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Abstract—A new method has been developed for determining the characteristics of internal atmospheric
waves based on the use of inclined sporadic E-layers of Earth’s ionosphere as a detector. The method is based
on the fact that an internal wave, propagating through an initially horizontal sporadic E-layer, causes rotation
of the plasma density gradient in the direction of the wave vector, which leads to the establishment of a layer
ionization plane parallel to the phase wave front. The developed method allows us to study the relationship
between small-scale internal waves and sporadic £-layers in Earth’s ionosphere and significantly expands the
capabilities of traditional radio occultation monitoring of the atmosphere. It was found that the studied inter-
nal atmospheric waves have periods from 35 to 46 min and vertical phase velocities from 1.2 to 2.0 m/s, which
isin good agreement with the results of independent experiments and modeling data for sporadic E-structures

at an altitude of ~100 km in Earth’s polar cap.
DOI: 10.1134/S0010952520030028

1. INTRODUCTION

Sporadic E-layers (E,) are known as thin layers of
increased ionization at altitudes from 90 to 130 km in
Earth’s ionosphere. The study of the effects associ-
ated with E-layers is of great interest for radio com-
munications and navigation. Analyzing the radio
occultation measurements of the Challenging Mini-
satellite Payload (CHAMP), the authors in [1] studied
the global morphology of E -layers. The climatology
of sporadic E-layers was studied by them on the basis
of determining the signal to noise ratio (SNR) and
phase dispersions, in terms of monthly zonal averages,
seasonal maps, and daily and long-term variations [1].
A detailed analysis of the global distribution of the
appearance of sporadic E-layers was carried out in [2].
To obtain information on small-scale ionospheric
inhomogeneities for the period from January 2002 to
December 2007, the authors of this paper used a large
database of radio occultation missions CHAMP,
GRACE, and FORMOSAT-3/COSMIC. 1t was found
that the distribution of the appearance of E-layers
shows strong fluctuations, though the highest fre-
quencies of their occurrence are observed during the
summer at middle latitudes. Maxima of the appear-
ance of inhomogeneities arise in the range of geomag-
netic latitudes from 10° to 60° of the Earth’s middle
latitude ionosphere. At high latitudes, where the
angles of magnetic inclination are from 70° to 80°,
deep minima occur in the indicated distribution,
which is consistent with the theory of the formation of
sporadic layers using wind shear [2, 3].

The theory of the formation of sporadic E-layers by
means of a wind shear at middle latitudes has been con-
firmed by many studies [4]. It was found that E-layers
at middle latitudes are very thin (several hundred meters
thick), distributed horizontally over hundreds of kilo-
meters, dense (particle concentration reaches several
units of 10° electrons/ions per cm?®), and composed of
metal atoms [5]. In the presence of inclined geomag-
netic fields, ion fusion in the E-region of the ionosphere
can be due to a shear by both zonal and meridional
winds. However, the main driver of ion convergence in
middle latitudes at an altitude of ~115 km and lower is
considered to be a shear of the zonal wind [6]. Electrons
associated with the process of fusion of positive ions
into a thin layer move along the lines of the geomagnetic
field in order to neutralize the positive charge. It should
be noted that the theory of wind shear explains how a
layer is formed in the vertical plane but does not explain
the principle of horizontal formation. In the daytime
E-region of the ionosphere, the main molecules for
ionization are N, and O,. At night, the fast recombina-
tion of molecules leads to the photochemical equilib-
rium of ionization in the E-region, which causes the
disappearance of the usual FE-layer. On the other
hand, sporadic E-layers are often observed at night
and their appearance usually lasts several hours. This
contradicts the photochemical equilibrium of the
usual E-region of the ionosphere and excludes its par-
ticipation as a possible source of positive ions respon-
sible for the ionization of E-layers. To confirm the

