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Abstract—The results are presented for studies of turbulent phenomena as a component of the lower iono-
spheric dynamics based on measurement of the characteristics of signals scattered by artificial periodic irreg-
ularities of ionospheric plasma. The experiments were carried out at the SURA heating facility (56.15° N;
46.11° E) in 2015—2019. The method is based on perturbance of the ionosphere with a powerful high-fre-
quency radio emission and the creation of periodic plasma irregularities in the field of a standing wave, which
forms upon the reflection from the ionosphere of a powerful radio wave radiated to the zenith; the irregular-
ities are located with probe radio waves. New data on variations in the parameters of the lower ionosphere are
obtained. The altitude profiles and time dependences of the velocity of turbulent and regular vertical motion
of the medium, the temperature of the neutral component, and variations in the turbopause level are dis-
cussed. It is shown that turbulent motions, along with regular vertical transport, make a large contribution to
the dynamics of the lower ionosphere. The velocity of the turbulent motion of the medium, at several m/s, is
comparable in magnitude with the velocity of the regular vertical motion of the plasma and the neutral com-
ponent. The turbopause level in the altitude interval 88—110 km is subjected to both fast and slow changes.
The wave character of the turbopause level has been revealed.

DOI: 10.1134/50016793221060025

1. INTRODUCTION

The region of the Earth’s atmosphere at altitudes of
60—130 km, including the lower ionosphere, is char-
acterized by extremely developed dynamics deter-
mined by variations in the temperature, density, elec-
tron concentration, horizontal and vertical motions,
and the influence of underlying regions. Atmospheric
waves propagate in this altitude region, and turbulent
phenomena contribute to the mixing of air compo-
nents, ensuring the constancy of the composition up to
the turbopause altitude, at which turbulent mixing of
the components is replaced by the diffusional separa-
tion of gases. Above the turbopause level, ambipolar
diffusion begins to play a decisive role in the transport
processes. The study of this region of the Earth’s atmo-
sphere, its inhomogeneous structure, and its dynamics
is an urgent task in the study of the near-Earth space
and the processes of radiowave propagation.

There are large number of publications on experi-
mental and theoretical studies of the dynamics of the
lower ionosphere. They reflect the results of experi-
ments measuring various parameters of the neutral
and ionized components of the atmosphere at these
altitudes, as well as the results of the solution of a num-
ber of theoretical problems associated in many aspects
with the interpretation of measurements of both regu-
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lar and turbulent parameters of the medium. Various
aspects of experimental and theoretical studies of
the dynamics of the lower ionosphere are consid-
ered in the list of publications, which is far from
complete: (Teptin and Stenin, 1977; Danilov et al.,
1979; Hananyan, 1982, 1985; Kalgin and Danilov,
1993; Hocking, 1983a, b; 1996; Kirkwood 1996;
Holdsworth et al., 2001; Hocking and Roettger, 2001;
J. Fritts and Alexander, 2003; Pokhunkov et al., 2003;
Offermann et al., 2006; Somsikov, 2011; Karpov and
Kshevetsky, 2014; Perminov et al., 2014; Karpov et al.,
2016; Vlasov and Kelley, 2014, 2015; Medvedeva and
Ratovsky, 2017; Borchevkina and Karpov, 2018;
Andreeva et al., 1991; Galedin et al., 1981; Kokin and
Pakhomov, 1986; Schlegel et al., 1977).

The development of new methods and the techni-
cal support of measurements, the appearance of new
instruments, and the permanently increasing role of
digital methods to record data stimulate the study of
dynamic phenomena in the lower ionosphere. This
paper presents some new results of the study of atmo-
spheric dynamics based on the application of a “heat-
ing” method, with disturbance of the ionosphere by
powerful radio emission from the heating facility to
determine many parameters of the medium. Thus, the
goal of this work is to study the dynamics of the Earth’s
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lower ionosphere via the creation of artificial periodic
irregularities (API) of the ionospheric plasma. It is
based on the formation of irregularities during the
reflection from the ionosphere of powerful high-fre-
quency radio emission from the SURA heating facility
(56.15° N; 46.11° E), their location with probe radio
waves, and the measurement of the altitude-time
characteristics of signals scattered by ionospheric
plasma irregularities. Processes to determine many
characteristics of the ionosphere and neutral atmo-
sphere developed based on this method provide infor-
mation on the electron concentration and the velocity
of the vertical regular motion of plasma, the altitudi-
nal-temporal variations in the temperature and den-
sity of the neutral component, the velocities of turbu-
lent motions of the medium and the turbopause level,
and some aeronomic parameters of the D region, and
they make it possible to study the propagation of
atmospheric waves in the lower ionosphere, the for-
mation of sporadic ionization layers, and other natural
phenomena. The paper mainly presents the results of
experiments on the study of the dynamics of the lower
ionosphere performed at the SURA facility in 2015—
2019. If necessary, the results are used, and references
are given to earlier publications on various aspects of
the dynamics of the lower ionosphere.

