa
as derived from ERA-Interim data. The color scale
demonstrates the modulus of the wind speed, and ar-
rows indicate its direction. We can see significant
changes in the stratospheric circulation during the peri-
od of interest. In the stratosphere on December 22 there
was a well-developed intense jet stream associated with
the polar cyclone, and the circulation was mainly zonal
(geostrophic). In this case, the vortex center was shifted
markedly from the Pole. As the SSW event developed
from the end of December to the beginning of January,
there was a further shift of the jet stream from the Pole
followed by its transformation and splitting on January
6, the day of the SSW maximum (Figure 3, d). From the
end of December, we observe the formation of an anti-
cyclonic circulation cell (Figure 3, b) atypical of the
winter polar stratosphere during quiet periods. The anti-
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cyclonic cell was observed to the end of January, with
the wind speed modulus across the polar stratosphere
being low as compared to those typical for winter. Note
that Tomsk and Irkutsk in late December — early Janu-
ary were in the polar vortex zone (Figure 3, a—c), and
from middle January, in the cyclonic circulation cell
produced by the vortex splitting (Figure 3, e, f).

Significant changes in the stratospheric circulation
have a pronounced effect on the distribution of the neu-
tral atmosphere components (particularly, ozone) be-
cause they promote mixing of air masses from different
latitudes. Besides, Shpynev et al. [2015a] have shown
that such transformations of jet streams lead to the exci-
tation of wave disturbances with periods of internal
gravity waves at stratomesospheric heights.

OZONE VARIATIONS

Figure 4 presents microwave measurements of ozone
concentration in Tomsk at heights of 25 and 40 km in
comparison with the behavior of the ozone volume mixing
ratio as derived from ERA-Interim data. Also shown are
stratospheric temperature variations at these heights
derived from lidar measurements and MLS Aura data
[https://disc.gsfc.nasa.gov/datasets]. There is good
agreement in the dynamics of parameters obtained from
the ground-based experiment and independent data.
The greatest discrepancy for the stratospheric tempera-
ture occurs at 40 km, but at the same height the lidar
measurement error increases. Note a significant growth
in the temperature of the lower stratosphere that began
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Figure 3. Horizontal wind fields in the stratosphere at 10 hPa. The color scale demonstrates the wind speed modulus; arrows

show the wind direction

on December 20 (Figure 4, c). A peak temperature over
Tomsk was recorded on January 5, and a total temperature
rise was ~60 K. In the higher stratospheric layers, the tem-
perature increase began earlier, and in late December it
was followed by a sharp cooling by ~40 K (Figure 4, d)
with a minimum temperature on January 11. This corre-
sponds to the typical behavior of the temperature in the
stratosphere/lower mesosphere during SSW.

In the given period, there were also considerable
ozone variations. At 25 km from middle December
there was a significant ozone decrease by up to 50 %. A
feature of this period is also the lack of correlation be-
tween atmospheric temperature and ozone concentra-
tion. This suggests that dynamic processes have a pre-
dominant influence on ozone at these heights. Manney
et al. [2015] have shown that during this SSW event the
combination of dynamic and meteorological conditions
led to an unprecedented intensification of chemical
ozone losses in the middle stratosphere in areas located
inside cyclonic cells. The observed ozone decrease in
the lower stratosphere (Figure 4, a) can also be caused by
the inflow of ozone-poor air masses into the analyzed re-
gion from low latitudes of the Atlantic (Figure 3, d, €)
[Marichev et al., 2014]. The ozone concentration began to
increase after January 14, i.e. a week after the SSW maxi-
mum; the increase was likely to be due to the weakening of
the cyclonic cell over Siberia and the increase in geopoten-
tial (Figure 2, 3, f) [Solomonov et al., 2017].

Note that for January 8-18 the ozone observations
and ERA-Interim data at 25 km differ significantly
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(Figure 4, a). This discrepancy can probably be ex-
plained by the fact that the ozone concentrations from
the archive are the result of postprocessing of available
measurements with different kinds of assimilation and
interpolation models, which are not free from some
shortcomings [Dee at al., 2011]. On the other hand, the
error of measurements with the equipment we use does
not exceed 20 %. In this regard, we believe that more
reliable ozone concentrations in this case are those de-
rived from the experiment.

