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Abstract. Using the representative statistics on trav-
eling ionospheric disturbances (TIDs) obtained by Ye-
katerinburg and Magadan radars, we have shown that
distributions of TIDs and average TID velocities by
azimuths and local time agree well with the hypothesis
on internal gravity wave (IGW) filtering by the neutral
wind. We have examined the influence of significant
winter sudden stratospheric warmings on IGW in the
ionosphere. A method has been proposed for estimating
zonal and meridional neutral wind velocities from
MSTID parameters. The method is universal and allows
us to estimate the zonal and meridional neutral wind
velocities from the statistics on MSTID 2D phase veloc-
ity vector obtained by any tool. There is a large amount

of data from which MSTID 2D phase velocity vector (as
opposed to the 3D phase velocity vector) can be de-
rived, including maps of TEC disturbances and all-sky
camera images. This method may therefore be useful in
developing and improving neutral wind models.

Keywords: TIDs, MSTIDs, IGWs, hypothesis on
IGW filtering by the neutral wind, neutral wind, sudden
stratospheric warmings.

INTRODUCTION

Internal gravity waves (IGWs) make a significant
contribution to the general circulation of the atmos-
phere, the formation of its global structure and dynam-
ics [Fritts, Alexander, 2003; Alexander et al., 2008].
lonospheric effects of IGWs are traveling ionospheric
disturbances (TIDs). It is these disturbances that are
used for experimentally investigating IGWs in the ther-
mosphere. Various ionospheric plasma instabilities
[Otsuka, 2021; Shiokawa et al., 2003, 2009; Ivanov,
Tolsytikov, 2003] can, however, also be a source of
TIDs, which complicates the analysis of IGWs from
ionospheric data. One of the ways to separate TIDs into
those driven by IGWs and those of a different physical
nature is to check the measured parameters for corre-
spondence with the dispersion equation, which relates
the wave vector and IGW frequency to the known pa-
rameters of propagation medium [Pedlosky, 2003,
Hines, 1960]. This method works when the TID full 3D
phase velocity vector is measured, which, in turn, re-
quires measuring the vertical electron density profiles at
minimum three spaced points. Such measurements have
been carried out with multipath incoherent scatter radars
and complexes of several radiophysical instruments [Ma
et al., 1998; Nicolls, Heinselman, 2007; Vadas, Nicolls,
2008; Nicolls et al., 2014; Van de Kamp et al., 2014;
Vlasov et al., 2011]. In [Williams et al., 1982], the Hines
dispersion equation was first tested for a single measure-

ment. The study showed a good fit of the Hines equa-
tion to ~40 min TIDs, but at the same time posed a
problem of considering the neutral wind. Vadas and
Nicolls [2008] have proposed a method of determining
the neutral wind velocity projection on the TID propa-
gation direction under the assumption that the disper-
sion equation is satisfied. Medvedev et al. [2015, 2017,
2019] have tested the Hines dispersion equation, using
the representative statistics on measurements of the TID
full velocity vector. These works have shown that most
experimental data correlates well with the theoretical
ideas about IGW propagation in the upper atmosphere,
and have proposed a method of obtaining meridional
and zonal neutral winds from the statistics on measure-
ments of the TID full velocity vector. Neutral wind pa-
rameters are in good agreement both with the HWMO07-
14 model data [Drob et al., 2008, 2015] and with inde-
pendent autocorrelation measurements of the Irkutsk
Incoherent Scatter Radar [Shcherbakov et al., 2015].
The key concept we apply in this paper is the hy-
pothesis on IGW filtering by the neutral wind (wind-
filtering hypothesis). As an empirical fact, wind filtering
implies that most TIDs occur when their propagation
direction is close to the direction opposite to the veloci-
ty of the background wind [Kalikhman, 1980; Waldock,
Jones, 1984, 1986; Crowley et al., 1987]. From a theo-
retical perspective, the wind-filtering hypothesis sug-
gests that IGW propagation downwind significantly
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reduces the wave amplitude due to dissipation, whereas
IGW propagation upwind increases the wave amplitude.
This hypothesis has been confirmed by studies using
numerical simulation [Pogoreltsev, Pertsev, 1996]. An
important refinement to the wind-filtering hypothesis is
the wind-filtering mechanism at a critical level [Negale
et al., 2018]: IGWs propagating upwind have a longer
vertical wavelength and are much less affected by mo-
lecular viscosity than IGWs propagating downwind and
having a shorter vertical wavelength. In our previous stud-
ies, this hypothesis was tested using data from different
instruments [Medvedev et al., 2017; Tolstikov et al., 2019,
2020] and the empirical neutral wind models HWMO07 and
HWM14 [Drob et al., 2008, 2015]. The testing has shown
that the behavior of most TIDs accords with the wind-
filtering hypothesis, and the exceptions can be explained
by errors in the neutral wind models or by the cases when
the observed disturbances were not associated with IGWs.
It is not always possible to measure the TID full phase
velocity vector. A lot of papers have been published which
estimate only the TID 2D phase velocity vector, using data
from different instruments [Afraimovich et al., 2000; Shi-
okawa et al., 2003, 2009; Huang et al., 2016; Yang et al.,
2017; Lay et al., 2018; Syrenova et al., 2022]. In particular,
Oinats et al. [2015, 20164, b] used data from coherent HF
radars, similar to those included in SuperDARN, to con-
duct a statistical study into medium-scale TIDs (MSTID)
based on horizontal velocity vector measurements. With
such measurements, it becomes impossible to directly test
the dispersion equation. Nonetheless, to indirectly separate
MSTIDs of different nature, we can use the wind-filtering
effect, which is manifested only in IGW propagation.