2. METHOD FOR THE STUDY OF TURBULENT

PHENOMENA IN THE LOWER IONOSPHERE

BASED ON THE FORMATION OF ARTIFICIAL
PERIODIC IRREGULARITIES

The study of ionospheric dynamics at altitudes of
60—120 km, including turbulent phenomena, was car-
ried out via resonant scattering of radio waves by APIs
of the ionospheric plasma. The theoretical outlines of
the method, as well as methods developed on its basis
to determine a large number of parameters of the lower
ionosphere and neutral atmosphere, have been
detailed in publications (Belikovich et al., 1999, 2006;
Bakhmet’eva et al., 1996a, b; 2002; 2005; 2010a, b;
Belikovich et al., 2002; Bakhmetieva et al., 2016a, b;
2017a, b; 2018). In these works and in the list of publi-
cations, the reader will find comprehensive informa-
tion about our researches in this field; therefore, here,
we will give very brief information about the measure-
ment and research methods.

2.1. Formation and Relaxation of Inhomogeneities

The method used to study dynamic phenomena in
the lower ionosphere is based on the formation of peri-
odic irregularities when a powerful radio wave is
reflected from the ionosphere with the formation of a
quasi-periodic structure of the temperature and elec-
tron concentration due to uneven heating of the iono-
spheric plasma, as a result of which a periodic struc-
ture of temperature and electron density appears with
spatial period A equal to half of the length A of power-

GEOMAGNETISM AND AERONOMY  Vol. 61

BAKHMETIEVA et al.

ful radio waves in the plasma (Belikovich et al., 1999;
Belikovich et al., 2002; Kagan et al., 2002). During the
sounding of aninhomogeneous structure with probe
radio waves, they are scattered by plasma inhomoge-
neities. When the condition of backward Bragg scat-
tering is observed, the receiving device receives a sig-
nal, the intensity of which is due to the in-phase sum-
mation of the waves scattered by each inhomogeneity.

The times of the development of inhomogeneities
and their disappearance (relaxation) after the end of
the heating are determined by the composition, den-
sity, and temperature of the atmosphere, the degree of
dissociation and ionization and other ionospheric
processes. In various ionospheric regions, different
processes play a decisive role in the formation and
relaxation of the APIs. For example, it is the tempera-
ture dependence of the coefficient of attachment
(detachment) of electrons to neutral molecules in the
D region; the diffusion redistribution of plasma under
the action of excess pressure of the electron gas in the
E region; and redistribution of the plasma under the
influence of the striction force in the F region
(Belikovich et al., 1999; Belikovich et al., 2002). The
relaxation of inhomogeneities after the end of the
heating in the FE region occurs under the action of
ambipolar diffusion and due to the temperature
dependence of the coefficients of electron detachment
from negative ions in the D region.

To locate periodic irregularities and record the sig-
nal scattered by them, pulsed radio sounding of the
disturbed region with probe radio waves of the same
frequency and polarization is used after the end of
heatingfacility operation at the stage of the irregularity
relaxation. The development of inhomogeneities can
be studied during quasi-continuous heating of the ion-
osphere (Bakhmetieva et al., 2016b). The amplitude 4
and phase @ of the scattered signal are calculated based
on digital recordings of the quadrature components of
the scattered signal with an altitude step of 0.7—1.4 km
and a temporal resolution of 15 s at each altitude. Their
time dependences are then approximated by linear func-
tions of the form In A(?) = In4,—t/1; O(¢) = @, + 4Vt/A.
The relaxation time of the API (the relaxation time of
the signal scattered by inhomogeneities) T is deter-
mined from the decay of the signal amplitude by a fac-
tor of e. The velocity V of the vertical plasma motion,
which at the altitudes of the lower ionosphere is equal
to the velocity of the neutral component (Gershman,
1974), is determined from the phase @ change in time.
Figures 1—3 show the initial measurement data, which
are then used to determine the parameters of the ion-
osphere and neutral atmosphere.

Figure 1 shows the dependence of the scattered sig-
nal amplitude (brightness) on time (abscissa axis) and
altitude (ordinate axis) during observations at 1200—
1700 Moscow time on September 27, 2017. The signals
scattered by inhomogeneities in the D region are seen
at altitudes of 65—80 km; the signals scattered by the
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Fig. 1. Amplitude of the scattered signal in the coordinates: virtual altitude—time of observations on September 27, 2017. At alti-
tudes of 65—80 km, the signals scattered by the API in the D region are seen; at altitudes of 90—130 km, the signals scattered by

the API are seen in the E region.

API in the Eregion are seen at altitudes of 90—130 km.
At an altitude of 90—95 km, a sporadic £ (Es) layer
appears as a thin reflection.

Figure 2 shows the dependence of amplitude (a)
and relaxation time (b) of the scattered signal on time
at three altitudes of 75.6, 99.4, and 110.8 km (the alti-
tudes are shown from bottom to top) for observations
on March 20, 2015. For convenience, the amplitude
scale is shifted for each altitude by 50 dB, and the
relaxation time scale is shifted by 5 s. Each point on
the graphs corresponds to the amplitude and relax-
ation time averaged over 1 min (four measurements
every 15 s). One can see an increase in the signal
amplitude and a decrease, on average, in the relax-
ation time with increasing altitude. The scatter in the
values of T and their increase at certain time moments
at 1200—1400 is due to the appearance of a sporadic F
layer, which formed directly above the observation
point at an altitude of 90—95 km and was recorded by
an ionosonde.

