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Abstract: The results of analysis of the experimental data collected on 5 September 2021 on 557.7 and
630 nm artificial airglow of the ionosphere induced by powerful HF radio waves at the SURA facility
are presented. For optical measurements, a photometric suite located directly next to the SURA
facility was used. Fast variations in the atmospheric emission intensity at 557.7 nm, 630 nm, and
391.4 nm with a three-channel photometer and spatial-temporal variations in the 557.7 nm with a CCD
camera were measured. An ionospherically reflected pump wave and the stimulated electromagnetic
emission (SEE) were recorded. Background ionospheric conditions were registered with ionosonde.
For the first time, an increase in the 557.7 nm emission intensity induced by the SURA facility
radiation was found concurrently with a partial blocking ionosphere in the F-region and suppression
HF-induced phenomena in the F-region (the 630 nm airglow increase and SEE generation, powerful
radio wave anomalous absorption) during the sporadic E-layer (E;) development. Additionally, we
managed to obtain images showing moving spots of the SURA-induced 557.7 nm emission increased
intensity at the E; layer heights.

Keywords: ionosphere; sporadic E layer; artificial airglow; powerful radio wave; the SURA facility;
stimulated electromagnetic emission; anomalous absorption; horizontal wind measurement

1. Introduction

The impact of high-power radio waves on ionospheric airglow has been widely stud-
ied in experiments since the 1970s [1-34], including the SURA facility experiments [20-34].
The airglow occurs when the electrons transit from excited levels of the ionospheric atoms,
molecules, and ions to the lower energy levels. The corresponding energy levels become ex-
cited during collisions of the atoms with the electrons whose energy exceeds level excitation
potential, as well as a result of ion-molecular reactions, where energy is released sufficient
to excite one of the atoms, in particular, during the dissociative recombination process.

The main measurements of airglow are performed in the red (A = 630nm) and
green (A = 557.7nm) lines of atomic oxygen associated with transitions of the electrons
from the level O('D) to the ground state O(3P) and from the level O(!S) to the level
O('D), respectively. The excitation energies of the levels O('D) and O(!S) are 1.96 and
4.17 eV, respectively, and their radiative lifetimes are TrO(lD) = 107 s and T,O(ls) =0.7s,
respectively. In addition, violet-line (A = 427.8 nm) measurements of the molecular nitrogen
ion N, with a molecule ionization threshold of 18.75eV and an ion lifetime of about 10°s
were performed [35,36]. Recording of artificial ionospheric airglow can be used for the
solution of a variety of problems such as estimation of the distribution function and
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number density of accelerated electrons, study of the drift motions in the perturbed region,
examination of the airglow spot characteristics as functions of different ionospheric and
hardware conditions (orientation of the pump beam, characteristics of the resulting excited
region, etc.), recording of artificial ionization in the excited region, and exploration of the
large-scale structure of the perturbed ionospheric region [14,18,23,24,26,28].

It is commonly adopted that the stimulated airglow is generated in the F-region at
altitudes of 220-270 km, where the number density of oxygen atoms is high enough and
the energy of plasma waves parametrically excited near the pump wave reflection region is
sufficient to accelerate electrons to the energies exceeding the excitation levels. However, in
experiments performed in January 1998 at the Arecibo heating facility, the high-frequency
(HF) induced enhancement of the green line (557.7 nm) airglow generated in the sporadic
E-layer (E;) was observed [37,38].

In the present work, we describe observations of the HF-induced noticeable enhance-
ment of 557.7 nm emissions in Es at the SURA heating facility near Nizhny Novgorod,
Russia in September 2021. During the experiment in parallel with optical measurements,
we used HF diagnostics, i.e., measurements of the pump wave (PW) ionospherically re-
flected signal and Stimulated (secondary) Electromagnetic Emission (SEE). The experiment
was aimed at complex study of the artificial (HF-induced) ionospheric turbulence in the
F-region, which includes different quasi-electrostatic plasma waves (Langmuir and upper
hybrid), plasma irregularities in the HF-pumped volume of the F-region, electron accelera-
tion by plasma waves, and peculiarities of the optical emission at different wavelengths,
which are generated due to collision of the accelerated electrons with neutral particles.