In this paper, we statistically analyze the data from
the Ekaterinburg radar for 2012-2021 and from the
Magadan radar for 2021. We delve into the influence of
major stratospheric warmings on MSTIDs in the iono-
sphere and propose a method for estimating zonal and
meridional neutral wind velocities from distributions of
MSTID 2D parameters. The method is universal and can
estimate the zonal and meridional neutral wind velocities

from the statistics on observations of the two-dimensional
phase velocity vector of MSTIDs obtained by any instru-
ment. There is a large amount of data from which we can
determine the IGW 2D phase velocity vector (as opposed
to the 3D one), obtain maps of TEC disturbances [Huang et
al., 2016; Yang et al., 2017; Lay et al., 2018] and all-sky
camera images [Shiokawa et al.., 2003, 2009; Syrenova et
al., 2022]. This method can, therefore, be useful in devel-
oping and improving the models of the neutral wind in the
upper thermosphere.

STATISTICAL RELATION

OF TRAVELING IONOSPHERIC
DISTURBANCES WITH NEUTRAL
WIND

The work is based on the representative statistics on
MSTID 2D phase velocity vectors obtained from coher-
ent radar data in Ekaterinburg (EKB: 56.4° N, 58.5° E)
and Magadan (MGW: 60.0° N, 150.7° E). The method
of measuring the MSTID 2D phase velocity vector in-
volves analyzing an HF signal scattered by roughnesses
of the Earth surface in the opposite direction, and is
described in detail in [Oinats et al., 2015, 20164, b]. Fig-
ure 1 shows the layout of the HF radars.

Black lines indicate sounding directions (radar
beams); gray and yellow colors are EKB and MGW
radars’s fields of view respectively. The MGW radar in
2021 worked only in beams 1-6 and 12 (see Figure 1).
The region where TIDs are detected is located approxi-
mately in the vicinity of the reflection level of the one-
hop HF radio wave trajectory, i.e. approximately be-
tween 500 and 800 km from the radar. In Figure 1, this
region is marked with red circles. For EKB, the center
of the region is ~61° N, 63° E; for MGW, ~62° N, 146°
E. The time resolution of the radar systems is ~1 min.
Note that in 2012 the EKB radar started to work only in
mid-December; and in 2020, it did not work for most of
the year due to technical problems.
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Figure 1. Layout of EKB and MGW HF radars and their fields of view
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If the main sources of MSTIDs are IGWs, the tem-
poral dynamics of MSTID azimuths during the day
should be determined by the neutral wind. When IGWs
propagate downwind, their amplitude decreases greatly
due to dissipation, whereas during propagation upwind
their amplitude increases [Pogoreltsev, Pertsev, 1996;
Waldock, Jones, 1984, 1986]. Thus, the probability of
observation increases for the MSTIDs propagating in
the direction opposite to the neutral wind at the observa-
tion height. On the contrary, in the direction coinciding
with a strong neutral wind, the probability of observing
MSTIDs is significantly reduced. Thus, maxima in the
time distribution of MSTID azimuths should coincide
with the directions opposite to the azimuths of the
strongest winds that are most frequent in this season and
this time of day.