The altitude profiles of the API amplitude and
relaxation time are obtained during each 15-s record-
ing of the scattered signal; typical examples are shown
in Fig. 3. Each panel of Fig. 3 shows the altitude pro-
files of amplitude A (right curves) and relaxation time
T (left curves) measured at 1330 (Fig. 1a) and at 1445
(Fig. 1b) during observations on September 27, 2017,
with averaging over a time interval of 15 min (curve
with dots). Each altitude region of changes in the
characteristics of the scattered signal is due to different

GEOMAGNETISM AND AERONOMY Vol. 61 No. 6

ionospheric processes. For example, the law of relax-
ation under the influence of ambipolar diffusion cor-
responds to an altitude interval h of ~95—130 km. The
relaxation times in this range are in good agreement
with the diffusion dependence t(4). Below 95 km,
atmospheric turbulence begins to affect, and the relax-
ation time of the scattered signal decreases in compar-
ison with the characteristic diffusion time. At altitudes
of 80—85 km, the amplitude of the scattered signal
approaches the level of natural noise, and the change
in the amplitude and relaxation time with altitude in
the lower part of the D region is in complete accor-
dance with the temperature dependence of the coeffi-
cient of electron detachment from negative ions
(Belikovich et al., 1999; Belikovich et al., 2002).

The methods to determine many characteristics of
the ionosphere and neutral atmosphere from the alti-
tude dependence of the API relaxation time have been
detailed (Belikovich et al., 1999; Belikovich et al.,
2002; Tolmacheva et al., 2013, 2015; Bakhmetieva
et al., 2018). Here, we will focus only on those that
were used in this work.

2.2. Determination of the Temperature
of the Neutral Component and the Velocity
of Regular Vertical Plasma Motion

At altitudes without manifestation of the influence
of atmospheric turbulence, the relaxation of inhomo-
geneities in the F region is due to ambipolar diffusion
with a characteristic time
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Fig. 2. Amplitude (a) and relaxation time (b) of the scattered signal at altitudes of 75.6, 99.4, and 110.8 km (from bottom to top)
during observations on March 20, 2015. For convenience, the amplitude scale is shifted at each altitude by 50 dB, and the time

scale is shifted by 5 s.

1 Mlvlm
TKD k(T + T)K>

where ky is the Boltzmann constant; K = 4m/A is the
wave number of standing wave; A = Ay/n is the length
of the powerful and probe radio waves in the medium;
n is the refraction coefficient; D is the coefficient of
ambipolar diffusion; M; is molecular mass of ions; 7,
and T}, are undisturbed electron and ion temperatures;
and v,, is the frequency of ion collision with neutral
molecules. The methods to determine the electron
concentration N, temperature 7, and density p of the
neutral component of the turbulent motion in the
medium, the masses of dominating ions in the spo-
radic layer E (FEs) are based on expression (1)
(Belikovich et al., 1999; Bakhmetieva et al., 2005,
2010; Belikovich et al., 2002). In the absence of the Es
layer and turbulence, the altitude dependence of the
API relaxation time T(4) corresponds to the diffusion
approximation. Estimates have shown that the error in
the temperature determination measurements with
the API method does not exceed 10%.

The velocity of the vertical motion of the medium
in the lower ionosphere is determined based on the
fact that the plasma at altitudes of 50—120 km is a pas-
sive admixture and is carried away by the motion of the
neutral gas. The velocity of regular vertical plasma
motion Vis directly determined from measurements of
the phase of the scattered signal as

_Ado_ ¢ Ag
CAmdr  Anfa At

where A and fare the length and frequency of the pow-
erful and probe radio waves and # is the refraction
index. Positive velocity values correspond to down-

(1)

()
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ward motion. Belikovich et al. (1999, 2002) substanti-
ated the estimate of the possible systematic error in the
determination of V. Under normal ionospheric condi-
tions, this error does not exceed AV = 0.05 m/s for the
extraordinary component of the probe wave, which we
used to form and locate the API.

2.2. Determination of the Velocity of Turbulent Motion
and the Turbopause Altitude

Even the first ionosphere experiments with the API
method noted that the dependence of the relaxation
time on the altitude of the E region does not corre-
spond to the diffusion mechanism of inhomogeneity
relaxation at all altitudes. It later became clear that this
occurs in the region of the influence of turbulent dif-
fusion. Figure 3 shows the influence of atmospheric
turbulence on the relaxation time of the scattered sig-
nal. As seen from Fig. 3, the relaxation time first
smoothly decreases with decreasing altitude and then,
below a certain altitude, the decrease becomes more
rapid. This occurs because inhomogeneities disappear
(are destroyed) at altitudes below the turbopause level
under the action of both ambipolar and turbulent dif-
fusion. It is clear that the vortex motions caused by
turbulence should affect the characteristics of the scat-
tered signal, since they violate the ordered structure of
inhomogeneities. They lead to dephasing of the signals
scattered by different parts of the scattering volume,
which naturally causes a decrease in the amplitude of
the received signal and broadening of its angular spec-
trum. In this case, inhomogeneity relaxation occurs
faster than under the action of ambipolar diffusion,
and the relaxation time of the scattered signal
decreases in comparison with the diffusion time. In
the example shown in Fig. 3, atmospheric turbulence
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begins to affect API relaxation below an altitude of
92—95 km. The relaxation times up to this altitude cor-
respond to the diffusion dependence, but they become
notably smaller than the diffusion values below the
turbopause level 4,.