Section 2 describes the experimental equipment and methods; the results obtained
from the airglow measurements and HF diagnostics are presented in the Section 3; and
Section 4 discusses the obtained results. Basic conclusions of the research are presented in
Section 5.

2. Experimental Equipment and Methods

The experiment was performed at the SURA heating facility situated near Nizhny Nov-
gorod, Russia (56.1° N, 46.1° E) during 17:30-20:15 UTC (LT = UTC + 3h) on 5 September
2021. The SURA facility radiated the O-polarized pump wave beam vertically at a frequency
of 4300 kHz. The effective radiated power was ~100 MW. The operational mode on the
observational night was as follows. One working cycle took 6 min: 1st min—pulses (pulse
duration 50 ms, interpulse period 3 s), then 2.5 min of continuous pumping, afterward—a
2.5 min pause. The pulses did not exert any influence on the results reported, so we do
not discuss them below in detail. The experiment was aimed for studying the HF-induced
airglow generated in the upper ionosphere (F-region).

The artificial airglow of the ionosphere was measured continuously during the whole
time of the SURA facility operation in the night time after sunset with a cloudless sky
in the period close to the new moon. The optical measurements were provided by a
photometric suite from the Institute of Solar Terrestrial Physics of the Siberian Branch of
the Russian Academy of Sciences (ISTP SB RAS). The suite comprised a three-channel
photometer (channels with an interference filter transmission center 391.4 nm, 557.7 nm,
and 630 nm; filter half-widths being 10 nm), and a CCD camera with an ~17° FOV (filter
with a transmission center 557.7 nm and a half-width of 10 nm). The photometer channels
temporal resolution is 10 ms. The photomultiplier tube (PMT) cathode diameter is 25 mm.
The PMT was equipped with a photon counter, a high-voltage power supply circuit, and a
microprocessor. The PMT operational spectral range is 300-850 nm with a 420 nm sensitivity
peak. The photometer FOV is ~10°. A three-channels photometer allows one to record
fast variations in the ionospheric airglow intensity. A CCD-camera started at second 0 and
second 30 with a 27's exposure (dead time between frames being 3s). Figure 1 shows a
frame of the photometric suite 557.7 nm CCD camera, and the 557.7 nm photometer channel
FOV (black circle).
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The use of different types of optical equipment in such experiments makes it possible
to obtain more complete and reliable experimental data. Photometers record the intensity
of atmospheric emissions with a high temporal resolution (10 ms) and high sensitivity.
CCD cameras make it possible to obtain a spatial pattern of the observed disturbances but
with worse temporal resolution. The simultaneous registration of disturbances by different
types of optical equipment has made it possible to reliably distinguish the HF-induced
moving structures.

It should be noted that the overwhelming majority of measurements of artificial
airglow of the ionosphere in the blue line was carried out at 428.7 nm (see for example [14]).
However, it is well known that the blue region (bands U and B) is dominated by the Np
second positive (2P) and N2+ first negative (1N) bands, while the strongest emission of
molecular nitrogen is observed at the line 391.4nm (1N bands of N2Jr ) [39]. For this reason,
the third photometric channel used in our measurements operated at the 391.4 nm line.
However the data analysis had not shown any HF-induced variations in our experiment.

During the experiment, the background ionospheric conditions (ionograms) were
registered with ionosonde CADI one minute prior to the switching on continuous pumping.
We also recorded the ionospherically reflected pump wave and the SEE. SEE is generated via
conversion of HF pump-driven electrostatic plasma modes into electromagnetic waves with
amplitudes smaller than the reflected PW by 50-90 dB [40,41]. The prominent SEE spectral
features have long been used as indicators of specific nonlinear interactions responsible for
the excitation of plasma waves and electron acceleration near the O-mode reflection height
in the F-region [42]. Note that the SURA facility and the HF receiver equipment belong to
Lobachevsky State University of Nizhni Novgorod, Russia.

~ 00
M~

Figure 1. Photometric model CCD camera frame oriented to the cardinal points. The elevation angles
are plotted along the axes (zenith is 90°). The black circle marks the 557.7 nm photometer channel FOV.
The white rectangle is the region with the greatest response to pumping during the E; layer evolution.