Figure 2 illustrates the distributions of MSTIDs by az-
imuths, calculated from the geographical north clockwise,
and by local time as derived from EKB radar data for dif-
ferent seasons in 2012—-2021. Isolines of the neutral wind
velocity projection on a given azimuthal direction at a giv-
en time are superimposed on the distributions. The wind
velocities are calculated by the HWM14 model for the
point with coordinates 61° N, 63° E (the center of the TID
detection region).

The relative frequency is the ratio of the number of
MSTIDs observed in these time and azimuth windows
to the total number of MSTIDs observed in this time
window. When calculating the distributions, we used
windows £5° in azimuth and £1 hr in time; the azimuth
step was 1°, and the time step was 15 min. The neutral
wind velocity was determined from the HWM14 model
as a weighted average value according to MSTID distri-
butions (the velocities were averaged with a weight cor-
responding to the relative frequency of MSTID observa-
tion at a given height at a given time). For each MSTID
event, we estimated the height at which the measure-
ment was carried out using the model of path character-
istics of the HF signal, scattered by the Earth surface,
for the EKB radar [Oinats et al., 2016b]. At the MSTID
observation height, the meridional and zonal neutral
wind velocity components were calculated by the
HWM14 model. Then, the resulting array of wind com-
ponents was subdivided by seasons, and for each season
the average value of the components for each local time
was computed according to the formula

M

where N is the total number of MSTIDs detected over a
given period of local time; U;, V; are zonal and meridio-
nal wind velocity components respectively. Summation
is carried out over all values that fall into a given season
and a given period of local time. The obtained values
were used to calculate the neutral wind projection on
each azimuthal direction. Figure 2 indicates that most
disturbances (~64 %) are in the region of negative neu-
tral wind projections, as expected. However, in all sea-
sons at ~2—8 hr (with ~240° azimuths in winter, ~210°
in spring, ~180° in summer, and ~ 210° in fall), there is
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a local maximum of relative frequency in the region of
the positive neutral wind velocity projection. In addi-
tion, there are local maxima in the region of the posi-
tive neutral wind velocity projection: ~16—20 hr with
~0° azimuths in winter, ~16-20 hr with ~210 azimuths
in summer, and ~18-22 hr with ~120° azimuths in fall.
The reason for this may be both the MSTIDs unrelated
to IGWSs (for example, various instabilities [Perevalo-
va, Oinats, 2020; Ivanov, Tolstikov, 2003]) and the
wind behavior patterns in this region that are not de-
scribed by the model. Try to determine what we are
dealing with in this case. Calculate for each time and
azimuth the average horizontal phase velocity of
MSTIDs. The velocity of disturbances of any physical
nature will increase when propagating downwind and
decrease when propagating upwind. Hence, maxima of
the MSTID average horizontal velocity correspond to
MSTID propagation downwind; and minima, upwind.
Thus, if the controversial local maxima correspond to
the maxima of the MSTID average horizontal velocity,
we can argue that these MSTIDs propagate downwind
and, therefore, in this case we are dealing with the
MSTIDs that are not manifestations of IGWSs. If these
local maxima correspond to the minima of the MSTID
average horizontal velocity, we can claim that these
MSTIDs propagate upwind and hence in this case we
are dealing with a wind behavior pattern that is not
described by the HWM14 model. Moreover, if the
main sources of MSTIDs are IGWSs, all local ones
should correspond to the minima in the MSTID aver-
age horizontal velocity.

