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Abstract

In this paper, we present the results of a special experimental study of quiet-time behavior of the mid-latitude ionosphere over Eastern
Europe by synchronously operation of different ground-based facilities. For the first time we used data obtained from Kharkiv incoher-
ent scatter (IS) radar, ionosonde and coherent Doppler HF sounding system to detect and investigate traveling ionospheric disturbances
(TIDs). The periods close to winter solstice and autumn equinox in 2018 were analyzed. The dominant periods and horizontal phase
velocities of registered TIDs were 45-80 min and 230-460 m s !, respectively. The strongest signatures were observed in the solstice mea-
surement and represented by large amplitudes. Based on results obtained by all three methods, we found the LS TIDs with the same
interval of time and altitude of propagation and similar characteristics (the period of about 50 min, estimated vertical 80 m/s and hor-
izontal 460 m/s velocity and horizontal spatial scale size about 1360 km) for winter measurement. Such observational findings confirm
the reliability of these TID detection techniques. Possible sources of TIDs generation were considered including solar terminator.
© 2024 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction form. These oscillations are commonly referred to as trav-
eling ionospheric disturbances (TIDs). Daytime TIDs are

The wave mechanism is one of the effective mechanisms  the manifestations of acoustic-gravity waves (AGWs)

of coupling between the layers of the atmosphere. It is gen-
erally accepted to highlight a group of oscillations that may
propagate over considerable distances without changing its
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(Hines, 1960; Fritts et al., 2018; Nishimura et al., 2020;
Zawdie et al., 2022), while nighttime TIDs may be a non-
AGWs related (Medvedev et al., 2017). For several
decades, such wave heterogeneities were studied both
experimentally and theoretically (Hocke and Schlegel,
1996; Belehaki et al., 2020; Tsagouri et al., 2023). TIDs
at mid-latitudes have been observed in several longitudinal
sectors and with different observational techniques, such as
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high-frequency (HF) Doppler sounders, ionosondes, inco-
herent scatter (IS) radars, optical techniques and GPS-
networks, etc. (Waldock and Jones, 1986; Shiokawa,
et al., 2003; Bowman, 1990; Ogawa et al., 2009). The TIDs
tracking is very important because they affect all services
that rely on predictable ionospheric conditions for radio
wave propagation. TIDs are often divided into three
classes: small-scale (SS), medium-scale (MS) and large-
scale (LS) TIDs. SS disturbances have periods 7T of several
minutes, horizontal wavelengths A,, of 10-100 km and hor-
izontal phase velocities V), of several dozen meters per sec-
ond. MS TIDs has typical A, of several hundred
kilometers, V, of 100-250m/s, and T of 15-60 min,
whereas LSTIDs characterized by A, of more than
1000 km, V;, = (400-1000)m/s and T = (60-180)min
(Hocke and Schlegel, 1996).

Interest in these types of disturbances has grown
because their sources could be different and mechanisms
of generation are still not completely explained. One of
the regular sources of quiet-time TIDs is the solar termina-
tor (ST) (Somsikov, 2011). This is due to sharp changes in
atmospheric parameters such as temperature, pressure and
electron concentration at a given height. Auroral processes
and geomagnetic storms are the most important sources
which generate wave packets and can lead to significant
regional or even global changes in the ionosphere
(Hunsucker, 1982; Lyons et al., 2019; Lyons et al., 2021),
as well as variety of strong irregular meteorological events,
tsunamis, typhoons, tropical cyclones, earthquakes, solar
eclipses (Suzuki et al., 2013; Azeem et al., 2015; Nenovski
et al., 2010; Vadas et al., 2015). Some authors state that
MSTIDs may be observed during all days, seasons, and
geomagnetic conditions, whereas LSTIDs are related to
geomagnetic storms and substorms. Our previous study
(Aksonova and Panasenko, 2020) refuted such conclusions.
The LSTIDs were found to occur in both the magnetically
quiet and disturbed days. Despite the progress made in the
reconstruction of the ionospheric wave structures, determi-
nation and prediction of their parameters remains a chal-
lenging problem.

In this paper, we analyze measurements from multipoint
HF Doppler ionospheric sounding facility, Kharkiv inco-
herent scatter (IS) radar and an ionosonde to observe TIDs
during characteristic geophysical periods (experiments
were carried out near the autumnal equinox and winter sol-
stice 2018). This is the first-time report of such synchronous
measurements of TID parameters over Ukraine region.

