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Abstract. We investigated the properties of atmospheric gravity waves (AGW) in the areas of polar thermosphere wind
systems using satellite measurement data. It was established that AGWs systematically propagate in the direction from
night to day towards the wind. The dependence of the wave amplitude on the headwind wind velocity was studied.
In an oncoming non-uniform wind flow, wave amplitudes increase due to energy exchange with the medium. As a
result, such large-amplitude AGWs are predominant in observations in the polar thermosphere. Therefore, wind flow
regions can be considered a source of energy for AGW. The frequencies of polar AGW were determined from satel-
lite measurements. The obtained frequency values for different polar orbits of the Dynamics Explorer 2 satellite are
very close to the Brunt-Viiséld (BV) frequency. This indicates the filtering of the wave spectrum in the non-uniform
wind flow. The results allow us to explain the main properties of AGW in the polar thermosphere observed from the
satellite and compare them with ground-based measurements. When comparing the results of satellite and ground
measurements of AGW characteristics, background atmospheric flows must be taken into account. Thus, the frequen-
cies of AGW determined from satellite data are close to the Brunt-Viisdld frequency. However, a ground observer
will register such waves as very low-frequency disturbances. It can be assumed that some of the observed cases of
large-scale AGW are medium-scale disturbances propagating against the background of strong winds. Under in-
creased geomagnetic activity, the speeds of polar vortices increase, accompanied by an increase in energy transfer
from the wind. Therefore, AGWs play an important role in the energy balance of the polar atmosphere, redistributing
the energy of disturbed wind flows in the vertical direction.

Keywords: non-uniform wind flow, polar thermosphere, waves in the atmosphere, wind filtering

mospheric environment. This has a significant im-

pact on the energy balance of the atmosphere.
Two factors determine AGWs’ energy. One is

the energy of sources: more powerful sources gen-

1 Introduction

Atmospheric gravity waves (AGW) play an impor-
tant role in the redistribution of disturbance en-

ergy on a planetary scale (Liu et al., 2024). They also
provide energy coupling between different high-
altitude levels of the atmosphere (Hines, 1960; Na-
ppo, 2012). During the propagation of AGW from
localized sources, the waves interact with the at-

erate AGWs of large amplitudes, which carry,
accordingly, a significant flow of wave energy in
space. Secondly, these waves propagate in the
atmosphere, leading to losses through dissipation
and amplification under certain conditions. Thus,
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AGWs’ features can be determined to a greater
extent by the properties of the environment than
by the properties of the sources. Effective energy
exchange between AGW and the medium occurs
in spatially heterogencous wind flows (Lighthill,
1978; Fedorenko et al., 2018). The neutral at-
mospheric medium is a giant reservoir of energy,
compared to the energy of the AGW. Therefore,
if there is some energy transfer channel from the
medium, the energy and the waves’ amplitudes
can increase significantly.

In the classical AGW theory, without taking in-
to account the exchange of energy with the envi-
ronment, the wave amplitude increases with
height due to the exponential decrease in the densi-
ty of the atmosphere, but the energy density is con-
served (Hines, 1960; Nappo, 2012). In the pres-
ence of spatially heterogeneous wind, energy can
be exchanged between the environment and the
AGW. Fedorenko et al. (2024) recently studied
changes in the amplitudes of AGWs propagating
in a horizontally heterogeneous flow. It is shown
that for AGWs moving against the wind, energy
flows from the environment to the waves. On the
contrary, waves traveling with the wind release
energy and quickly decay. Harvey et al. (2023)
report experimental evidence of the connection
between the AGW and the Arctic and Antarctic
polar vortices at mesospheric altitudes.

The polar thermosphere is a unique area for
studying such energy transfers. The most power-
ful sources of disturbances in the upper atmo-
sphere associated with geomagnetic activity are
over the Arctic and Antarctic. These sources gene-
rate atmospheric waves of various types, including
AGW (Rourke et al., 2017; Moffat-Griffin, 2019).
In the polar regions, powerful spatially heteroge-
neous wind systems are formed. The specifics of
polar thermosphere circulation have been actively
studied theoretically and experimentally (Thayer
et al., 1987; Aruliah et al., 1991; Deng & Ridley,
2006; Liihr et al., 2007). The main feature of the
wind circulation in the polar thermosphere is
vortices with horizontal dimensions of ~ several
thousand km. Polar vortices arise in the morning

and evening sectors near the polar region due to
the involvement of the neutral medium in the
movement of ionospheric plasma, which drifts in
the crossed fields of magnetospheric-ionospheric
convection. In between the vortices, there is a
spatially heterogeneous flow directed mainly from
the Sun. The speed of this flow, depending on solar
and geomagnetic activity, is ~300—700 m - s7!
(Killeen et al., 1995; Liihr et al., 2007). This flow
is superimposed on a gradient wind caused by the
absorption of solar ultraviolet radiation, the speed
of which at the thermospheric heights usually
does not exceed 250 m - s™'. As the Earth rotates,
polar vortex’s geographical coordinates change;
the superposition of the gradient wind with the
eddy flow is complex.