The potential to determine the turbulent velocity
was theoretically considered in the literature (Belikov-
ich and Benediktov, 1995; Belikovich et al., 1999;
Belikovich et al., 2002), where the problem of the
influence of the atmospheric turbulence on the ampli-
tude and relaxation time of the API scattered signal
has been solved in the approximation of the “frozen”
velocity field of turbulent motions, distortion of the
periodic structure only by the field of the vertical com-
ponent of turbulent velocity (in the case of anisotropic
turbulence), and some other assumptions. As a result,
an expression was obtained for the amplitude of the
signal scattered by the entire volume of inhomogene-
ities, which turned out to be dependent on the distri-
bution density of the turbulent velocity V,. Without
dwelling on cumbersome mathematical calculations,
we note that the simplest expression for the amplitude
of the scattered signal is obtained if we assume the
Cauchy distribution:

A = Ayl + 1, /1) expl—(1/t, +2/t )1,  (3)

where, T,is the time of diffusion, and 7, is the time due
to turbulent diffusion. In this expression for the ampli-
tude of the scattered signal, its relaxation time T, which
is determined from the decrease in the measured
amplitude signal by a factor of e, is described by for-

mulat' = (1, + \/E’C;I) , and the turbulent velocity is
given by the expression

V,=(Kt)" =@ - 1)/V2K. (4)

In this case, the measured relaxation time above the
turbopause level is determined by ambipolar diffusion.

Figure 4 explains further steps to find the value of
V, from the altitudinal dependence of the relaxation
time of the scattered signal. The diffusion dependence
T,(h) found from measurements of the amplitude
above the turbopause level is extrapolated to lower
altitudes 4 < h,. As a result, the altitude dependence of
the diffusion relaxation time t,(4) below the turbo-
pause level is found, and the value of T, at each altitude
is determined; the value of T is determined from the
results of a decrease in the measured amplitude by a fac-
tor of e, and the value of the turbulent velocity V; is found
from formula (4) (Belikovich and Benediktov, 1995;
Bakhmet’eva et al., 1996a; Belikovich et al., 1999;
Belikovich et al., 2002; Bakhmetieva et al., 2018).

In order to eliminate the error in the determination
of the turbulent velocity due to extrapolation of the
altitude profile of the relaxation time to the altitudes
below the turbopause level, the experiment uses the
method of API formation at two different frequencies,
i.e., with different spatial scales (Belikovich et al.,
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Fig. 3. Altitude profiles of amplitude A4 (right curves) on
each panel and relaxation time T (left curves) at each min-
ute in sessions 1330—1345 (a) and 1445—1500 (b) during
observations on September 27, 2017. Black curves with dots
correspond to the averaged profiles 4 and T over a time
interval of 15 min.

2006; Bakhmet’eva et al., 2008). With this method,
the electron concentration is determined from the
ratio of the inhomogeneityrelaxation times at two fre-
quencies, and the turbulent velocity and the ambipolar
diffusion coefficient can be found independently of
each other, as a result of which there is no need to
extrapolate the T,(4) dependence to altitudes below
the turbopause level (Bakhmetieva et al., 2018). In this
case, inhomogeneities are formed alternately at two
different frequencies f; and f,, and the relaxation times
of the scattered signal T, and T, are determined for each
of the frequencies. The error in the determination of
the turbulent velocity with this method does not
exceed a few cm/s.
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Fig. 4. Altitude dependence of the scattered signal ampli-
tude on October 6, 2016: an example of the influence of
atmospheric turbulence. The dotted line shows the depen-
dence of the amplitude on the altitude in the case of the
influence of ambipolar diffusion on the amplitude of the
scattered signal at the API relaxation stage.

It is also clear from Fig. 4 where the turbopause
level is located. Without going into detail on the dis-
cussion of different definitions of the turbopause alti-
tude (Lehmacher et al., 2011; Offerman et al., 2006;
Tolmacheva et al., 2019), we note that there is every
reason to consider the turbopause altitude location at
level h,, below which turbulent diffusion begins to
affect the relaxation time of the signal scattered by
artificial periodic irregularities. This was confirmed in
long-term experiments on the ionosphere with the
API method. In the examples shown in Fig. 3 and Fig. 4,
the effect of turbulence begins below 90—100 km and,
obviously, the turbopause level is close to this altitude.

3. RESULTS OF THE DETERMINATION
OF TURBULENCE PARAMETERS

The paper presents the results of the processing of
a large array of measurement data of the amplitudes of
signals scattered by inhomogeneities and presents the
results of the determination of the velocity of turbulent
motion of the medium at altitudes below the turbo-
pause level. For the selected sessions of amplitude
measurements, the altitude dependence of the relax-
ation time was relatively smooth and did not contain
signs of the influence of the sporadic E layer, which is
expressed by a local increase in the relaxation time at
the altitudes of the Es layer (Bakhmet’eva et al., 2005,
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2010a). The time period of study was from 2015 to
2019. Due to technical reasons, the experiments were
carried out mainly in the autumn—summer period. To
determine the magnitude of the turbulent velocity, we
used the results of measurements of the amplitude of the
signal scattered by the API in 2015 (August 12 and 13),
2016 (September 27 and 30), 2017 (August 9, Septem-
ber 26 and 28), 2018 (from September 25 to 28), and
2019 (September 11).