The simultaneous use of several methods of remote
sounding of the ionosphere expands the possibilities for
studying the characteristics of AGWs/TIDs. Determina-
tion of space-time structures that extend at ionospheric
heights, elucidation of their causes and time of occurrence,
perturbation strength, the speed and direction of propaga-
tion, according to the data of only one radio-physical
instrument, is often difficult or impossible. Joint analysis
of data from several tools significantly improves the situa-
tion. The paper aims to illustrate the possibilities of com-
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bined diagnostics of TIDs over the Ukraine using the IS
radar, ionosonde, and coherent Doppler HF sounding
system.

2. Scheme of experiment
2.1. Kharkiv incoherent scatter radar

One of the facilities involved in this work is the Kharkiv
IS radar. The IS technique is one of the most efficient
ground-based radio-physical methods to investigate the
ionosphere and to study TID characteristics. Kharkiv IS
radar is located at the observatory of the Institute of Iono-
sphere (Domnin et al., 2014). The geographic coordinates
are 49.6°N, 36.3°E. It is the only instrument that uses the
method of incoherent scattering to study the state of the
ionosphere over mid-latitude Europe. The radar operates
with 100-m zenith pointing parabolic antenna and signals
with circular polarization to avoid Faraday fading IS
echoes. The operating frequency is about 158 MHz. The
measurements were carried out by two radio pulses of long
(663 ps) and short (135 ps) durations. The height resolution
is 20 km for variations in the received signal power 6P and
approximately 100 km for plasma temperatures. The inves-
tigated altitude range is from 100 to 1500 km.

2.2. Multipoint facility for HF Doppler sounding of the
ionosphere

A multipoint HF Doppler measuring system was devel-
oped in the Institute of Radio Astronomy of the National
Academy of Sciences of Ukraine (IRA NASU) for remote
sensing of the ionospheric disturbances (Zalizovski et al.,
2021). The system was launched in Kharkiv region at
IRA NASU observatories in early 2018. Fig. 1 shows posi-
tions of the transmitter (KHR, 50.05°N, 36.29°E) and three
receiving sites: Low Frequency Observatory (LFO, 49.93°
N, 36.96°E), S. Braude Radio Astronomical Observatory
(RAO, 49.64°N, 36.94°E), and South-West Kharkiv
(SWK, 49.95°E, 36.14°N) where the data were collected.

The HF sounding system operates continuously at fixed
sounding frequency (approximately 3.7 MHz) measuring
amplitude and Doppler frequency shift of ionospherically
reflected HF signal. The transmitted power radiated using
30-meter symmetric horizontal antenna is less than 100 W
in continuous wave mode of operation. All receiving sites
are similar and equipped with the identical HF Doppler
system, developed in IRA NASU (Koloskov et al., 2014),
and are made based on software-defined radio technology
using digital WiNRADIiIO receiver WR-G313i. All three
stations receive signals using 10-meter symmetrical hori-
zontal antennas. The output signal is registered in
~500 Hz bandwidth. Receiving stations are equipped with
Internet-based systems for remote control, data collection,
processing, and visualization in the form of dynamic
spectra.
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Fig. 1. Scheme of HF Doppler measurements. The location of the
Kharkiv IS radar and ionosonde is marked as GISRy. The position of the
transmitting (Tx) and receiving (Rx1-Rx3) sites of the HF Doppler
sounding facility, as well as the projection of the midpoints of ionospheric
paths or reflection points of the HF signal from the ionosphere (listed on
the map by the numbers 1-3), and the horizontal distances between them
are indicated.

2.3. Doppler ionosonde

Measurements of ionospheric parameters were provided
by portable Doppler ionosonde (Zalizovski et al., 2018;
Koloskov et al., 2023) which allows to measure in addition
to standard ionograms the Doppler frequency shifts (DFS)
of reflected signals on different carrier frequencies and esti-
mate the line-of-sight projection of plasma velocity in a
wide range of heights. The system of Doppler vertical
sounding of the ionosphere is installed at the territory of
the observatory of the Institute of lonosphere, where Khar-
kiv IS radar is located. The main technical information on
the ionosonde are as follows: the range of sounding fre-
quencies is 1.6-30 MHz and virtual altitude range is from
90 to 825 km with height resolution 1.4 km. In standard
mode the ionosonde obtains one ionogram every 15 min.