Figure 3 illustrates azimuth and local time distribu-
tions of the MSTID average horizontal velocity ac-
cording to EKB radar data. For each azimuth and local
time, averaging has been performed over all days of
the season and over all years of observations. The iso-
lines corresponding to the relative frequency of
MSTID observation are superimposed on the distribu-
tions (color part of Figure 2).

Firstly, the local maxima are seen to correspond
closely to the minima of the MSTID average horizontal
velocity, and we can therefore assert that the main
sources of MSTIDs are IGWSs. Secondly, the controver-
sial local maxima (~2—8 hr with ~240° azimuths and
~16-20 hr with ~0° azimuths in winter; ~2-8 hr with
~210° azimuths in spring; ~2—8 hr with ~180° azimuths
and ~16-20 hr with ~210° azimuths in summer; ~2-8 hr
with ~210° azimuths and ~18-22 h with ~120° azimuths
in fall) lying, according to HWM14, in the region of the
positive neutral wind projection are also in line with the
minimum average horizontal velocity of MSTIDs. Thus,
we can argue that these MSTIDs propagate upwind, and
in this case we are quite likely dealing with the wind
behavior pattern that is ignored by HWM14.

The MGW radar data was processed using the same
method as for the EKB radar data. Wind velocities were
calculated by the HWM14 model for a point with coor-
dinates 62° N, 146° E (center of the MSTID detection
region). The processing results are shown in Figures 4, 5.
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Figure 2. Distribution of MSTIDs by azimuth and local time as derived from EKB radar data for different seasons of 2012—
2021 according to the color scale. White isolines indicate negative projections of the neutral wind velocity to a given azimuthal
direction at a given time; the bold white line is a zero projection; red isolines show positive projections; the isoline step is 20 m/s.
The wind velocities are calculated by the HWM14 model
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Figure 3. Azimuth and local time distributions of the MSTID average horizontal velocity as observed by the EKB radar. The
distributions are superimposed by the isolines corresponding to the relative frequency of MSTID observation. The isolines are
drawn at the levels of 0.003, 0.005, 0.007, and 0.009 of the relative frequency of MSTID observation
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Figure 4. Azimuth and local time distributions of MSTIDs as derived from MGW radar data for various seasons of 2021 ac-
cording to the color scale. White isolines indicate negative projections of the neutral wind velocity to a given azimuthal direction
at a given time; the bold white line is a zero projection; red isolines show positive projections; the isoline step is 20 m/s. The
wind velocities are calculated by the HWM14 model
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Most disturbances are seen to lie in the region of nega-
tive neutral wind projections, but there are seasonal peculi-
arities. In winter, more than 82 % of the disturbances are in
the region of negative neutral wind projections; in spring, ~
56 %; in summer, ~ 55 %; in fall, ~71 %. In the region of
positive neutral wind projection, according to HWM14,
there are the following controversial local maxima: ~0—4
hr with ~270° azimuths and ~16-20 hr with ~120° azi-
muths in spring; ~4-8 hr with ~210° azimuths and ~16-21
hr with ~120° azimuths in summer; ~6-8 hr with ~210°
azimuths and ~22-24 hr with ~180° azimuths in fall. Let
us use the information about the horizontal velocity of
MSTIDs to understand whether we are dealing in this case
with the MSTIDs unrelated to IGWs or with the wind be-
havior patterns ignored by HWM14.

The local maxima, including controversial ones
(~0—4 hr with ~270° azimuths and ~16-20 hr with
~120° azimuths in spring; ~4-8 hr with ~210° azi-
muths and ~16-21 hr with ~120° azimuths in summer;
~6-8 hr with ~210° azimuths and ~22-24 hr with
~180° azimuths in fall), are seen to correspond closely
to the minimum average horizontal velocity of
MSTIDs. We can, therefore, assert that, firstly, the
main sources of MSTIDs are IGWSs, and secondly, the
controversial maxima are probably explained by the
wind behavior pattern ignored by HWM14.

Thus, we can conclude that distributions of the
MSTID parameters contain information on the neutral
wind. Let us check this with another example. During
major sudden stratospheric warmings (SSWSs), signifi-
cant variations in the neutral wind can be expected.
Since the SSW effect is ignored in the HWM14 model,
we can assume that during SSWs the greatest difference
between the model and reality will be observed, i.e.
most MSTIDs lying in the region of the positive wind
projection identified by HWM14.