3. 1. Turbulent Velocity

The experimentally determined relaxation time T at
each altitude was found from the altitude profile of the
scattered signal amplitude, and the diffusion time 1,
was found from the curve of extrapolation of the diffu-
sion dependence to the altitudes below the turbopause
level. The turbulent velocity V, was then calculated
with formula (4). Figure 5 shows examples of the V,
velocity profiles obtained with this method for experi-
ments carried out in August—September in different
years. Here, the values of the turbulent velocity were
calculated from the values of the relaxation time aver-
aged over every 2 min. A common feature in the alti-
tude profiles is an increase in turbulent velocity with a
decrease in altitude from almost zero values at the tur-
bopause level to several m/s at altitudes of 80—86 km,
i.e., in fact, at the altitudes of the mesopause. Along
with smooth V, profiles, profiles that have a two-stage
or irregular character of velocity variation with altitude
are always observed.

The results of the determination of the turbulent
velocity for three days of observations are accumulated
in Fig. 6 in the form of a “cloud of dots,” namely, from
1800 to 1900 Moscow time on August 12, 2015, from
1700 to 1800 on September 28, 2017, and from 1245 to
1545 on September 28, 2018. As a rule, each point on the
graphs was obtained via averaging of the relaxation time
of the scattered signal over a time interval of 5 min.

Let us focus on some features of the altitudinal-
temporal variations of the turbulent velocity. First, the
variability of the speed over time is manifested in Fig. 6 as
a scatter of its values at each altitude. The maximum
scatter was of the order of AV, =5 m/s at an altitude of
95 km during observations on August 12, 2015. The max-
imum value of the velocity at this altitude was 6 m/s. In
the observations of September 28, 2017, and Septem-
ber 28, 2018, the maximum AV, scatter ranged from
1.5 m/sto 2.2 m/s at altitudes of 90—93 km. The max-
imum values of turbulent velocity V;, = 2.2—4.5 m/s
were obtained at altitudes of 82—85 km, i.e., at the alti-
tudes of the mesopause. Second, wavelike changes in
the turbulent velocity with altitude with a period
(scale) of several km were observed in many sessions.
Third, the turbulent velocity is comparable in magni-
tude with the velocity of the vertical regular motion of
plasma, which is equal to the velocity of the neutral
component. Fourth, the turbulent velocity increased
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Fig. 5. Typical altitude profiles of the turbulent velocity obtained from the relaxation time averaged over 2 min during individual
observation sessions. Both relatively smooth dependences V,(4) with a smooth increase in velocity with distancing altitude from

the turbopause level and profiles with an irregular change in V() are presented.

to 10—15 m/s in some cases at the lower boundary of
the investigated interval. These V, values seem to be
unrealistic, and the reason for their appearance has
not yet been revealed. They were excluded from the
analysis and are not presented on the graphs. For com-
parison, we note that Holdsworth et al. (2001)
obtained turbulent velocities of up to 6 m/s at an alti-
tude of 95 km from measurements of the Buckland
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Park MF radar (mid frequency radar of the partial
reflection installation). In general, the determination
of the turbulentmotion velocity from measurements of
the characteristics of signals scattered by artificial
periodic inhomogeneities showed that turbulent
motions, along with regular vertical transport, make a
large contribution to the dynamics of the lower iono-
sphere and should be taken into account in the mea-
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Fig. 6. Dependences of turbulent velocities on altitude (“clouds of dots”) plotted for three days of observations on August 12,
2015, September 28, 2017, and September 28, 2018 at altitudes below the turbopause level.

surement of the parameters of the neutral component

in this altitude range.

3.2. Altitude of the Turbopause

The decrease in the amplitude of the scattered sig-
nal under the influence of the atmospheric turbulence
begins at the turbopause level. Tolmacheva et al.
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(2015) presented and discussed the first results of the
determination of the turbopause level based on the
study of the ionosphere with the API formation
method in 2007—2014. A detailed analysis of the alti-
tude profiles of the relaxation time obtained in these
experiments showed that the minimum possible alti-
tude to determine the parameters of the neutral atmo-
sphere (temperature and density) with this method
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can be considered a marker of the turbopause level.
According to the observational data given by Tol-
macheva et al. (2015), it was concluded that the aver-
age level of the turbopause was 99—102 km in the
autumn season. In the evening hours, this border
tended to decrease to 94 km. The turbopause level
generally varied in an altitude range of 94—106 km. Its
variations often had a wavelike component with peri-
ods from 10—15 to 30—40 min. It was also concluded
that the region with turbulence can increase to 110 km
under conditions of developed convective instability,
with a significant increase in temperature.