3. Data and analysis method

In this study we consider the results of observations
obtained by the Kharkiv IS radar, multipoint HF Doppler
ionospheric sounding and ionosonde. The observations
were carried out on September 18 and December 19,
2018. The main meteorological parameters that determine
the tropospheric weather such as atmospheric pressure,
temperature and wind speed over the observation region
were considered. According to (https://meteopost.com/
weather/archive/), there were no sharp changes in these
parameters either in the days under observation or in the
previous ones. The level of geomagnetic activity was evalu-
ated using planetary 4, and K, indices (Table 1) (https://
wdc.kugi.kyoto-u.ac.jp). The extreme values of the geo-
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magnetic activity indices were: 4, =5, K, =2+, D, = -
—15 and — 12 nT for 18.09.2018 and 19.12.2018,
respectively. The solar radio flux index F;,, was equal to
68.5 and 68.1. Solar wind speed reached a peak of
558.5 km/s at 01:20 UT and 523.8 km/s at 18:05 UT, total
IMF reached 5.08 nT at 11:55 UT and 8.86 nT at 11:25
UT, the maximum southward component of B. reached
—3.98 nT at 05:55 UT and —4.25 nT at 07:00 UT for
18.09.2018 and 19.12.2018 respectively (https://omniweb.
gsfc.nasa.gov/). Perturbations in the auroral electrojet were
as follows: AFE-index reached values of about 550 nT and
400 nT near 10 UT for September and December, respec-
tively, which corresponds to slightly enhanced solar wind
speed and negative B..

3.1. Radar measurements of ionospheric parameters

The IS radar measures spatiotemporal distributions of
the following ionospheric parameters: the electron 7, and
ion 7, temperatures, the electron concentration N,, the ver-
tical component of plasma transport velocity V, and the
ion percentage. The current study focuses on the temporal
dependences of IS signal power. With the radar operating
mode described above, it is possible to analyze variations
within the altitude range from 100 to 400 km. At the first
step, filtering was performed to restore the time-altitude
dependencies. Used technique for determining TID propa-
gation parameters is described in detail by Panasenko et al.
(2018).

To identify wave processes the quasi-periodic variations
in the relative power (3P) of the IS signal were analyzed.
We studied wave processes in the range of periods of 10—
120 min. The lower limit corresponds approximately to
the Brunt-Viisdld period. The trend was determined as
the approximation of the IS signal power by a polynomial
of the 3rd order least squares method at an interval of
180 min with a step of 1 min. Finally, time series of relative
variations of 8P, obtained after trend subtracting and nor-
malizing, were passed through a digital bandpass filter in
the range 5-125min, with subsequent narrowing
(Aksonova and Panasenko, 2019).

To determine the predominant periods of oscillations
and their time localization, an implementation of the adap-
tive Fourier transform (Chernogor, 2008) was used. That
is, we used Fourier analysis with a sliding window and a
width adjusted so that it was equal to a fixed number of
harmonic periods. Fig. 2 shows the dynamic spectra 35S,
distribution of IS signal power over a range of 5-125 min
at different altitudes. In addition to time-period depen-

Table 1

State of the space weather.

Date F10.7 Ap Kp

18.09.2018 68.5 5 2+2221-1-1-11
19.12.2018 68.1 5 -1+ 1+21-2-1+2
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Fig. 2. The results of spectral analysis for altitudes of 150, 175, 200, 225 and 250 km for September 18 (left column) and December 19 (right column),
2018. For each height, the panel includes: relative variations of IS signal power 8P; energy periodogram 8Sp and energygram E of adaptive Fourier
transform. Hereinafter, solid lines indicate the moments of passage of the local solar terminator at analyzed heights.

dences, we also analyzed energygrams, i.e., the distribution
of signal energy over periods (See Fig. 3).

As shown in Fig. 2, the strongest quasi-periodic varia-
tions were observed near the sunrise and sunset termina-
tors. The predominant periods lay in the interval from 60
to 100 min, for both days. However, there is a strong pro-
cess with predominant period of about 50 min around 20
UT on December 19, 2018. As can be seen from the varia-
tions of relative values of IS signal power 8P it twice pre-
vailed in intensity over other oscillations (at heights of
200 and 225km). In general, fluctuations in 3S, show
higher intensity during winter observation.
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3.2. Doppler HF measurements

The observations of the Doppler frequency shift (DFS)
of HF signals made at spatially separated receiving points,
which contain information about dynamic processes in the
region of reflection of the probing signal from the iono-
sphere, were used. This technique allows us to detect dis-
turbances at ionospheric heights, determine their period,
and estimate velocity and propagation direction (Chum
and Podolskd, 2018).