As a result, the horizontal structure of flows in
the polar thermosphere is quite uneven. The po-
lar wind configuration is determined to a greater
extent by magnetosphere-ionosphere interaction
than by insolation conditions. The higher the geo-
magnetic activity, the greater the contribution of
the eddy component to the wind configuration and
the greater the wind speed. Thus, the simulation
showed that the wind speed in the polar cap at
an altitude of 250 km correlates with the magni-
tude of the southern Bz component of the Inter-
planetary Magnetic Field (Deng & Ridley, 2006).
When AGWs propagate in the polar thermosphere
with complex dynamics, it can be expected that
the observed characteristics of the waves will be
only partially determined by the sources, and the
properties of the environment will play a signifi-
cant role. This greatly complicates a ground-
based experimental diagnosis of waves and the
search for a connection with their sources.

The propagation of AGW at ionospheric heights
is manifested by the corresponding disturbances
in the ionosphere, which can be registered by ground-
based remote methods. For some time, the theo-
ry of AGW in a neutral atmosphere was devel-
oped in isolation from observations of travelling
ionospheric disturbances (TIDs). Hines (1960) first
suggested that most of the observed TIDs are man-
ifestations of the propagation of AGW in the neu-
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tral atmosphere. Ground-based observations of
travelling ionospheric disturbances in the polar
regions show periods corresponding to the freely
propagating AGWs. In particular, the character-
istic periods of AGW (tens of minutes) are often
visible in auroral events (electrojet variations, par-
ticle discharges, etc.) considered hypothetical sourc-
es of polar wave disturbances (Crowley & Wil-
liams, 1987; Williams et al., 1992).

TIDs over the Antarctic Peninsula were de-
scribed quantitatively using the Global Navigation
Satellite System Total Electron Content and High
Frequency sounding observations (Paznukhov et al.,
2022). Periods of TIDs significantly differ between
the seasons. Wintertime TIDs have noticeably
shorter periods (10—50 min) compared to the rest
of the year (30—140 min). The seasonal variation
of TIDs over Alaska is examined using the Poker
Flat Radar (Negale et al., 2018). In contrast, sat-
ellite data indicate a predominance of AGW with
frequencies close to Brunt-Viisild (BV) frequen-
cy in both polar thermospheres (Innis & Conde,
2002; Fedorenko et al., 2015). Such a significant
difference between the properties of AGWs ob-
served from satellite and ground-based measu-
rements requires an explanation. In our opinion,
these differences are due to the propagation of
waves in powerful wind flows.

Extremely high speeds of wind flows and their
spatial heterogeneity shape the propagation of
AGW in the polar regions. The area between the
polar thermospheric vortices can be considered
as a source of energy for AGW. The properties of
this wind source were studied. The experimental
results, which were mainly obtained in our previ-
ous studies, will be briefly analysed. Theoretical
mechanisms of selective amplification of the am-
plitudes of AGWs with certain spectral proper-
ties are considered. Significant differences bet-
ween satellite and ground-based observations of
AGW propagating in powerful atmospheric flows
are analyzed. An alternative interpretation of the
observed large-scale TIDs is proposed as a conse-
quence of the propagation of medium-scale waves
in the wind flow.

2 Data and methods

Our research is based on atmosphere parameters
measured using the low-orbit polar satellite Dynam-
ics Explorer 2 (DE2). The orbital configuration
of the DE2 satellite (altitude of 250—1000 km,
orbital plane inclination of 89.9°) is very conve-
nient for studying the polar regions in both hemi-
spheres. Conditions for studying wave activity
over the Antarctic are more favorable since the
orbital perigee was in the southern polar regions
for most of the DE2 mission. The satellite’s com-
plex of scientific equipment included sensors of
the parameters of the neutral and plasma com-
ponents of the atmosphere (Carignan et al., 1981;
Spencer et al., 1981). These data make it possi-
ble to study the AGW based on in situ measure-
ments of variations in the velocity, temperature,
and concentration of neutral particles.

To study the relationship between AGW and
wind, we used measurement data obtained in three
experiments on board the DE2 satellite: NACS
(Neutral Atmosphere Composition Spectrometer)
(Carignan et al., 1981), WATS (Wind and Tem-
perature Spectrometer) (Spencer et al., 1981) and
FPI (Fabry-Perot interferometer) (Hays et al.,
1981). In the NACS experiment, the concentra-
tions of neutral atmospheric components, such as
atomic oxygen O, molecular nitrogen N,, argon
Ar, and other atmospheric gases, were measured
using a mass spectrometer. The temperature and
vertical velocity of neutral particles were measured
in the WATS experiment. The horizontal com-
ponent of the velocity of neutral particles along
the satellite orbit was measured in the FPI ex-
periment using a Fabry-Perot interferometer based
on the Doppler shift frequency of the red oxygen
line O 630.0 nm.