These conclusions are generally confirmed by the
results of new experiments performed at the SURA
facility in 2015—2019. Figure 7 shows examples of time
variations in the turbopause level /4, based on observa-
tions in the daytime hours of October 27, 2018, Octo-
ber 26, 2018, and October 28, 2017. Each dot in Fig. 7
corresponds to averaging of the relaxation time over
5 min. Data on other days of observations in the spec-
ified time period were given earlier (Bakhmet’eva
et al., 2020; Bakhmetieva et al., 2019). It generally fol-
lows from the results that the turbopause level /4, can vary
in a fairly wide range of altitudes from 88 to 110 km. This
means that the minimum turbopause level can
decrease to altitudes close to the mesopause. Return-
ing to Fig. 6, we note that the turbopause level in the pre-
vious examples was in the altitude interval 95—103 km on
August 12, 2015, in the interval 97—103 km on Sep-
tember 28, 2017, and in the 97—100 km interval on
September 28, 2018.

Data on the turbopause altitude presented by Hall
et al. (2016) based on observations with a meteor radar
at a latitude of 52° N indicate that this altitude varied
from 95 to 107 km during the year, with an increase in
individual values to 110 km.

The variability in the turbopause level over time
and the wavelike nature of variations is a common fea-
ture in the turbopause level on these and other days.
The dashed line in Fig. 7 shows a polynomial trend of
the sixth order (approximation of the temporal depen-
dence by a polynomial of the sixth degree, which is most
suitable for the given conditions). Along with compara-
tively fast variations with a period of 5—15 min, longer
variations are noted: from 30 min to several hours.
However, we note that the nature of the change in the
turbopause level of in time is different under condi-
tions that are similar in geomagnetic and solar activity
on days close to the autumn equinox. In this relation,
the example of October 28, 2017, is especially interest-
ing, which shows that the turbopause level experiences
oscillations that increase in amplitude with a predom-
inant period of 25—30 min. These fluctuations are
superimposed on the faster /4, variations. Similar fluc-
tuations in the turbopause level were also observed on
October 27, 2017 (Fig. 11b in Bakhmetieva et al.,
2020). The present results, together with the results of
Tolmacheva et al. (2015) and Bakhmetyeva et al.
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(2020), indicate that such wavelike variations in the
turbopause level are caused by the propagation of
internal gravity waves (IGWs) through the mesosphere
and lower thermosphere. In addition, Tolmacheva
et al. (2013) analyzed the effect of convective instabil-
ity on variations in the turbopause level, and it was
noted that an increase in 4, to an altitude of 110 km was
observed during a significant increase in the tempera-
ture of the neutral component.

4. VARIATIONS IN TEMPERATURE
AND VERTICAL VELOCITY

Vertical motions in the lower ionosphere are one of
the main components of atmospheric dynamics. Mea-
surement of the phase of the signal scattered by irreg-
ularities allows direct measurements of the vertical
transfer rate. Digital recording of the scattered signal
quadrature components allows the recording of fast
fluctuations of the vertical velocity. The results of
measurements of the rate of vertical transport with the
API method in different years under different iono-
spheric conditions and natural phenomena were pre-
sented in the literature (Belikovich et al., 1999; Belikov-
ich et al., 2002; Bakhmet’eva et al., 1996b, 2010a, 2016,
2017). The monthly average values of the velocity were
~1 m/s at altitudes below 100 km and increased to
5 m/s with an increase in altitude. It should be noted
that the existing models of the circulation of the mid-
dle atmosphere at altitudes of 80—100 km result in
average values of the velocities of vertical motions of
only up to several cm/s ([zmereniye ..., 1978; Karimov,
1983). The vertical motions in the lower ionosphere
are characterized by rapid time variations in the mag-
nitude and direction of the velocity within 15 s, i.e.,
during one measurement. The velocities at certain
time moments can be as high as 10 m/s or more during
one measurement, and the velocities averaged over a
5-min time interval, as a rule, vary from —5 to +5 m/s.
As a result of many years of research, the authors of this
work concluded that relatively large vertical velocities are
caused by wave motions in the atmosphere. As shown by
Belikovich et al. (1999), IGWs can contribute to varia-
tions in the vertical velocity up to 10—12 m/s. During the
analysis of the temporal dependence of the vertical
velocity, wave motions with a period from 5—10 min to
4—5 h were found. The period (scale) of waves over
altitude was 5—25 km (Bakhmet’eva et al., 1996b,
2010a, 2016, 2017; Belikovich et al., 1999; Belikovich
et al., 2002; Bakhmetieva et al., 2018). The periods of
the waves contributing to the velocity variations corre-
spond to the periods of IGWs (Hines, 1975; Karimoyv,
1983; Brunelli and Namgaladze, 1988; Grigoriev, 1999;
Fritts and Alexander 2003; Somsikov, 2011; Karpov
et al., 2016; Borchevkina and Karpov, 2018).

To study the relationship between the temperature
variations of the neutral component 7'and the velocity
of regular vertical motion of the medium V at altitudes
of 85—120 km, both parameters were determined
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Fig. 7. Variations in time of the turbopause level for three days of observations on October 27, 2017, October 28, 2017, and October
26, 2018. Each point on the graphs was obtained from the relaxation time values averaged over 5-min intervals at each altitude. The
dotted line shows the 6-h order polynomial trend (approximation of the time dependence with the 6-h order polynomial, which

is most suitable under the given conditions).

simultaneously from measurements of the amplitude
and phase of the signal scattered by inhomogeneities.
Note that this problem was considered, in particular,
by Tolmacheva et al. (2013) based on temperature and
velocity measurements in experiments in September
2010 and September—October 2014. As a result, the
following main features were identified in a compari-
son of the altitude profiles of the temperature 7 and
velocity V: (a) a local temperature maximum was
observed at the same altitude as the maximum of the
absolute value of velocity, or, on the contrary, a mini-
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mum of the absolute value of velocity was noted at the
altitude of the local temperature maximum,; (b) in the
presence of a superadiabatic temperature gradient,
convective instability was observed above the turbo-
pause level; (¢) undulating changes were almost always
found in the altitude profiles of T"and V.