To estimate DFS we analyzed the dynamic spectra of
the registered HF signal. Data processing algorithm is
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Fig. 3. Schematic geometry of plane wave propagation (amplitude front is
shown by dashed line) with velocity ¥V}, in the azimuthal direction o
through three reflection points.

identical for all receiving sites and was as follows. The daily
records of the HF signal were divided into fragments with
duration of 30 s, for which the instantaneous power spectra
were calculated. A rectangular window with a duration of
30 s and a 50 % overlap were used (i.e., the next spectrum
is calculated for a time interval shifted by 15s). The
obtained Doppler spectrum sequences (spectrograms)
within -5. . .+5 Hz bandwidth around the carrier frequency
with a time resolution of 15 s and a frequency resolution of
Af~0.033 Hz were used for automatic determination of the
frequency of the main spectral maximum and its fluctua-
tions in time. The algorithm of estimating of DFS of the
signal reflected from the ionosphere is described by
Chum and Podolska (2018) and Reznychenko et al.
(2020) and consists mainly in the analysis of the three most
intense spectral maxima in a given frequency range. The
final choice of the maximum is made taking into account
the frequencies and intensities of the neighboring spectra
maxima. In the case of a multipath propagation such
approach enables tracking of one spatial mode.

If the observed time series of DFS are characterized by
quasiperiodic fluctuations, we assume a propagation of
wave-like disturbances over the midpoint of corresponding
radio path at ionospheric height. The period of disturbance
is determined by the time interval between adjacent
extrema of DFS variation or the moments of transition
of the DFS through zero values. The simultaneous DFS
values can be used to calculate radial velocity of the virtual
reflecting point of the signal from the ionosphere.

The TIDs propagation parameters were estimated using
time delays between similar quasiperiodic DFS variations
registered at three spatially separated observation points
(Sopin et al., 2012). A calculation of an azimuthal direction
o and horizontal velocity V), of wavelike ionospheric dis-
turbances was made with the use of interferometric method
in assumption that perturbation has a plane phase front
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and the three reflection points are located in midpoints of
the corresponding radio lines (see Fig. 1, listed on the
map by the numbers 1-3). The wave with plane front prop-
agates with speed V), in azimuthal direction o. The azi-
muthal direction is measured clockwise from north.

U,
b
/1,2 2
u; + us;

where uy, uy - wavefront propagation velocity along x- and
y- axis (uy = a/ta; uy = b/1p; Ta, Tp-time delay between
DFS variations registered at points 1 and A, and 1 and
B, respectively).

The equations for uy and uy in the case of an arbitrary
location of the “‘receiving” sites can be obtained by using
the intercept form of the equation of the line, which makes
intercepts of a and b on the X and Y axis, respectively: x/a
+y/b=1. The positions of two wavefronts registered at
point 2 and 3 with coordinates of observation point
(reflection point) in Cartesian coordinate system associated
with midpoint of KHR-LFO radio link (see Fig. 1, point 1)
(X2, ¥2) and (x3, y3) can be written as x»/a2 + y,/b2 = 1 and
X3/a3 +y3/b3 =1. Substituting a2 =uxt;; b2 =uyTyy;
a3 = uyt3;; b3 = uyt31 (124, T3; - corresponding time delays
between DFS variation) into above-mentioned expressions
and derive system of equations the velocities uy, and u, can
be found as:

o XY3 — X3,
X T 77
Y3T21 = VaT31

u,
tgo=-2:V,

X

_ XY3 — X3
y — - .
X2T31 — X37T21

(1)

3.3. Ionosonde measurements

The Doppler ionosonde allows to save reflected signal
amplitude, phase and Doppler shift as a two-dimensional
array for further analysis. Since the output of the iono-
sonde stores information about the power of the reflected
signal, we are able to obtain the dependences of altitude-
time power variations in the sounding frequency band,
the so-called height-time diagrams (Haldoupis et al.,
2006). Also, to investigate TIDs in detail, we analyzed
the temporal variations of the virtual height at different
detection frequencies (isofrequency lines). Algorithm for
constructing a virtual height-time chart of plasma frequen-
cies of the extra-ordinary wave analyzed in this paper is
described by Zalizovski et al. (2018).