We used the data from the NACS experiment
to determine the amplitudes of the AGW in at-
mospheric density fluctuations, as well as the di-
rections of wave propagation. The 1-s averaged
concentration measurement data were obtained
from the https://spdf.gsfc.nasa.gov/pub/data/de/
de2/neutral_gas nacs database. The hypothetical
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Figure 1. (a) Concentrations of n(O) and n(N,) and (b) fluctuations of n(0)/n(O) and én(N,)/n(N,) on orbit 8424 of
the Dynamics Explorer 2 satellite

possibility of determining the directions of wave | as the difference between the original and averaged
propagation from measurements of the concen- | data. The window sizes were chosen based on the
trations of individual gases is due to the fact that | criterion of maximum correlation of the obtained
above the turbopause, all atmospheric gases are | fluctuations én(O) and dn(N,). The basis of this
distributed with height according to their indi- | approach is the obvious assumption that the same
vidual height scales. Due to this, in the satellite | wave process is observed in both types of gases.
observations of the AGW in the thermosphere, Relative fluctuations 3n(N,)/n(N,) and n(O)/
we clearly see how the lighter gas is ahead of the | n(O) are usually considered in the theory of AGW.
heavier gas in the direction of wave propagation | This makes it possible to eliminate significant dif-
(Fedorenko, 2009). This allows us to determine | ferences in the absolute values of the concentra-
the directions of the AGW at the heights of the | tions of these gases in the atmosphere. The values
thermosphere from fluctuations in the concentra- | of dn(N,)/n(N,) and 6n(O)/n(O) obtained from
tions of various gases. satellite measurements on orbit 8424 (February 1,
The measured values of the concentrations n(O) | 1983) are shown in Figure 1b. A significant in-
and n(N,) on the 8424 orbit are shown in Figure | crease in the amplitudes of concentration fluctua-
la. The orbital height varied from ~320 km above | tions over both polar regions compared to mid-lat-
the northern polar region to ~250 km above the | itudes is visible. In more detail, the nature of the
southern polar region. In the higher part of the | fluctuations 5n(N,)/n(N,) and 6n(O)/n(O) directly
orbit, n(O) is an order of magnitude higher than | over the polar regions is shown in Figure 2a, b.
n(N,); in the lower part, these values converge. Over | The magnitude of relative fluctuations in the
both polar regions, wave-like fluctuations in both | heavier gas N, reaches 10—20%; in atomic oxygen
gases under consideration are noticeable. To sepa- | O, it does not exceed 5%. This ratio of amplitudes
rate these wave fluctuations from large-scale con- | in different atmospheric gases is consistent with
centration changes, a moving average window was | theoretical ideas about the propagation of AGW
used. After applying the moving average proce- | in the thermosphere (Fedorenko et al., 2015). It is
dure, we find the fluctuations 3n(O) and dn(N,) | also clearly seen that over the northern polar re-
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Figure 2. Fluctuations of 8n(0)/n(O) and 8n(N,)/n(N,) on the 8424 orbit in the northern (a) and southern (b) polar
regions and amplitude wavelet spectra for 3n(N,)/n(N,) (c, d)

gion, fluctuations dn(0)/n(O) are ahead of dn(N,)/
n(N,) fluctuations in phase. Over the southern
polar region, on the contrary, fluctuations én(O)/
n(O) lag behind 5n(N,)/n(N,). A simple way to
determine the direction of AGW propagation along
the satellite’s orbit is based on the analysis of these
phase shifts (Fedorenko, 2009).

When studying wave processes from aboard a
satellite, there is always a problem of separating
spatial and temporal changes in the measured pa-
rameters. Thus, the frequency Q, which is mea-
sured from aboard a moving satellite, is shifted due

to the Doppler effect Q =Q -k _- V. Here Q
is the frequency in a fixed reference frame, k_ is
the component of the wave vector along the orbit,
V ~8 km - s7! is the speed of a low-orbit satellite.
The phase horizontal velocities of AGW are usu-
ally several hundred m - s™' (Hines, 1960). There-
fore, the spectrum of wave numbers Q ~k_ - V. is
actually measured onboard the satellite. That is,
the propagation of AGW is recorded in the form
of quasi-stationary periodic structures in the dis-
tribution of atmospheric parameters, such as con-
centration, temperature, and velocity. The hori-
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zontal scales of polar AGW observed on the DE2
satellite were mainly A = (45-70)s - 8 km - s7' =
= 360-560 km. Here, the quantity A  denotes the
projection of the horizontal wavelength onto the
satellite’s orbit. The true horizontal wavelengths
A differ from A_ depending on the angle at which
the satellite crosses the wavefront.