3. Experimental Results

Figure 2 shows time series for the 557.7 nm and 630 nm emission intensity recorded by
the photometric suite on 5 September 2021 during the whole time of measurements.
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Figure 2. Data from the 557.7 nm, 630 nm, and 391.4 nm photometer channels. The data are integrated
over the CCD camera exposure time (27s). The dotted line shows the trend for the corresponding
photometer channels. The SURA pulse emission and continuous pumping periods are highlighted in
gray and pink colors, respectively, as well as in the following figures.

Figure 3 shows variations in the 557.7 nm and 630 nm emission intensities, from the
same data, but with a removed natural trend. For the CCD camera and for the photometer
channels, we used the same scheme when calculating the trend. Reference frames were
obtained for the CCD camera; intensity values were averaged over 27s (corresponding
to the camera exposure) for the photometer. The reference points were chosen for the
instants before the facility pumping was energized, i.e., at the instants with a minimal effect
from the facility radiation on the ionosphere. Furthermore, for each instant between two
reference points, we calculated the background value I,.

Ib:ko*lbo-l—kl*lbl, 1

where Iy, is the intensity of the reference point or frame before the current pumping cycle;
Iy, is the reference point intensity or frame before the next pumping cycle

ko = (t —to)/(t1 — to), @

ki = (t1 —t)/(th —to), ®G)

where t is the time of the current reference I; t; is reference frame time Iy, ; and t; is
reference frame time I, .

From Figure 3, it is seen that throughout almost the entire period of the experiment,
the typical pump-induced behavior of the 630 nm emission generated in the F region is
observed: namely, the emission intensity slowly and noticeably grows after the pump wave
switches on, and it drops faster after its switches off. In the majority of the pumping cycles,
any HF-correlated behavior of the emission in 557.7 nm and 391.4 nm lines is not resolved.
Note that fast variations of the emission intensity in 557.7 nm and 391.4nm lines in the
intervals 18:04-18:15 UTC, 18:24-18:28 UTC and 19:32-19:48 UTC are related, most probably,
to weak passing clouds or haze. The exceptions are observed during the pumping cycles at
18:30 UT and 18:36 UT, which are most likely related to F-region shielding by the sporadic E
layer observed during these cycles according to the ionosonde data (Figure 3 lower panel).
In the ionograms taken in 18:24, 18:30 and 18:36, the E; layer with a critical frequency much
higher than the 4.3 MHz pump wave frequency was observed. At the same time, during the
cycle when the continuous pumping started at 18:31 UT, a a sharp increase in the 557.7 nm
emission intensity simultaneously at the photometer and at the CCD camera was observed
(Figure 3 upper and middle panels, Figure 4 upper panel). During this cycle, the 630 nm
emission enhancement is absent. During the other 29 cycles of pumping, the green line
emission enhancements (as well as moving structures) were not observed.
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Figure 3. Variations in the intensity of the night sky glow in the 557.7 nm and 630 nm emissions
from the photometer data with a removed trend (upper panel). Photometer data were integrated by
the CCD camera exposure (27s). The (middle panel) shows the time dependence for the 557.7 nm
emission obtained with a CCD camera (averaged over the frame area (see Figure 1), with a removed
trend), and the 391.4 nm emission from the photometer data. The (lower panel) shows the critical
frequencies f,Es and f,F2. The red dotted line shows the SURA radiation frequency.

200

di(557.7), a.u.
153
o

= 557.7 nm

= 630.0 nm

~
S
=3

100

di(630.0), a.u.