4. Results

4.1. Altitude time parameters variations obtained by the IS
method

Fig. 4 shows fluctuations of IS signal power § P within a
period band of 5-125min (a), 60-120 min (b) and 30—
60 min (¢) versus time and height. We can note from
Fig. 4(a) that tilted phase front is clearly visible, even
before narrower band filtration. As expected, phase fronts
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Fig. 4. Altitude-time dependence of 5-125 min (a), 60-120 min (b) and 30-60 min (c) bandpass filtered relative variations of IS power signal 8P for
September 18 (left column) and December 19 (right column), 2018. Color scale shows intensity of amplitude variations (power).

have a downward vertical motion with respect to a fixed
point of observation (Vadas and Nicolls, 2009; van de
Kamp et al., 2014; Zhang et al., 2021). It is a typical feature
of the TIDs generated by AGWs. The presence of wave
activity in an altitude range of 150-300 km is traced. Above
about 300 km altitude the TIDs in 3P variations are fading
away, for both days. That’s why Fig. 4(b) and (c) presents
results of further band-pass filtered data for altitudes of
100-300 km. The following features were revealed. For
September measurements TIDs for both period ranges
were present near ST passage, while in the winter wave pro-
cesses were present during the whole time of observations.

4.2. Height-time dependencies of plasma frequencies
obtained by ionosonde

During the experiment of December 19, 2018 an operat-
ing regime of ionosonde has sampling rate 5 min that
allows us studying the wave-like ionospheric disturbances
with periods from 10 min. In the study the data of vertical
sounding of the ionosphere in the form of height-time dia-
grams of ionospheric parameters were used. The virtual
height-time diagram of frequencies of sounding signal
reflected from the ionosphere (plasma frequencies)
obtained from ionosonde data for December 19, 2018, is
shown in Fig. 5. One can clearly see quasi-periodic fluctu-
ations of virtual reflection heights for different frequencies
between 18 and 22 UT indicating the presence of a wave-
like processes in the ionosphere at virtual altitudes 230—
320 km (it should be noted that the virtual height is greater
than the real one, because the speed of light is used in the
calculations). The temporal scale size of variations is
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approximately 50-60 min. As in the case of IS radar (see
Fig. 4), the disturbance phase front estimated by virtual
reflecting heights variations during 19-21 UT has a vertical
component with downward direction of propagation, i.e. in
case of TID associated with AGW the group velocity is
directed upward (Negrea et al., 2016; Wei et al., 2021).
The tilt of the phase front during two full oscillation peri-
ods remains stable. The obtained estimates of the vertical
velocity based on the analysis of the time of observation
of extrema of reflection height variations for different
isofrequency levels is about 80—-100 m/s.

4.3. Doppler spectrograms of HF signal

Fig. 6 shows spectrograms of HF signal (carrier fre-
quency fc = 3777 kHz), registered in three sites: LFO (top
panel), SWK (middle) and RAO (bottom panel) on
December 19, 2018 during 19-23 UT.

Similar quasi-periodic DFS fluctuations detected at all
receiving sites during the 20-22 UT, caused by propagation
of wavelike disturbance overhead are clearly seen on spec-
trograms of HF signal. The period of variation is approx-
imately 50 min and the magnitude is about 1 Hz. Note that
before 19:50 UT on spectrograms there is no strong traces
of ionospherically reflected signal. Probably during that
time, the critical frequency was below the sounding fre-
quency. Results of vertical ionospheric sounding support
this assumption (see Fig. 5b).

The spectrum width of the recorded HF signal is quite
wide and varies with time as well as its intensity. Nonethe-
less it is possible to determine DFS in all three receiving
sites and estimate the time shifts between them.
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Fig. 5. (a) Virtual height-time diagram of plasma frequencies over Kharkiv region according to data of vertical ionospheric sounding on December 19,
2018; (b) temporal variations of virtual reflection height for different sounding isofrequency levels (from 2 to 4 MHz with step Af = 0.1 MHz) from 18 to 22
UT. The black solid lines schematically indicate the tilt of the phase front. Color bars show the amplitude in MHz (frequency).

Time UT

Fig. 6. Doppler spectrograms of HF signal (fc = 3777 kHz) recorded at LFO (top panel), SWK (middle) and RAO (bottom panel) on December 19, 2018,
19-23 UT. Color bars show the amplitude in dB (power).
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It should be noted that since the variations of the DFS
are almost synchronous, a standard time resolution of 15 s
is not very suitable for determining the magnitude of the
time shift between the DFS variations observed in three
spatially separated points. Therefore, in order to increase
the accuracy of determining the shift of the DFS series time
resolution, the signal dynamic spectra were recalculated for
the same width of the spectral window (30 s), but with a 29
-sec overlap of the intervals, i.e. with a step of 1 s. The time
delays between DFS variations registered at the LFO-SWK
and LFO-RAO stations (during 19.95-20.50 UT interval)
estimated from the cross-correlation functions are approx-
imately —61 and —8 s, respectively (DFS variations in the
LFO are ahead).