Due to the impossibility of directly measuring
the AGW frequency from the satellite, we deter-
mined it based on measurements of atmospheric
parameters in the WATS and NACS experiments.
In this case, the well-known relationship V, = iwh
was used (Innis & Conde, 2002). Here, V_ is the
vertical velocity of particles, 4 is the vertical dis-
placement of the elementary volume of the me-

Table. Directions of AGW propagation in polar regions

dium during the AGW propagation. The value of the
vertical component of the velocity V, was direct-
Iy measured in the WATS experiment. The value
of A can be approximately calculated from mea-
surements of the concentrations of two gases (Fe-
dorenko, 2009): & = F - [6n(N,)/n(N,)-6n(0)/
n(O)]. Here, F = H(O)H(N,)/[H(O)-H(N,)]; H(O)
and H(N,) are individual scale heights of gas con-
centrations in the thermosphere.

To study the relationship between the AGW am-
plitudes and the wind velocity, data from the FPI
experiment were used. The values (along the or-
bit) component of the wind velocity, averaged over
16 s, are presented in the database https://spdf.
gsfc.nasa.gov/pub/data/de/de2/neutral gas fpi/.

e I - T O e R T [
1 2 3 4 5 6 7 8 9
S July 5424 370—300 4.5 63—72 2.0—14.0 + -
S July 5454 370—300 5 56—80 1.8—13.8 + -
S July 5462 420—320 4 63—74 1.8—13.8 + -
S July 5487 350—310 3.5 56—76 1.7-13.7 + -
S July 5500 340—310 5 55-72 1.6—13.6 + -
N July 4983 300—400 2 67—68 15.9-3.9 - <«
N July 4984 300—430 3 70—59 15.9-3.9 - «—
N July 4986 310—430 4 74—57 15.9-3.9 - “«—
N July 4991 290—370 3 70—67 15.9-3.9 - <«
N July 5053 300—400 5 67—62 15.6—3.6 - «—
N January 8216 270—250 5.5 67—35 13.9—-1.9 - “«—
S January 8257 280—250 5 66—45 13.8—1.8 - «—
S January 8273 265—250 4 73—50 13.7-1.7 - «—
S January 8286 260—250 2.5 70—32 13.6—1.6 - «—
S January 8303 260—250 5 70—55 13.6—1.6 - “«—
N January 8192 340—370 13 6278 2.0—14.0 + -
N January 8196 340—375 7.5 59—-72 2.0—14.0 + —
N January 8201 340—370 4 75—81 2.0—14.0 + -
N January 8205 340—370 5 68—77 2.0—14.0 + -
N January 8206 340—375 6 59-77 2.0—14.0 + —

Here, 1 — hemisphere; 2 — month of the year; 3 — orbit number; 4 — change in orbital height within the wave train;
5 — average amplitudes within the wave train 8p - p!, %; 6 — geographical latitude within the wave train; 7 — solar local
time (LT); 8 — sign of phase shift Ap between fluctuations n(0)/n(O) and &n(N,)/n(N,) along the orbit; 9 — direc-

tion of AGW propagation (“—”
ISSN 1727-7485. Ukrainian Antarctic Journal, 23(1), 2025, https://doi.org/10.33275/1727-7485.1.2025.741

24

— in the same direction as the satellite, “<-” — towards the satellite)


https://doi.org/10.33275/1727-7485.1.2025.741
https://spdf.gsfc.nasa.gov/pub/data/de/de2/neutral_gas_fpi/
https://spdf.gsfc.nasa.gov/pub/data/de/de2/neutral_gas_fpi/

Alla Fedorenko, Evgen Kryuchkov, Anna Voitsekhovska: Wind as an energy source of polar atmospheric gravity waves

The wind speed in the FPI experiment was de-
termined by the limb scanning method using the
Doppler shift frequency of the atmospheric emis-
sion O 630.0 nm (Hays et al., 1981). Since the
inclination of the DE2 satellite orbit was 89.9°,
the meridional component of the wind speed was
actually measured in the FPI experiment.

3 Results
3.1 AGW propagation directions

The DE2 orbit with an inclination of 89.9° was po-
lar sun-synchronous. When a satellite passes near
the poles, the solar local time LT changes to LT *
+ 12". For most of the duration of the DE2 mis-
sion, the orbit was synchronized in such a way
that a day-night or night-day transition occurred
near the poles. During these sharp changes in lo-
cal time, systematic patterns in the phase shifts
between the fluctuations 6n(0)/n(0) and n(N,)/
n(N,) were observed. These features are shown in
Table using the example of 20 orbits of the DE2
satellite for polar day and polar night conditions in
both hemispheres (5 orbits for different conditions).
As seen from the Table, in the range of time
zones 1.6—3.9" LT (13.6—15.9" LT), a systematic
direction of AGW propagation from night to day
is observed. It looks as if there is a regular source
of waves in the night sector of the polar region.