At higher stratospheric layers, the ozone concentra-
tion is largely determined by photochemical processes
[Marichev et al., 2014], and ozone concentration varia-
tions are in antiphase with temperature variations (Fig-
ure 4, b, d). It is evident that from late December to
middle January during SSW the ozone concentration at
40 km increased approximately twofold.

VARIATIONS IN THERMOSPHERIC
AND IONOSPHERIC PARAMETERS

Figure 5 displays the variations in midday f,F2,
TEC, and O/N, derived from experimental data and the
results of model calculations.

Also shown are variations in the solar radio flux at
a wavelength of 10.7 cm (F10.7) and in the geomag-
netic index K.

The results of the model calculations are given with
and without consideration for solar activity variations. Re-
call that days of SSW (January 6) and solar activity (Janu-
ary 11) maxima do not coincide (vertical dashed lines).
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Figure 4. Ozone concentration variations in Tomsk at 25 (a) and 40 km (b) according to the microwave observations (dia-
monds) in comparison with the behavior of the ozone volume mixing ratio from ERA-Interim reanalysis (gray curves). Strato-
spheric temperature variations at 25 (c) and 40 km (d) obtained from lidar measurements are shown by triangles; and those from

MLS Aura data, by gray curves

Solar activity makes a significant contribution to vari-
ations in ionospheric parameters — for all the three values
there is a distinct response to the increase in solar activity
from the beginning of January. We should take note of a
delay in maxima of modeled f,F2, TEC, and O/N, with
respect to solar activity maximum. Unlike the electron
density (1-2 day delay after the F10.7 peak), for O/N, the
delay relative to F10.7 peak is 4 days. Observations do
not allow us to talk about the delay in variations of these
parameters relative to solar activity because of their con-
siderable day-to-day variability after the SSW maximum.

There are also ionospheric parameter variations un-
related to heliophysical conditions. From December 14
to the end of the month under quiet heliophysical condi-
tions, daytime ionospheric electron density and TEC
decreased. Values of F10.7 decreased by less than 10 %
in this period; for f,F2, by ~15 %; and midday TEC de-
creased by more than 40 %. Such a strong decrease in
TEC cannot be fully explained by weak variations in
solar activity.

In the period of interest there were also three pe-
riods of increased geomagnetic activity (K,>3): De-
cember 16-18, January 20-21, and January 25-27.
The f,F2 and TEC variations during these days (a
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noticeable decrease in December 17, January 20 and
25) are likely to be associated with increased geo-
magnetic activity. However, these geomagnetic disturb-
ances were not strong enough to cause the above long-term
and intensive variations in ionospheric parameters.

Note also that if, according to the model calcula-
tions, maximum f,F2 and TEC should have been detect-
ed on January 12-13, i.e. near the solar maximum, the
experimental data do not show such behavior. Both in
Tomsk and in Irkutsk, f,F2 and TEC peaked on January
7-8 and remained high until the end of January, not
following the solar activity decrease. In this case, the
TEC and f,F2 values before and after the SSW maxi-
mum differed more than twice. Similar variations in the
peak electron density were observed in Norilsk during
the SSW events, which occurred from 2006 to 2013
[Yasyukevich, 2018].

Next, we analyze O/N, variations from satellite
measurements and model calculations. Variations in
O/N, significantly affect the F2 layer electron density.
Notice that the model results are obtained for 250 km
height, whereas the GUVI data are column integrated
O/N, ratio. The experimental and model O/N, ratios
are therefore different. We, however, assume that their
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dynamics should be qualitatively the same. We can see
that for O/N, there are variations similar to those rec-
orded for the electron density. From early January, O/N,
increased monotonically due to solar activity variations.
Values of O/N,, according to observations, remained
elevated until the end of January, which is not related to
solar activity changes. This conclusion follows from the
discrepancy between time variations in the observations
and model calculations. Note also that, as for the elec-
tron density and TEC, for O/N, there is a pronounced
negative response to the weak geomagnetic disturbance
of January 26 (K,<4).
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Thus, the ionospheric effects of SSW over Tomsk
and Irkutsk are:

1) a decrease in f,F2 and TEC during the warming
development phase;

2) a long-term, for ~20 days after the SSW maxi-
mum, increase in O/N,, f,F2, and TEC during the recov-
ery phase of the stratospheric circulation.