The equations and estimates were obtained under the
assumption of flat Earth. Assuming that reflection of the
sounding signal occurs at the midpoint of the correspond-
ing radio line (Fig. 1), estimations of horizontal velocity
and azimuthal direction are ~460 m/s and —102° corre-
spondingly. The disturbance has a horizontal spatial scale
size about 1380 km. Thus, the DFS variations observed
in in evening 19.12.2018 is associated with a LSTID prop-
agating in west-southwestward direction.

4.4. Characteristics of TIDs obtained with Kharkiv IS radar

Based on the most probable periods of TIDs obtained
by spectral analysis (see Fig. 2), the appropriate subranges
were chosen for further bandpass filtration in the range of
30-60 min and 60-120 min, which corresponds to large-
scale structures. For determining the TID vertical propaga-
tion parameters we used cross-correlation analysis. We
applied it to the bandpass filtered IS power relative varia-
tions (for both intervals) for evaluation of time lags at dif-
ferent heights relative to the height of 200 km. Horizontal
phase velocities were estimated using a simple anelastic dis-
persion relation (Gossard and Hooke, 1975). This relation
implies the knowledge about horizontal neutral wind veloc-
ity (Uy,) vector and the angle between it and horizontal
wave vector which were not measured in this study. We
used data from the Horizontal Wind Model HWM 14
(2014) for magnetically quiet conditions to partly overcome
these issues. Since the angle is still unknown, we can esti-
mate the horizontal wave phase velocity V' with the abso-
lute error that does not exceed Uy, 1. €. V=1V, + U,
where V), is horizontal wave phase velocity estimation
under zero wind condition. The same is true for horizontal
wavelength Agy, which can be estimated with maximum
absolute error AA;, = U,T. Thus, Ag= A, = AA,;, where
Ay=V,T.

We used several criteria in order to identify presence of
TID event. Concerning ISR data, the value of relative
amplitude 3P, of perturbation should exceed 0.05 (i.e.,
5 %), at least two periods of duration and TIDs must cover
a height range more than 40 km.

Table 2 indicates time intervals and height ranges of
waves visibility, height #4,,,,, at which the relative amplitude
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of oscillations reaches the maximum values 8P, , values
of period T, vertical V., and horizontal (for zero wind con-
ditions) V), phase velocities, horizontal wind velocity U,
derived from HWM 14 (2014) model, vertical A, and hori-
zontal (for zero wind conditions) A;, wavelengths, and max-
imum absolute errors in A, estimations AA,. The symbols |
and 7 denote TIDs, for which V. was directed down and
up, respectively.

The observed parameters place these TIDs both into the
large and medium-scale class. The vertical component of
the phase velocity V. is directed downward for almost all
observed perturbations, which corresponds to upward
propagating AGWs. It should be noted that on time-
altitude dependencies of IS power signal variations (see
Fig. 4 for December), a wavelike ionospheric disturbance
after 18 UT is much more clearly visible than on ionosonde
data (see Fig. 5). The height range in which the disturbance
is observed is 170-270 km, £,,,x ~ 210 km, predominant
period is about 50 min and V. ~ 85 m/s. Also, for one pro-
cess (shown in Table 2 in bold) the upward direction of V,
propagation was found.

In general, the largest number of TIDs and the maxi-
mum values of their relative amplitudes were observed near
the winter solstice. It is known that the meridional thermo-
spheric wind in mid-latitudes in winter during daytime is
much stronger, which contributes to wave propagation to
higher altitudes due to altered wind filtration. Especially
the maximum effect is achieved when the direction of the
TID/AGW is opposite to the direction of the background
neutral wind. The TID parameters mostly correspond to
our previous results during magnetically quiet conditions
(Aksonova and Panasenko, 2020). Despite this, there are
some differences that will be considered in Discussion.

4.5. Comparison of TID characteristics

The results obtained by different techniques show com-
mon TID signature in the mid-latitude ionosphere during
the solstice observation. Table 3 presents a comparison of
TID parameters that were calculated by using all three
methods. We found the presence of LSTID that propagate
at approximately the same time, after evening ST passage
19 December 2018. For ISR and ionosonde measurements
the signature was detected from 18 to 22 UT, while for
multipoint Doppler sounding from 20 to 22 UT. As for
the high-altitude propagation, the IS method is more accu-
rate, since the ionosonde indicate a virtual height. Based on
this, the TID spread at altitudes of 170-270 km. The dom-
inant period was about 50 min according to all three
methods.