On the other hand, it is known that the wind
blows mainly from the Sun. Therefore, we con-
clude that the waves propagate against the wind.
This suggested a closer interaction of polar AGWs
with the wind and was an impetus for further ex-
perimental and theoretical studies. The azimuths
of AGW propagation for the northern polar region
under the polar day and night conditions are shown
in Figure 6 in (Fedorenko et al., 2015).

3.2 Dependence of wave amplitude
on wind speed

According to the data of synchronous measurements
of density in the NACS experiment and wind speed
in the FPI experiment, the dependence of the am-
plitudes of polar AGWs on the background wind
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Figure 3. AGW amplitude (100 - 8p - p') and meridional
wind velocity (m - s7') along 5 sections of the orbits of the
DE2 satellite over the southern polar region. N are the counts
along the orbits when wind speed measurements were made

was investigated. Figure 3 simultaneously shows the
values of wind speed and AGW amplitudes along
several sections of the satellite orbits in the south-
ern polar region. The average values of AGW
amplitude in the wave train are considered here.
For clarity, the AGW amplitude is shown in units
of 100 - 8p - p™' (%). As shown in Figure 3, the rela-
tionship between AGW amplitudes and wind speed
along individual orbits is clearly visible.

A theoretical analysis of the change in AGW
amplitude in the non-uniform wind flow was re-
cently done by Fedorenko et al. (2024). In this
work, a system of modified hydrodynamic equa-
tions was obtained, taking into account the com-
ponents that describe the linear interaction of
waves with a non-uniform flow. Based on the
analysis of this system, with slow changes in wind
speed on wavelength scale, the spatial heteroge-
neity of the wind actually does not affect the dis-
persion equation but only the wave amplitudes.
The dependence of the AGW amplitude on the
wind speed is described by the following approx-
imate equation (Fedorenko et al., 2024):

ow_( 1 ¥
A~ A - Sl N
O(Wx/on)exp[ x— (U +403 (UX+WX)H

X X

Here, W_is the wind velocity, U = o/k_is the
phase horizontal velocity of the AGW, y is the
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Figure 4. Experimental and model dependencies of AGW
amplitude on wind velocity

ratio of specific heats, and ¢, = (ygH)"/? is the
speed of sound. According to this equation, the de-
pendence of the AGW amplitude on the wind speed
consists of a linear and an exponential part. The
linear part is related to changes in the background
parameters of the medium and does not depend
on the direction of wave propagation relative to
the flow. The exponential part is caused by iner-
tial forces (Fedorenko et al., 2024). It gives an
increase in the amplitude of the waves in the
headwind flow (8W_/5x < 0) and its rapid attenu-
ation in the accompanying wind (5W_/5x > 0).
The linear dependence of the amplitude on the
wind speed prevails in the case of a headwind,
and the exponential part only slightly slows down
the growth of the wave amplitude at high values
of the wind speed W _> 350 m - s”'. However, the
exponential part provides a very rapid decrease
in the amplitude with increasing tailwind speed.

Figure 4 shows the change in AGW amplitude
in the headwind according to experimental data
and modeling results based on the data of Fedo-
renko et al. (2024). For calculations, a hetero-
geneous wind is taken, the speed of which increas-
es linearly from 50 m - s7! to 500 m - s*' with a
spatial gradient (3W_/6x) =10~ s'. This satisfies
the condition of slow changes in wind speed for

the typical scales of AGW in the upper atmo-
sphere from hundreds to several thousand km.
Theoretical dependencies agree well with the ex-
perimental data, except for very small and large
wind speeds. The change in the AGW amplitude
directly shows how the wave energy increases due
to the interaction with the medium. The relative
change in wave energy is proportional to the square
of the change in amplitude E/E, ~ (A/A))*.

3.3 Polar AGW frequencies

Fluctuations in the magnitude V, lead to fluctua-
tions of 4 in phase by /2 in the direction of AGW
propagation according to measurements on the
DE2 satellite (Fedorenko et al., 2015). We used
the ratio of the amplitudes of these quantities to
determine the wave frequency. The experimental
dependence of V(h) is shown in Figure 5 accord-
ing to measurements on polar parts of several
DE?2 satellite orbits. The AGW frequency deter-
mined using linear approximation is, on average,
0.01 s'. Note that the frequencies of polar AGW
determined from satellite data are frequencies in
the reference frame of the medium. This value cor-
responds to the period 7= 2n/o = 628 s. At the
same time, the Brunt-Viisilid period for the con-
ditions of satellite observations is ~10 min. That is,
the determined value of the period of polar AGW
is very close to the period of BV. Background hor-
izontal temperature trends affect the values of the
quantities H(O) and H(N,), which are used in cal-
culating the vertical displacement 4 (Fedorenko,
2009). Therefore, the value of the frequency de-
termined from satellite data is approximate.