STATISTICAL RELATION

OF TRAVELING IONOSPHERIC
DISTURBANCES WITH SUDDEN
STRATOSPHERIC WARMINGS

According to the definition offered by the World Mete-
orological Organization, SSW can be classified as major
when in winter the average zonal wind at a latitude of

Azimuth distribution 2012-2021 years

Azimuth

0 -
1 4 7 101316 19 22 2528 31 34 37 40 43 46 49 52 55 58

Day of year

60° N and an altitude level of 10 hPa (~32 km) changes
its direction from west to east and the zonal temperature
gradient of the stratosphere at 10 hPa between 60° N
and 90° N becomes positive [Labitzke, Naujokat, 2000].
Tolstikov et al. [2019] have examined the influence of
major SSWs on MSTIDs in the ionosphere, using Hok-
kaido radar data, and have shown that during such
events the anisotropy of the MSTID observation fre-
quency changes significantly with propagation direc-
tion. Namely, before warming there is a characteristic
distribution of MSTID azimuths with a pronounced
maximum at ~120° (note that this is a typical distribu-
tion for the winter season in Hokkaido); during warm-
ing, additional maxima appear; and after warming, the
distribution returns to its original shape.

Consider the effect of major SSWs on the disturb-
ance in the ionosphere according to the EKB radar
data. Figure 6 illustrates MSTID distributions by
days of the year and azimuths: averaged over 2012—
2021 and for 2013, when a major SSW event oc-
curred in January.

The relative frequency was calculated in the same
way as in the previous cases, but we used a window £5°
in azimuth and +5 days in days of the year; the azimuth
step is 1°; step in days of the year, one day. Variations
in the zonal mean neutral wind velocity over the North-
ern Hemisphere were analyzed using MERRA reanaly-
sis data (Modern ERA-Ret-prospective Analysis for
Research and Applications) [Gelaro et al., 2017]. Verti-
cal red lines indicate reversal of the atmospheric zonal
circulation at 60° N, 10 hPa. It is evident that in winter
the prevailing direction of MSTID propagation has an
azimuth of ~110°. Note that the radar operates at a con-
stant frequency of ~11 MHz. At night in winter, the
electron density of the ionospheric F2-region at midlati-
tudes becomes so low that the HF signal of this frequen-
cy is not reflected from the ionosphere. That is why at
night in winter, MSTID parameters cannot be measured
with the HF radar [Oinats et al., 2015, 2016a], and the
~110° azimuth, seen in Figure 6, corresponds to the
dominant direction of propagation of disturbances in the
daytime. Comparing the left and right panels shows that
during warming the azimuth distribution "breaks down",
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Figure 6. Distributions of the relative frequency of MSTID observations with the EKB HF radar by days of the year and azi-
muths: averaged over 2012-2021 (left) and for 2013 (right). Vertical red lines mark the dates when the zonal stratospheric circu-

lation changed direction at 60° N, 10 hPa
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additional local maxima appear, and after warming the
distribution returns to its original shape. A similar effect
was also observed by the Hokkaido HF radar [Tolstikov
etal., 2019].

Following [Tolstikov et al., 2019], we estimate the
perturbation of the azimuth distribution of MSTIDs and
the perturbation of the zonal circulation velocity. De-
termine the annual average variations in zonal circula-
tion over a long period of time and consider the absolute
value of the difference between variations for a particular
year and mean variations as perturbations of annual varia-
tions. Figure 7 depicts the zonal mean neutral wind veloc-
ity at 60° N and 10 hPa according to the MERRA reanal-
ysis. The thick red line is the average velocity calculated
for the period from 2003 to 2021; colored lines are veloc-
ities for individual years. It is clearly seen that the zonal
mean velocity variations can differ significantly from
year to year, especially in fall, winter, and spring.