Also, we found that estimated characteristics were simi-
lar. Vertical component of the phase velocity V', was about
90 m/s and equal to 85 m/s, for ionosonde and ISR measure-
ments, respectively. While the horizontal component of the
phase velocity V), was about 460 m/s for both IS and
Doppler HF sounding system method. As for horizontal
spatial scale it was equal A, = 1380 km and A, = 1360 km,
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Table 2

TID parameters obtained by IS method.

Data Time, UT Height, km T, min Bmax, km OP ax V., mls V5, mls Uy, A, km Ay, km AA;, km

m/s

18.09.18 22:00-02:00 190-260 72 230 0.1 —55 420 96 230 1810 415 T
03:00-07:00 200-270 76 257 0.08 45 350 101 210 1570 461 l
15:00-21:00 190-280 72 216 0.12 50 400 53 230 1750 229 l
00:00-05:00 165-250 52 230 0.14 85 460 58 260 1400 181 1
10:00-13:00 175-225 50 185 0.06 50 250 30 140 750 90 l
15:00-21:00 185-240 55 200 0.11 50 260 43 160 870 142 |

19.12.18 23:00-07:00 150-260 80 185 0.27 35 320 26 170 1500 125 1
12:00-15:00 140-230 67 170 0.14 30 230 64 130 900 257 l
15:00-21:00 190-260 66 210 0.17 60 440 80 250 1720 317 1
00:00-05:00 140-235 50 195 0.12 50 280 21 150 840 63 l
07:00-16:00 150-240 45 175 0.1 50 250 83 140 680 224 1
18:00-22:00 170-270 50 210 0.37 85 460 49 260 1360 147 l

based on the results obtained by Doppler HF and ISR
measurements, respectively. Furthermore, we detected the
typical downward propagating phase fronts of TIDs at
virtual height-time diagram of plasma frequencies
(see Fig. 5(b)), as well as at altitude-time dependence of
relative variations of IS power signal (see Fig. 4).

5. Discussion

This work suggests that studying seasonal variability of
the ionosphere state under low level of geomagnetic activ-
ity may reveal more about the coupling processes between
the ionosphere and the lower atmosphere. lonospheric per-
turbations can be caused by a combination of effects occur-
ring in the auroral region, high-energy natural processes
over the observation region and artificial effects caused
by human activities. As it is known, the generation and
propagation of gravity waves in the atmosphere depends
on environmental parameters (Alexander et al., 2010).
Atmospheric pressure pulsations, turbulence processes,
surface atmosphere convection, local changes in atmo-
spheric temperature etc., can be responsible for creating
wave packets. Vadas and Liu (2009) investigated the mech-
anism of small- and medium-scale AGW generation associ-
ated with strong convective instability in the troposphere.
The dissipation of such structures at altitudes of 120-
250 km leads to the formation of secondary AGW. This
AGW generation mechanism functions independently of
geomagnetic conditions. They found the waves with a hor-
izontal wavelength of ~2000 km and a period of ~80 min.
AGW with such parameters lead to the formation of iono-
spheric disturbances belonging to the LSTIDs type.

Our results show differences in the periods, amplitudes
and time of the occurrence of disturbances for both days
of observations. The registered diurnal and seasonal pat-
terns (larger amplitudes near the terminator and larger
amplitudes in winter than in autumn) agree with patterns
identified in previous statistical studies (Rishbeth and
Mendillo, 2001; Medvedev et al., 2013; Ratovsky et al.,
2015). As seen in Fig. 4 the relative amplitudes reach a min-
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imum near noon and maximum at about 2 UT for morning
hours for both days. While evening maximum is observed
about 17 UT and 19 UT for autumn and winter, respec-
tively. These results are in good agreement with finding
of Afraimovich et al. (2009) that there is a rigid relation-
ship between the generation of TIDs and solar terminator
(ST) passage. An analysis of TIDs structure and the corre-
sponding characteristics indicates that the ST is the proba-
ble source of the detected perturbations. In our case, the
observation of the evening disturbance was 3 h after the
passage of the evening ST at an altitude of 100 km for
the solstice. But for the equinox, the waves appear before
the ST. At the same time, it is worth noting similar param-
eters of TIDs from 15 to 21 UT for both seasons. In gen-
eral, the time intervals, for both types of TIDs, as well as
the periods found, were similar to results obtained in previ-
ous study (Aksonova and Panasenko, 2020). A significant
difference was found only in the values of maximum ampli-
tudes &P, for LS oscillation before and after ST passage,
which in this study are twice as large. Such results are very
interesting, because in previous work (Aksonova and
Panasenko, 2020) the observations were also carried out
at a low level of solar activity (but K, =3). As for the
autumn oscillation before the sunrise hours, similar ones
were found by Panasenko et al. (2021). Also, TID patterns
like “fishbone” structures were detected. They have been
clearly seen during equinox near evening ST (Fig. 4).
Vadas et al. (2018) has shown that such type of signatures
is feature of the secondary gravity waves generation from
local body forces and can be created in the stratosphere,
mesosphere, and thermosphere.