It is also necessary to another limitation of the
above-mentioned frequency determination method.
We assumed a monochromatic plane wave V, =
= imh, while the wave trains are not monochro-
matic, at least in the measured wavelengths. Scat-
tering of the measured values of &  can be partly
caused by different projections of wave vectors
onto the satellite’s orbit. However, as seen in Fig-
ure 2, the values of A  are not monochromatic
even within the same wave train. In this regard,
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it is important that the considered method of de-
termining the frequency of the AGW is not based
on the measured projection of the wavelength but
only on the ratio of the amplitudes of the quantities
V. and h. Even under such limitations, it is clear
that the frequencies of polar AGWs are high and
close to the value of BV frequency. Various energy
processes occur in the auroral oval, which lead to
the generation of a wide spectrum of waves. There-
fore, a hypothetical source is unlikely to systemati-
cally generate the same type of AGW with such
high frequencies. It is more reasonable to assume
that the predominance of high frequencies results
from the interaction of waves with the medium.
Fedorenko et al. (2018) theoretically investigat-
ed the possibility of filtering the spectrum of pri-
mary AGWs that enter a spatially heterogeneous
wind flow. The results were obtained under the
assumption of weak spatial inhomogeneity of the
flow when the AGW dispersion equation is local-
ly satisfied at each point of the moving medium
(Lighthill, 1978). In such an assumption, it is pos-
sible to switch to the reference frame of the mov-
ing medium. For the frequency o = o, — k_- W,
in the reference frame of the medium, the form of
the differential hydrodynamic equations remains
the same as for a stationary medium. Here, o, is
the frequency in the stationary reference frame,
and k_is the horizontal component of the wave
vector. Accordingly, the dispersion equation ob-
tained also retains its form. After substituting the
AGW dispersion equation for the headwind fre-
quency o = o, + k_- W, we obtain a family of
dispersion curves (see Fig. 1 in (Fedorenko et al.,
2018)). These dispersion curves are modified de-
pending on the wind speed. The curves have a
maximum dw, /8k_ = U; o = 0, where U; o 1s the
group velocity in a stationary frame of reference.
The group velocity of a wave for a stationary ob-
server in a headwind is Ug o= Ug . — W, where
ng is the group velocity in the reference frame of
the medium. The condition dw/8k_ = U,=W.is
satisfied at the points of maxima. When U, in the
medium is equal in magnitude to the wind speed
U . = 0, the wave is blocked in the headwind.
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Figure 5. Dependence of vertical velocity on vertical dis-
placement in polar AGWs

Fedorenko et al. (2018) showed that the horizon-
tal scale of the blocked waves tends to some lim-
iting value k_— 4rnH. This scale corresponds to
the horizontal wavelength A = 350—550 km, de-
pending on the value of H, which is most often
recorded in satellite observations of polar AGWs
(Innis & Conde, 2002; Fedorenko et al., 2015).

Therefore, the high frequencies of polar AGWs
are probably a consequence of filtering these
waves in the wind flow. Let us assume that AGWs
with a frequency of o, during propagation enter
the non-uniform wind. Then, in a headwind, the
AGW frequency in the medium reference frame
o = o, + k_- W_increases rapidly with increas-
ing wind speed, reaching the limiting values up
to the frequency of the BV. Therefore, the sys-
tematic predominance of high frequencies in the
spectrum of polar AGWs indicates the filtering
of primary waves, which could have had differ-
ent initial frequencies o,

4 Discussion

Wave activity in the polar regions is studied
mainly by observations of TIDs (Zhang et al., 2019;
Paznukhov et al., 2022). This is due to the large
amount of available experimental data and nu-
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merous methods for determining the state of the
ionosphere. Experimental studies of AGW in the
neutral atmosphere based on direct measurements
from satellites are significantly limited (Johnson
et al., 1995; Innis & Conde, 2002; Fedorenko et
al., 2015) as there are not enough low-orbit
satellites equipped for such measurements.

According to long-term observations, travelling
ionospheric disturbances are divided into large-
scale and medium-scale TIDs (Francis, 1975;
Hocke & Schlegel, 1996). Medium-scale TIDs have
horizontal phase velocities of 100—250 m - s/,
periods of 15 min — 1 h, and horizontal wave-
lengths of ~ several hundred km. It is believed
that such TIDs/AGWs can be generated by sources
at any altitude level in the atmosphere, including
in the troposphere or on the Earth’s surface.
Medium-scale AGWs are considered important
agents connecting the lower and upper atmosphere.
They do not show a pronounced correlation with
geomagnetic activity.