Similarly, we calculate the variations in the azimuth
distributions of MSTIDs. Determine the annual average
azimuth distributions of MSTIDs AvDist for each day and
calculate the perturbation of the azimuth distribution of
MSTIDs for the i-th day of the j-th year by the formula

359

1 T L 2
Aszar:\/%Z(Dlst(l, j. ¢0)— AvDist (i, ¢)) . (2)

¢

Here Dist(i, j, ¢) is the relative frequency of MSTIDs
with azimuth for the i-th day of the j-th year; AvDist(i,
¢) is the average relative frequency for azimuth ¢ for the
i-th day. Figure 8 shows, for comparison, the zonal
mean wind disturbances for the SSW period of 2013
and the disturbance in MSTID azimuth distributions
calculated from Formula (2).

The zonal mean wind disturbances are seen to cor-
relate well with the disturbance of the MSTID azimuth
distribution (~0.825 correlation coefficient), which
allows us to assert that disturbances in the lower at-
mosphere have an effect on ionospheric disturbances.
Tolstikov et al. [2019] have proposed the following
mechanism of this effect: planetary waves (not neces-

sarily those associated with the reversal of the polar
vortex) cause changes in the neutral wind in the meso-
pause region, which leads to a change in the IGW
propagation directions restricted by the neutral wind.
Since the HWM14 model ignores SSWs, the greatest
differences between the model and observations can be
expected during these events. Figure 9 shows zonal
mean wind disturbances (red line) and the percentage
of MSTIDs propagating in the neutral wind, as derived
from the HWM14 model (green line).

It can be seen that during the SSW period in 2013
the largest number of "incorrect” MSTIDs, i.e. lying in
the region of positive neutral wind projections, did oc-
cur. The correlation coefficient of the curves is ~0.85.

METHOD FOR ESTIMATING
THE NEUTRAL WIND
FROM DISTRIBUTIONS

OF MSTID PARAMETERS

We have shown above that the distributions of
MSTID parameters contain information about the neu-
tral wind. Tolstikov et al. [2020] have proposed a meth-
od for estimating the neutral wind azimuth from the
distribution of the relative frequency of MSTID azimuth
observation. The method involves finding the maximum
of the optimized function depending on the azimuth of
the horizontal neutral wind. For each instant of time, all
possible directions are searched (0°-359°), and it is cal-
culated how many MSTIDs are in the region of the neg-
ative neutral wind projection, and how many are in the
region of the positive neutral wind projection. The op-
timized function looks as follows:

$=359

(@) =— " N(t, ¢)cos(ap) — max, ®)
=0

where N(t,¢) is the relative frequency of observations of

MSTIDs propagating at t with ¢, and aAq) is the angle
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Figure 7. Zonal mean wind velocity variations at 60° N and 10 hPa
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Figure 9. Zonal mean wind disturbances (red line) versus
the number of TIDs (in percent) lying in the region of the
positive neutral wind projection according to the HWM14
model (green line)

between the MSTID propagation direction and the wind
velocity. The angle o, which provides the maximum of
the function 1, is taken for the neutral wind azimuth. A
question arises as to whether it is possible to determine
the zonal and meridional neutral wind velocities by
measuring the two-dimensional phase velocity vector of
MSTIDs assuming that they are a manifestation of
IGWSs. When the IGW full velocity vector is measured,
the dispersion equation for IGWs can be used to deter-
mine the internal frequency, and then the wind velocity
projection on the IGW propagation direction:

U, =(f - L. (4)

Here Ly is the IGW horizontal wavelength. With repre-
sentative observation statistics available, we can find
zonal U, and meridional U, wind velocities from the
functional

D (U,sing+U, cosp—U,)* — min. (5)

This method is described in detail in [Medvedev et al.,
2015, 2017]. If the neutral wind azimuth is known (for
example, from (3)), the Boussinesq dispersion equation
[Pedlosky, 2003] can yield the expression

Z[LHi —%j > min. ©)

Here L is the total wavelength of IGW; U is the wind ve-
locity modulus; f is the IGW frequency; fg is the Brent
frequency; a is the angle between neutral wind directions
and IGW propagation direction. If the IGW 2D phase ve-
locity vector is measured, we know all parameters included
in (6), except for the IGW full wavelength.