Despite the fact that the experiments were performed at
a low level of geomagnetic activity, the processes that con-
stantly occur in the auroral zone can significantly affect the
mid-latitude ionosphere, including the generation and
propagation of AGWs/TIDs. Particularly under very low
solar activity condition (Buresova et al., 2014) as it was
in the case of the year 2018. According to [https://omni-
web.gsfc.nasa.gov/form/omni_min_def html], geomagnetic
activity was at quiet to unsettled levels from 17 to 19
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Table 3
Comparison of TID parameters registered near winter solstice by different
methods.

Parameter Method
ISR Ionosonde Doppler HF sounding system
Time, UT 18-22 18-22 20-22
Height, km 170-270 230-320 -
T, min 50 50-60 50
V., mls 85 90 -
Vi, mils 460 - 460
Aps km 1360 - 1380
Azimuth - - —102°

September due to effects from a negative polarity coronal
hole high speed stream (CH HSS). Solar wind speeds began
the period on 17 September near 370 km/s, but, as previ-
ously noted in Section 3, increased to over 500 km/s follow-
ing the onset of the CH HSS, reaching a peak speed of
about 587 km/s. While during the solstice period 18-20
December, the speed of the solar wind grew from 400 to
600 km/s, with the highest value of 523.8 km/s at analyzed
day. CH HSS can deposit more energy in Earth’s magneto-
sphere over a longer interval. Therefore, it could be
assumed that CH HSS contributed to the generation of
more intense waves (larger values of estimated TID param-
eters, except for amplitudes) observed during daytime
hours for the solstice (see Table 2). Also, variations in
the AF index reached maximum values from 200 to 550
nT (with the peak about 10 UT) for equinox and reached
a first peak of 470 nT (about 10 UT) and ranged from
100 to 270 nT (from 19 to 24 UT) for solstice. Dmitriev
and Suvorova (2023) noted that even such moderate
increase in the AE index (during quiet condition) leads to
a change in total electron content (TEC) with an amplitude
of >30 %.

In addition, this study provides convincing evidence that
the methods of TIDs diagnostics discussed in this work, as
well as processing methods for subsequent analysis of the
obtained TID parameters, are correct. With simultaneous
use of IS radar, ionosonde and multipoint Doppler sound-
ing facilities a LSTID with the same periods during the
same four-hour time interval was detected. A comparison
of the TID characteristics obtained by the three methods
shows a good correspondence. As can be seen from the
Table 3, a difference between the ISR and ionosonde calcu-
lated vertical component of the phase velocity was only
5 m/s. While the horizontal wavelength calculated by the
Doppler sounding system was 20 km higher than the value
obtained by IS method.

6. Summary

This paper addresses the parameters of TIDs in the mid-
latitude ionosphere over the Eastern Europe. The iono-
spheric data for autumnal equinox and winter solstice in
2018 were obtained using the Kharkiv incoherent scatter
radar, multipoint facility for HF Doppler sounding and
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ionosonde. We found LSTIDs with dominant periods of
50-80 min and horizontal wavelength of 1360-1810 km,
as well as MS TIDs with periods of 45-55 min and wave-
length of 680 —900 km. The maximum values of relative
amplitudes in received signal power of incoherent scatter
radar vary from 6 to 14 % and from 10 to 37 % for Septem-
ber and December, respectively. More intense TID struc-
tures appeared near sunrise and sunset, the second one is
stronger. The highlight of this study is that we were able
to register LS oscillation (period of about 50 min) with
identical parameters at different receiving point during sol-
stice measurement. This disturbance propagated at alti-
tudes of 170-270 km in the time interval of 18-22 UT
(LT = UT + 2) with azimuthal direction —102°. The esti-
mated vertical and horizontal components of the phase
velocity and the horizontal spatial scale size were
V.=85m/s, V,=460m/s and about A,= 1360 km,
respectively.

Utilization of three different methods, the results of
which are very similar, supports reliability of presented
results. The identification of the sources of such waves is
of interest and needs further research. Further study of
more cases of TIDs and comparison of the results with pre-
vious ones will make it possible to refine empirical models
of the disturbances observed at mid-latitudes.
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