Large-scale TIDs propagate with horizontal pha-
se velocities of 400—1000 m - s7'; their periods are
from ~30 min up to ~3 h, and horizontal wave-
lengths exceed 1000 km. Such TIDs mainly prop-
agate from the polar regions. The frequency of their
appearance correlates with geomagnetic storms
and variations of the auroral electrojet (Hajkowicz,
1991). Tsugawa et al. (2004) determined the follo-
wing characteristics of large-scale TIDs over Japan
based on measurements of the GPS network:
phase horizontal velocities of 475 £ 171 m - s/,
periods of 80 + 29 min, wavelengths of 2131 +
+863 km. According to these studies, the frequen-
cy of large-scale disturbances increases signifi-
cantly with the increase of the K, index. Differ-
ences between the spectral properties of large- and
medium-scale AGWs/TIDs are usually explained
by different generation mechanisms (Francis, 1975).
Large-scale TIDs are considered to be waveguide
modes generated by auroral sources at the heights
of the E-region of the ionosphere (Francis, 1975).
Medium-scale TIDs are manifestations of freely
propagating AGWs that can occur at different
altitude levels of the atmosphere.

Direct satellite measurements differ significantly
from ground-based observations of AGWs/TIDs
in terms of obtaining information on their spec-
tral properties. A ground-based observer mea-
sures the AGW period and can also determine the
phase horizontal velocity using multi-station mea-
surements. The wavelength along the orbit is mea-
sured from the satellite in sifu. Synchronising mea-
surements of various parameters (such as velocity
and concentration of particles) makes it possible
to determine the period in the reference frame of
the medium (Fedorenko et al., 2015). Satellite ob-
servations show that in the polar regions, AGWs
systematically propagate against the background
of powerful wind systems and, as a result, closely
interact with them. Thus, information on the spec-
tral properties of wave disturbances obtained from
ground observations can be significantly distort-
ed by winds. In the polar thermosphere, where wind
speeds often exceed the characteristic horizontal
phase velocities of AGWs, these effects are most
noticeable.

The peculiarities of the interaction of AGWs
with wind flows allow us to consider an alternative
explanation of the difference in the characteris-
tics of large- and medium-scale AGWs/TIDs. It
can be assumed that many ground-observed large-
scale TIDs may be medium-scale waves “disguised”
by powerful wind flows. According to satellite
measurements, polar AGWs systematically move
against the wind. Therefore, such disturbances
are registered by the ground observer with fre-
quencies o, = o — k_W_reduced due to the Dop-
pler effect and, accordingly, with longer periods.
According to the satellite data, polar regions are
dominated by AGWs with horizontal wavelengths
of 450—600 km, with frequencies close to the
Brunt-Viisilid frequency (Innis & Conde, 2002;
Fedorenko et al., 2015). These parameters are
characteristic of AGWs near the blocking point
on the opposite flow, which are significantly am-
plified in amplitude (Fedorenko et al., 2018). At
typical wind speeds of 300—600 m - s™!, the peri-
ods of these AGWs measured by a ground ob-
server will be from 30 min up to 1 h. Wind speed
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in the polar thermosphere is actually never less
than 250 m - s7!, so the minimum observed TID
periods are about 20 minutes. With high geo-
magnetic activity, the disturbed wind in the ther-
mosphere can reach ~700 m - s!. Against the
background of such a strong wind, wave periods
for a ground observer can exceed 2 h, corre-
sponding to large-scale AGW/TID periods.

In the proposed interpretation, the large-scale
AGWs/TIDs observed in the polar regions acquire
their properties as a result of interaction with the
wind. The wind flow filters the spectrum, sets the
prevailing azimuths of propagation, and ampli-
fies the AGW amplitudes. With the growth of
geomagnetic activity and the increase of wind speed
in the thermosphere, the frequency of occurrence
of TIDs with long periods is expected to increase.
Under this consideration, the properties of large-
scale TIDs are determined not by the power of
their generation sources, with which it is quite
difficult to establish a direct relationship, but by
the disturbed inhomogeneous flow in the polar
thermosphere.

5 Conclusions

We have investigated the manifestations of the in-
teraction of AGW with wind in the region of po-
lar wind systems using satellite measurements. Ac-
cording to experimental data, it was established
that AGWs in the polar thermosphere systemati-
cally propagate from night to day against the wind.
The dependence of the amplitude of these waves
on the wind speed was studied. The increase in
the AGW amplitudes due to energy transfer from
the medium is observed in a spatially inhomoge-
neous headwind. This provides amplification of
AGW to significant amplitudes, making them
clearly visible and predominant in observations. It
should be noted that the key factor for such en-
ergy exchange is precisely the spatial inhomo-
geneity of the wind flow. When AGW propagates
in a homogeneous flow, a Doppler frequency shift
is observed for a stationary observer, and no
changes in wave amplitudes occur. The frequencies

of polar AGWs have been determined from satellite
measurements. The obtained frequency values are
very close to the BV frequency. In our opinion,
this indicates filtering of the AGW spectrum in
the wind flow. The results allow us to explain the
main properties of AGW in the polar thermo-
sphere observed from the satellite.