These electron density variations are associated
with the neutral composition variations, in particular
with the O/N, variations. Available experimental data
on the O/N, behavior during the period of interest
confirm this assumption. Unfortunately, we were un-
able to assess the O/N, behavior in December be-
cause of the lack of satellite measurements at the lati-
tudes under study for this period. Similar variations
in the atomic oxygen density in the thermosphere
during SSW are described in [Shepherd, Shepherd,
2011]; the authors have concluded that the observed
effects are caused by SSW-related adiabatic vertical
motions in the atmosphere.

An increase in the thermospheric temperature during
SSW may also influence the ionospheric electron densi-
ty. The model calculations [Klimenko et al., 2013] have
shown that the temperature rise in the lower thermo-
sphere during the SSW maximum leads to a decrease in
O/N,, which causes a decrease in the electron density at
the F2-layer peak, by analogy with processes occurring
during geomagnetic storms. After the warming maxi-
mum there may occur an equivalent of the after-storm
effect [Klimenko et al., 2017, 2018b] when in the mid-
latitude ionosphere O/N, increases, as well as plasma
may flow from the disturbed equatorial ionosphere
where a significant increase in the electron density is
detected after the SSW maximum [Goncharenko et al.,
2013]. Positive disturbances of O/N, after stratospheric
warmings have been previously discussed using four
SSW as an example [Yasyukevich, 2018]. In this pa-
per, we have examined in more detail the most com-
plex of the four cases, for which it is proved that the
positive disturbances in O/N, after January 13 are not
associated with solar activity variations but are likely
to be a manifestation of variations in the lower at-
mosphere parameters due to SSW.

And finally, we would like to point to a possible
connection between variations in stratospheric ozone,
thermosphere O/N,, f,F2, and TEC. Values of all these
parameters over Tomsk increase for a long time after
the SSW maximum. A similar situation in the low-
latitude stratosphere and ionosphere was discussed in
[Goncharenko et al., 2012 ] for the 2009 major SSW. It
is important to note here that we do not assert that the
stratospheric ozone through a certain process chain in-
fluences the thermospheric composition (which is also
possible), but we merely point to their similar behavior
at midlatitudes during the 2013 SSW. The relationship
between the stratospheric ozone, thermospheric compo-
sition and the ionospheric electron density requires sta-
tistical studies using different experimental datasets and
interpretation based on existing and developed numeri-
cal self-consistent models of the lower, middle, and up-
per atmosphere.
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CONCLUSION

This paper reports the results of observations of var-
ious parameters of the middle and upper atmosphere
over Siberia in December 2012 — January 2013, during a
major SSW event. We have demonstrated significant
changes occurring in various atmospheric layers. The
simulation results allowed us to separate the upper at-
mosphere response to SSW from the response to signifi-
cant solar activity changes during the period of interest.
To the upper atmosphere response to SSW we can as-
sign a decrease in f,F2 and TEC during SSW develop-
ment and a long-term increase in O/N,, f,F2, and TEC
after the SSW maximum. For the first time, we ob-
served a relationship between the increases in the strato-
spheric ozone, thermospheric O/N,, and ionospheric
electron density at midlatitudes over a relatively long
period of time (up to 20 days) after the SSW maximum.

We note that the approach used in this study is not
without some shortcomings because GSM TIP ignores
possible changes in the lower atmosphere due to solar
activity increase. To interpret ionospheric disturbances
during the period of interest more correctly, it is neces-
sary to use a model describing the behavior of the pa-
rameters of the lower and upper atmosphere. In future,
we plan to carry out such a study.
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