Automatic methods of processing simultaneous meas-
urement data from the Irkutsk Incoherent Scatter Radar
and the Irkutsk ionosonde DPS-4 provided representa-
tive statistics on 3D parameters of TID propagation in
the ionosphere [Medvedev et al., 2013, 2015]. Given
that the statistics on TID parameters at midlatitudes
does not depend much on longitude, we can use the
median wavelength from the Irkutsk data. For winter,
spring, and fall, the median wavelength is ~260 km;
for summer, ~300 km. By determining the neutral
wind azimuth from (3) and the velocity modulus from
(6), we can obtain the zonal and meridional neutral
wind velocities. Since very significant assumptions
were used, this method can only be called an estimate
of the neutral wind, rather than a measurement. Never-
theless, it can be very useful because there are few
ways to perform round-the-clock measurement of the
neutral wind in the thermosphere. Figure 10 presents
the results of estimation of zonal (left) and meridional
(right) neutral wind velocities as a function of local
time for four seasons according to EKB observations
of MSTIDs (green line). For comparison, the calcula-
tions performed using the HWM14 model (red line)
for the MSTID observation height are given.

Figure 11 presents similar results from the MGW
radar data.
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Figure 10. Calculations of zonal (left) and meridional
(right) neutral wind velocity components for the EKB radar:
red line — HWM14, green line — calculations
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Figure 11. The same as in Figure 10 for the MGW radar

It can be seen from Figures 10, 11 that the neutral
wind parameters are in satisfactory agreement with the
HWM14 data. The difference with the models can be
explained by traveling ionospheric disturbances unrelated
to IGWs, or by the wind features ignored by HWM. The
proposed method is universal and makes it possible to
estimate the zonal and meridional neutral wind velocities
from the statistics on observations of the 2D phase veloci-
ty vector of IGWSs obtained by any instrument.

CONCLUSIONS

Analysis of the statistical relation of traveling iono-
spheric disturbances with the neutral wind and strato-
spheric disturbances has yielded the following results.

Comparison of the azimuth and local time distributions
of the relative frequency of MSTID observations and
MSTID average velocities with the distributions of wind
velocities at the heights of observations of MSTIDs, calcu-
lated using the HWM14 model, has revealed that most
MSTIDs fit the wind-filtering hypothesis. Thus, we can
argue that the main sources of MSTIDs are IGWSs from the
underlying atmosphere with a possible contribution of
IGWs from the middle atmosphere, which have not been
filtered by the underlying atmosphere.

During major stratospheric disturbances, the azi-
muthal distribution of MSTIDs changes significantly.
The deviation from the average distribution correlates
well with the disturbances of the zonal mean wind ve-
locity at a latitude of 60° and an altitude level of 10 hPa.
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The deviation from the average distribution is likely to
be related to the change in the neutral wind in the upper
thermosphere.

A method for estimating the neutral wind from the
statistics on MSTID 2D phase velocity vectors has first
been proposed. The method is based on the assumption
that the main sources of MSTIDs are IGWs from the un-
derlying atmosphere. The method was tested on the data
from the EKB and MGW HF radars. The estimated neu-
tral wind parameters are in satisfactory agreement with
HWM14 data, and the differences may be explained by
the presence of MSTIDs unrelated to IGWs or by the
wind features ignored by the model. Note that since we
have used very significant assumptions (the possibility of
using the median wavelength and the fact that the statis-
tics on mid-latitude TID parameters does not depend
much on longitude), this method can only be called an
estimate of the neutral wind, and not a measurement.
Nevertheless, this method can be very useful because it
can estimate the zonal and meridional neutral wind veloc-
ities from measurements of the IGW horizontal phase
velocity vector, which are more common than measure-
ments of the full vector. In particular, there are methods
for estimating horizontal parameters of MSTID from all-
sky camera data and from TEC maps. Thus, the proposed
method can be useful in developing and improving neu-
tral wind models.

Comprehensive study into the manifestation of wave
activity with IGW periods in various regions of the at-
mosphere allowed us to assess the influence of wave
activity in the stratosphere and planetary waves on wave
activity at ionospheric heights.
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