The non-uniform wind can be considered the
main source of AGW in the polar thermosphere
in the sense that the wind determines the prevail-
ing directions of propagation, frequencies, and am-
plitudes of these waves. There is always a back-
ground wave field in the thermosphere due to the
superposition of small-amplitude AGWs origi-
nating from different sources. It does not matter
how the primary waves arose. These waves may
have different initial spectral characteristics. How-
ever, when AGWs enter the region of the polar non-
uniform wind flow, filtering and selective amplifi-
cation of the amplitudes of certain spectral harmon-
ics occur. As a result, large-amplitude AGWs that
move upwind and have frequency ~ the BV frequen-
cy are predominantly observed in polar regions.

In order to compare these results with the char-
acteristics of the TIDs obtained in ground mea-
surements, it is necessary to consider the back-
ground atmospheric flows. We offer an alterna-
tive explanation of the observed large-scale AGW/
TID that occurs in the polar regions mainly dur-
ing geomagnetic storms. It is assumed that some
of the cases of large-scale AGWs are medium-scale
disturbances that change due to propagation
against the background of strong inhomogeneous
winds. Waves moving against strong winds will be
registered by a ground observer as long-period TIDs,
with their amplitudes significantly enhanced by
interaction with the wind.
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TeM y Tepmocdepi 3 BAKOPUCTAHHSIM JaHWX CYITyTHUKOBUX BUMipOBaHb. BcraHoBieHo, 1o AI'X cucteMarnyHo 1o-
IIMPIOIOTHCS Y HAIIPSIMKY Bill HOYI IO OHSI HA3ycTpid BiTpy. JOCHimKeHO 3a/IesKHICTh aMILTITYIU XBWIb Bill IIIBUAKOCTI
3ycTpiuHoro BiTpy. [lokazaHo, 1110 y 3yCcTpiuHiii HEOAHOPINHIN BITPOBIl Teuii aMIUTITYAu XBUJIb 3pOCTAIOTh 32 paxy-
HOK €HeprooOMiHy i3 cepeoBulleM. Y pe3yibTarti, came Taki AI'X BeJTMKHX aMIUTITyl IepeBaXatoTh Y CITIOCTEPEXKEH-
HSIX Y NoJisIpHiii Tepmocdepi. Tomy obacti BiTpoBOi Teuii MOXKHA pO3IJISIIATH SIK AxKepeso eHeprii mist AIX. Yactoru
nosisspHux AI'X Oynu BU3HAYeHi 3a IOTMOMOTOI0 CYITYyTHMKOBUX BUMipoBaHb. OTpUMaHi 3HaAU€HHS YacTOT JJIs pi3-
HUX MoJisipHUX opOiT cynmyTHuKa Dynamics Explorer 2 € nyxe 6au3bkumu 10 yactotu bpenrta-Bsaiicans. Lle cBin-
YUTH TIPO (PiIbTpaLilo XBUJIBOBOIO CIEKTPY Y HEOAHOPIZHOMY BiTpoBOMY oToLi. OTpuMaHi pe3yJbTaTu J03BOJISIIOTh
MOSICHUTU OCHOBHI CIIOCTepeXyBaHi 3i CymyTHUKa BiaacTuBocTi AI'X y moisspHiit TepMocdepi Ta MOPiBHATU iX i3
HazeMHUMU BUMipamu. [1pu crmiBcTaBieHHi pe3y/abTaTiB CYMyTHUKOBUX Ta Ha3eMHMX BHUMipIOBaHb XapaKTepPUCTUK
AI'X HeoOxinHO BpaxoByBaTu hoHOBi aTMocdepHi Teuii. Tak, yactotu AI'X, BU3HauYeHi 32 CyMyTHUKOBUMU TaHUMU,
€ OM3bKUMHU 10 yacToTu bpeHrta-Bsiicsst. OnHak Ha3eMHUIA CIIOCTepiray peecTpyBaTuMe TaKi 30ypeHHs SIK J1yxe
HU3bKOUYACTOTHI. MOXHa MPUITYCTUTH, 1110 YACTUHA CITOCTEPEXYBAaHUX BUMAKIB BeJukoMmaciiTabHux AI'X € cepen-
HbOMACIITaOHMMU 30yPEeHHSIMU, 1110 MOIIMPIOIOTHCS Ha (POHI CUIbHUX BiTpiB. I1pM mocuaeHHI reoMarHiTHOI aKTUB-
HOCTI IIBUAKOCTI MOJISIPHUX BUXOPIB 3pOCTalOTh, 10 CYIPOBOMXYETHCS 30LIbIICHHSIM Iepeaadi eHeprii Bil Tedil 10
XBUJIb y X obsactssx. Tomy AIX BimirpaioTh BaXJIMBY poOJib B €HEPreTMUYHOMY OajaHCi MOJIIpHOI aTMocdepu,
Mepepo3NONIISTIOUN eHEPTil0 30ypeHUX BITPOBUX TEUiil y BEpTUKAJIbHOMY HAIPSIMKY.
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