=]

pm -92.5
- -95.0
\3’"&3 @,_m

Figure 4. Upper panel: a fragment of data presented in Figure 3. Variations in the emissions intensity
at 557.7nm and 630.0 nm (upper panel) from the photometer data (integration time 1s). Lower
panel: the ionospherically reflected PW signal (black) and SEE intensity averaged over the frequency
range 6.2 < ferr — fo < 6.8 kHz (blue).
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In addition to a zoomed fragment of the photometer data presented in Figure 3 (up-
per panel) for green (557.7 nm) and red (630 nm) lines, the ionospherically reflected PW
signal and SEE intensity averaged over the frequency range 6.2 < fsrp — fo < 6.8 kHz
are shown in the lower panel of the Figure 4. This range belongs to the prominent SEE
spectral feature, so-called Upshifted Maximum (see e.g., [42]). The whole SEE spectra
registered at two minutes after the continuous pumping was switched on and averaged
over 1s for 5 successive pumping cycles, as shown in Figure 5. Note that at some fre-
quencies, the SEE spectra are contaminated by interference from radio stations, which
is illustrated by the “noise” line (dashed) in the Figure 5. This line corresponds to the
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spectrum registered during the pause in the PW radiation. Particularly, this concerns the
frequency range —10 S fspgp — fo S —7.5 kHz, where the most prominent SEE spectral
feature, the Downshifted Maximum, exists. This is why we have chosen the frequency
range 6.2 < fspp — fo < 6.8 kHz, which belongs to other prominent SEE spectral features,
the Upshifted Maximum, for Figure 4, which is interference free. This range is highlighted
by gray in Figure 5. From Figure 4 (lower panel) and Figure 5, it is seen that the reflected PW
signal is stronger (by ~10-15 dB), while the SEE is weaker by ~5-10 dB during the cycle
with continuous pumping at 18:31-18:33:30 UT rather than during other cycles. A strong
decrease of the reflected PW signal during continuous pumping (so-called anomalous
absorption), the SEE generation, as well as the red line emission enhancement are known to
be related to the processes occurring near the reflection altitude of the PW in the F-region
where plasma (Langmuir and/or upper hybrid) waves are effectively excited by the pump
wave (e.g., [42]). Therefore, it is confirmed that during this cycle, the degradation of the
F-region-related phenomena (anomalous absorption, SEE generation and 630 nm intensity
enhancement) are related to blocking of the upper layers from the PW by sporadic E while
the HF-induced 557.7 nm line emission generation occurs in the E;.

Figure 6 shows (in more detail) the intensity variations in the 557.7 nm and 391.4nm
emissions with a 100 ms time integration. The black circles in Figure 6 show the on/off
instants for the SURA continuous pumping.

The time of the green line excitation and relaxation during and after the cycle
18:31-18:33:30 UT are close to the radiative lifetime Tr(ols) = 0.7s (Figure 6, middle
panel). This is an additional evidence of the green line HF-induced origin.

Within the 18:24-18:27:30 UT pumping cycle, one observes emission intensity varia-
tions caused by, presumably, an emergence of a transparent haze. A decrease in the 391.4nm
photometer channel intensity and the simultaneous increase in the 557.7 nm and 630 nm
emission intensity evidences this. In the mid-latitude upper atmosphere, the 391.4nm
emission is not observed under normal conditions. It is characteristic of auroras during the
precipitation of high-energy particles [36], and it can also be observed when the ionosphere
is heated by powerful radio emission [6-8,43]. That is, the night-sky radiation recorded
in this spectral range will decrease when the haze emerges. The 557.7 nm and 630 nm
atmospheric emissions are always visible at mid-latitudes. When the haze occurs, there
is a possible effect of radiation scattering on the haze from the entire upper hemisphere.
Accordingly, in this case, the photometer records not only the radiation of the atmosphere
in its FOV but also the radiation of atmospheric emissions scattered on the haze beyond
its FOV.

-65

-70

SEE Intensity, dB

fSEE—fg , kHz

Figure 5. SEE spectra obtained at two minutes after continuous pumping switch on during the cycles
shown in the Figure 4. Black dashed line corresponds to the spectrum of the background noise
and interference.
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In both cycles in Figure 6, we note a similar sharp change in the intensity at the ad-
dressed instants. This may indicate an increase in the 557.7 nm emission intensity within
the 18:24-18:27:30 UT pumping cycle, caused by the radiation from the SURA, against the
atmosphere transparency change. However, this cannot be stated unambiguously since an-
ticorrelated time behavior is observed for the violet line. Note also that during this cycle,
strong red line enhancement, anomalous absorption and SEE are observed (Figures 4 and 5).
Therefore, although the E; critical frequency is high (~7MHz, the E; does not provide the
F-region shielding.