The results of the determination of the neutral-
component temperature in different ionospheric con-
ditions were given in the literature (Belikovich et al.,
1999; Bakhmetieva et al., 2010b, 2020; Tolmacheva
et al., 2013; Bakhmetieva et al., 2013, 2019; Tolmacheva
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Fig. 8. Altitude profiles of the temperature of the neutral component (points, lower scale) and the velocity of vertical motion (cir-
cles, upper scale) during six consecutive sessions from 1100 to 1200 (observations on October 25, 2018). Each graph was obtained

via averaging of the data over a 10-min interval.

et al., 2013, 2015). In this paper, we supplement these
results with new information. Figure 8 shows the alti-
tude profiles of the neutral-component temperature
and the velocity of the vertical motion of medium
during six successive sessions of observations from
1100 to 1200 on October 25, 2018. Each graph was
obtained via averaging of the temperature and velocity
values over a 10-min interval with a step in altitude of
1.4 km. With a few exceptions, the temperature in the
altitude interval 90—120 km varied from 100 to 250 K.
It sometimes dropped to 50 K, which is not confirmed
by the results of measurements by other methods and
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has not yet found an explanation. Figure 8 shows irreg-
ular altitude variations in the temperature and undu-
lating variations in vertical velocity. Positive speed val-
ues are related to downward motion. The predominant
scale (period) in altitude was 5—15 km. The velocity
changes sign with altitude almost on all panels of Fig. 8 at
an altitude of ~105 km; hence, the direction changes
from upward motion of the medium to downward
motion. There are two important points to note. First,
when the velocity changes sign as it crosses the zero
value such that ascending motions are replaced by
descending ones (this takes place at an altitude of 102—
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Fig. 9. Temporal dependence of the velocity of vertical motion at an altitude of 100 km (a) and 105 km (b) during observations on
October 25, 2018. Each point on the graphs was obtained via averaging of the velocity values over 5 min. The dashed curve was
obtained with the running-average method over an interval of 40 min (8 points) in order to smooth out fluctuations of smaller

periods.

105 km in almost every panel of the given figure), con-
ditions are formed for redistribution of positive metal
ions and, accordingly, the redistribution of electrons
in an inhomogeneous velocity field and the formation
of a sporadic E layer (£s). According to the results of
observations, this altitude (the transition of the veloc-
ity through the zero value) corresponds, as a rule, to
the altitude of the maximum of sporadic E layer. This
indicates that the Es layer forms directly above the
observation point as a result of the redistribution of
charged particles in the Earth’s magnetic field accord-
ing to the theory of wind shear (Axford and Cunnold,
1996; Gershman, 1974; Gershman et al., 1976; White-
head, 1961; Mathews, 1998). The existence of the spo-
radic E layer is confirmed by data from the CADI ion-
osonde located at the observation point near the
SURA facility and is also clearly seen in the records of
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the scattered signal amplitude, which is similar to that
shown in Fig. 1. The Es layer causes the appearance of
local maxima on the altitude profiles of the amplitude
due to an increase in the electron concentration and
relaxation time caused by the proportionality of the
latter to the mass of ions, which in the sporadic £ layer
are represented by positive ions, often heavy ions of
iron and calcium (Bakhmet’eva et al., 2005, 2010a).
Second, the question of the probable correlation of the
temperature and vertical velocity at the same altitude
turned out to be difficult to interpret, which was par-
tially considered by Tolmacheva et al. (2013). For exam-
ple, Fig. 8 shows that the temperature and velocity
change “in phase” in the altitude interval 100—120 km
in sessions starting at 1120 and partially at 1130, i.e.,
the temperature maximum is reached at the same alti-
tude as the maximum of the absolute value of velocity,
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Fig. 10. Temporal dependence of the temperature (points) and velocity of vertical motion of the medium (circles) at an altitude
of 105 km (a) and 112 km (b) based on observations on August, 9, 2017.