Within the 18:37-18:39:30 UT pumping cycle, the HF-induced green line enhancement
is not observed. The red line enhancement is very weak, although there is anomalous
absorption and SEE (the latter is weaker than in 18:21, 18:27, and 18:45 UT). The reason
is probably that the Es with a critical frequency of 5.8 MHz is semitransparent and dense
enough to provide degradation of the F-region phenomena, but it is not dense enough to
provide the green line excitation.

The CCD camera recorded moving weak lighter spots during the facility continuous
pumping within the 18:31-18:33:30 UT cycle. The Figure 6 top panel shows such frames.
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Figure 6. Photometric curves of ionospheric airglow at the 557.7 (middle panel) and 391.4nm

(low panel) obtained on 5 September 2021. The pumping mode is shown by colored rectangles.

The (top panel) shows the CCD camera frames at 557.7nm. The time moments for these on the

(upper panel) frames are shown by arrows drawn to the curve in the (middle panel). The black

arrows on the top panel show the luminous spot.
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4. Discussion

An influence of the powerful radio waves on the emission of atomic oxygen lines
at 630 nm and 557.7 nm has been studied at the SURA facility since 1983. The 557.7 nm
pump-induced emission at the ionospheric F-layer heights by using photometers with
PMTs were registered in only a few cases [22,24,28]. In the experiment on 5 September 2021,
an increase in the 557.7 nm emission at the sporadic E-layer heights was recorded at the
SURA for the first time.

The emission was registered during one 2.5 min long cycle of continuous HF iono-
sphere pumping 18:31-18:33:30 UT) simultaneously with the existence of the sporadic E
layer with critical frequency exceeding the PW frequency. In addition, the strong decrease
of the SEE intensity (by 5-10 dB), total suppression of the 630 nm (red line) HF-induced
emissions and strong decrease of the PW anomalous absorption (by 10-15 dB) were ob-
served during this cycle. All these phenomena are related to the excitation of the artificial
ionospheric turbulence (Langmuir and upper hybrid waves, and plasma irregularities of
different scales) in the F-region near the PW reflection height. Therefore, the presence of E;
in this particular cycle of pumping leads to the blocking of the major part of the PW energy
flux from penetration to the F-region.

During the other 29 cycles of the pumping, the pump-induced green line emission
was not registered despite the presence of a quite strong E; at least in two neighboring
cycles (started at 18:25 and 18:37 UT). In these cycles, the PW radiation is not blocked
completely (strong anomalous absorption and SEE and red line airglow enhancement, see
Figures 4 and 5), which can be related to spatial configuration of the Es layer and the
difference in the antenna patterns of the ionosonde and optical equipment.

Particularly, in the cycle with the start of continuous pumping at 18:25 UT, a noticeable
increase of green and red line intensity are observed. The characteristic decay time after
PW switches off for the green line is close to the cycle 18:31-18:33:30 UT; the typical red
line decay time is close to one to many cycles with an HF-induced red line. However, the
presence of the HF-induced emission cannot be stated unambiguously, since a concurrent
increase of the green and red airglow started a minute earlier, at 18:24, together with pulse
pumping and the anticorrelated temporal behavior of the violet line. Most probably, the
emission behavior during this cycle is related to the influence of both HF pumping and the
emergence of the transparent haze.

In the cycle with the start of continuous pumping at 18:37 UT, the HF-induced green
line emission is absent, but the red line emission and SEE intensities are noticeably weaker
than in other cycles except for 18:31 UT. Possibly, in this cycle, an intermediate case occurs;
i.e., the E; with a critical frequency of 5.8 MHz is semitransparent and dense enough to
provide degradation of the F-region phenomena, but it is not dense enough to provide the
green line excitation.

Previously, an appearance of the 557.7 nm emission at the Es-layer heights was regis-
tered both by photometers and CCD imagers during the experiments in January 1998 at
the Arecibo heating facility [37,38]. In these cases, the airglow increase was greater than
that from the pumped ionospheric F-region.

According to Figure 4, lower panel, black curve, not more than 50% of the PW energy
flux is spent for the excitation of the plasma disturbances and electron acceleration in the
Es in the cycle stared at 18:31 UT, while in the F-region, the relative PW energy losses
during the other cycles achieve ~90% (anomalous absorption). However, the PW electric
field at the E; altitudes (~100 km) is significantly greater than in the F-region due to
spherical divergence, and the pump wave energy flux appears to be large enough for an
absolute parametric decay instability to develop the Langmuir waves [37,44]. Although
the initial study of the instability provides important insight into the instability process,
a self-consistent description of the electron acceleration process arising from HF-excited
Langmuir oscillations up to now remains a major theoretical goal.
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In [38,45], the authors assumed that horizontal neutral winds near Es height might
be detected by patches of ionospheric airglow moving, because the plasma motions in
the E region are mainly due to motions of neutral molecules. Based on this method, it
is possible to make some estimations of the speed of neutral wind at the E; layer height.
On 5 September 2021, 18:32 UT through 18:33 UT, the airglow spot at 557.7 nm observed
by the CCD camera is displaced to ~2.2° (Figure 6, upper panel). Thus, for a height of
100 km, we have a displacement of the airglow spot by ~3.8 km in 60s. Accordingly, the
estimated zonal neutral wind speed is ~—49.5 m/s and the meridional one is ~39.6 m/s.
Unfortunately, we could not find some data on horizontal wind at the time of registration
of weak green airglow spots. The zonal and meridional horizontal winds for ranges of
the Es heights calculated by the HWM14 model (https://github.com/rilma/pyHWM14,
accessed on 17 September 2022), as well as the zonal and meridional winds estimated by
the motions of weak airglow spots, are listed in Table 1.

Table 1. Comparison of zonal and meridional winds according to different data.

HWM14 Light Spots

Altitude, km Zonal Meridional Zonal Meridional
Wind, m/s Wind, m/s Wind, m/s Wind, m/s

100 —6.7 -9.3 —49.5 39.6

105 —-17.8 —19.6 —52 41.6

110 —4.8 —-17 —54.5 43.6

115 —274 —-175 —57 45.6

120 —-50 —23.1 —59.4 47.6

125 —499 —28 —61.9 49.5

130 —43.3 —26.3 —64.4 51.5

The obtained magnitudes of the zonal neutral wind (Table 1) for height ~120 km
are close to the simulation results of a horizontal wind model (HWM14). The Es layer
height at that time according to the ionosonde data was ~115 km. The magnitudes of
meridional winds obtained in a similar way are directed oppositely. It should be noted
that the estimates of the zonal and meridional velocities of the neutral horizontal wind
at the heights of the E-layer deduced in this article are preliminary. This issue seems
very important to the authors and, therefore, it will be addressed in more detail in our
further papers.

5. Conclusions

During the experiment on Sepember 5, 2021 for the first time, an increase in the
557.7 nm emission intensity induced by the SURA facility radiation was found during
the sporadic E-layer layer development, partially blocking the F-region heating of the
ionosphere. The latter was determined by a strong decrease of the measured SEE intensity,
disappearance of the 630 nm emission generation as well as a strong decrease of the PW
anomalous absorption. Using the CCD camera, we managed to obtain frames showing
moving regions of the 557.7 nm emission increased intensity at the E; layer heights and to
estimate the neutral wind speed (~70 m/s) and direction (northwest, the azimuth ~320°)
at the E; height.

Previously, similar green line emission enhancement during Es was obtained in Jan-
uary, 1998 at the Arecibo heating facility [37,38]. Since that, such results were not reported
in literature. According to [37], the excitation of the 557.7 nm emission will be attributed
to the fact that at the E; altitudes (~100-~120 km), the pump wave energy flux appears
to be large enough for an absolute parametric decay instability to develop the Langmuir
waves [37], and it accelerates electrons until energies >4.17 eV, which is sufficient to excite
the level O(1S) responsible for the green line emission generation.


https://github.com/rilma/pyHWM14
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The values of the zonal neutral wind obtained during the measurements are close to
the results of modeling the horizontal wind for an altitude of 120 km, which are calculated
by the HWM14 model. The values of meridional winds obtained in a a similar way are
directed oppositely.
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