while they are in the “opposite phase” in all other
cases. In this case, the vertical velocity, as a rule, con-
stantly changes its direction. The event is somewhat
different in the altitude range of 90—100 km. In this
altitude range, the changes in temperature and veloc-
ity are in the “opposite phase,” except for the 1130 ses-
sion. There is no doubt that such changes in the alti-
tude profiles of T"and V, which go beyond the mea-
surement errors, are an objective reflection of the
processes occurring at the altitudes of the mesosphere
and lower thermosphere. However, it is not yet clear
which atmospheric processes cause such features of
the altitude profiles of temperature and velocity:
atmospheric waves, heat transfer by thermal diffusion,
or heating due to turbulence dissipation. In our opin-
ion, it may be important to take into account the fast
turbulence of the neutral component. Rapid variations
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were noted even in the first experiments on the iono-
sphere with the API method and digital recording of
the amplitude and phase of the scattered signal with a
time resolution of 15 s. They naturally manifest them-
selves in the characteristics of the ionosphere and the
neutral atmosphere, which are determined based on
these records. Belikovich et al. (1999) and Bakhmetieva
et al. (2020) gave examples of the dependence of the
turbulent velocity on time, as measured with a time
resolution of 15 s and averaged over each minute, in
which fast 15-s and 1-min variations are clearly seen.
In our opinion, the fast turbulence is caused by the
scattering of probe radio waves by natural D-region
inhomogeneities (called partial reflections), which, as
a rule, occupy an altitude range of 60—90 km. They
also contribute to the value of the turbulent velocity V..
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Such profiles of temperature and velocity were dis-
cussed earlier (Bakhmetyeva et al., 2010b, 2017; Tol-
macheva et al., 2013; Tolmacheva et al., 2013). The
altitude profiles of temperature 7(/4) with a negative alti-
tude gradient and the subsequent development of the
temperature and density perturbations of the neutral
component are presented in the literature (Tolmacheva
etal., 2013; Bakhmetieva et al., 2017b; Tolmacheva et al.,
2019). Tolmacheva et al. (2013) showed that the insta-
bility of the medium plays an important role in tem-
perature variations. In the approximation of a linear
altitude dependence of temperature, the observing
condition d7/dh < —(10—12 K/km) is a sufficient con-
dition for the development of instability. The exci-
tation of IGWs of different periods and associated
instabilities should lead to turbulization of the
medium, which manifests itself in the parameters of
the signal scattered by inhomogeneities. The argument
in favor of an increase in the level of medium turbuli-
zation is the existence of the turbulent velocities given
above, which are relatively large (up to 5—10 m/s).
Tolmacheva et al. (2013) concluded based on an anal-
ysis of a large volume of altitudinal-temporal depen-
dences of temperature and velocity that convective
instabilities can be observed when IGWs propagate
above 100 km; this ensures energy transfer from the
turbulent region to the lower thermosphere.

Figure 9 shows the temporal dependence of the
velocity of vertical motion at an altitude of 100 km (a)
and 105 km (b) during observations on October 25,
2018. The remaining altitudes are not shown to sim-
plify the figure. Each point on the graph was obtained
via averaging of the velocity values over 5 min. The
dashed curve was formed via running averaging over
an interval of 40 min (eight points) in order to smooth
out fluctuations of smaller periods. An irregular
change in the direction of the velocity in time with
quasiperiodic variations is noted. Scatter of the veloc-
ity values during adjacent 5-min measurements was
found at some time moments and reached 5—7 m/s,
while averaging neutralizes a more significant scatter
of instantaneous values (in one dimension). The
period of undulating variations increases with altitude,
which is typical for IGWs (Gossard and Hook, 1978;
Fritts and Alexander, 2003).

Figure 10 shows the temporal dependence of the
temperature (dots) and velocity of vertical motion of
the medium (circles) at an altitude of 105 km (Fig. 1a)
and 112 km (Fig. 1b) based on the observations on
August 9, 2017. As for the altitude profiles, both the
correlation and anticorrelation of time variations of
these values are found at both altitudes. A limited
number of temperatures were measured at an altitude
of 112 km due to violation of the diffusion approxima-
tion of the altitude dependence of the relaxation time.
At this altitude, which is anomalously large in our
opinion, the values of 7 were also measured. There is
no doubt about the influence of the propagation of
atmospheric waves on the temperature and velocity of
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the medium propagation. The periods of waves and
their contribution to the changes in temperature and
vertical velocity, as well as their manifestation in varia-
tions in the velocities of turbulent motions and varia-
tions in the turbopause level, correspond to the param-
eters of IGWs (Hines, 1975; Karimov, 1983; Brunelli
and Namgaladze, 1988; Grigoriev, 1999; Fritts and
Alexander, 2003; Somsikov, 2011; Karpov et al., 2016;
Borchevkina and Karpov, 2018).

7. CONCLUSIONS

The paper presents new results from the study of
atmospheric dynamics, which supplement the previ-
ous information on the turbulence and dynamics of
the lower ionosphere. The velocity of the vertical reg-
ular motion of plasma, the turbopause level, the veloc-
ity of turbulent motions, and the temperature of the
neutral component were determined from measure-
ments of the amplitude and phase of the signal scat-
tered by APIs based on an analysis of their altitudinal-
temporal dependences. The high temporal resolution
of the method applied here made it possible to study
fast temporal variations in the parameters. It follows
from the results presented in the work that the velocities
of turbulent motions, which amount to several m/s, are
comparable in magnitude with the velocity of the ver-
tical regular motion of the plasma and the neutral
component. The turbopause level in the altitude inter-
val 88—110 km is subjected to both fast and slow
changes. The wave character of the turbopause level
has been noted. This result is important for the
dynamics of the lower ionosphere from the point of
view of the study of atmospheric wave processes. Note
that turbulent and regular motions are easily distin-
guished by the measured phase of the scattered signal,
which has a “chaotic” character of change in the case
of turbulence. The altitudinal-temporal variations of
the parameters of the neutral component have con-
vincingly demonstrated the significant influence of
wave processes on them. Changes in parameters over
time occur with a frequency characteristic of IGWs.
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