assumption that it is metal ions (Fe* and Mg*) are the
main source of ionization of E -layers, the profiles of
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the concentration of electrons and ions were directly
measured using rocket observations [7]. The theory
predicts that the recombination rates for these metal
ions are significantly lower than the corresponding val-
ues for NO* and Oj. The lifetime of metal ions is long
and varies from several days at an altitude of ~120 km to
several hours at an altitude of ~95 km [6]. It is very
likely that metal atoms came from a meteor, therefore
it is natural to assume that the formation of thin layers
is associated with the convergence of ions, which is
caused by the impact of neutral wind in the presence
of a geomagnetic field. Although in some observations
of powerful E-layers, meteors are found captured at
the nodes of the wind shear, however, the main mech-
anisms of the formation of sporadic layers are consid-
ered to be neutral wind shears [8§—10].

Ground-based radar observations at night made it
possible to successfully represent the horizontal struc-
ture of E,-layers [ 11—13]. Numerical modeling showed
that E-spots (layers) in the northern hemisphere are
propagated towards the southwest and, as a rule, are
elongated in the (NW-SE) direction from the north-
west to the southeast [14—16]. However, in order to
justify the simulation results, it is necessary to have a
larger number of observations of sporadic E-layers at
middle latitudes. In the presence of vertical wind shear,
the main mechanisms of structuring E-layers are:
internal gravity waves (IGWs) [17—19], shear instability
of'the neutral wind [13, 20—22], and plasma instability
of the layer due to a neutral wind shear [14, 15]. Inter-
nal atmospheric waves modulate E-layers in the verti-
cal direction, and they can cause quasiperiodic (QP)
radar echo signals. It was shown in [23] that, as a result
of modulation of the layers over altitude, the polariza-
tion electric field develops in the night ionosphere of
middle latitudes, in this case, the effects of polariza-
tion resemble atmospheric waves in their effect. The
deployment of coherent scattering radars in modern
ionospheric experiments provided a clear picture of
structuring of ionization layers for middle latitudes [24,
25]. Rocket experiments showed that quasiperiodic
echo signals emanate from sporadic E-layers, in this
case, the presence of strong electric polarization fields
and neutral wind shears is observed [26, 27]. Large
wind shears did indeed take place in two rocket exper-
iments, which were carried out in parallel with
ground-based radar studies (SEEK and SEEK-2) of
sporadic E-layers in the ionosphere above Kyushu
island [28—30]. Shear instability in a neutral atmo-
sphere is also considered as a mechanism for creating
a densely ionized billow structure [21]. In the upper part
of the rocket experiment conducted during the SEEK-2
mission, this billow structure in the E-region of the
ionosphere was represented as a trace of trimethylalu-
minum (TMA) [29]. Observations of the three-
dimensional structure of downward and approaching
echo signals [31] can be explained by the presence of
unstable regions that developed along the geomagnetic
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field line from the altitudes of the E -layer location to
higher levels (>120 km). The data of interferometric
measurements obtained in [31] support the model
proposed in [32, 33] and confirm the results of com-
puter simulation [34].

The mechanism of the formation of E -layers by
means of a wind shear at high latitudes (>60°) will not
be as effective as at middle latitudes due to the fact
that, here, the magnetic field is directed almost verti-
cally to the local horizon. The large-scale horizontal
plasma structure in the auroral E-region is determined
by the spatial distributions of solar radiation sources
and particle precipitation. Internal atmospheric waves
at high latitudes are less important as a mechanism for
the vertical structuring of layers due to the large angle
of inclination (~90°) of the magnetic field to the local
horizon [35]. However, the small angle of deviation of
the magnetic field from vertical is very significant due
to large electric fields directed perpendicular to the
magnetic field. At high latitudes, convective electric
fields are important drivers of convergence or diver-
gence of ion motion [5, 36—41]. The authors in [36]
first suggested that sporadic E-layers at high latitudes
can be formed as a result of the action of only one elec-
tric field, where the wind shear mechanism practically
does not operate, in particular at altitudes below 110 km.
Compared to the equatorial region, the electric field in
the aurora zone and the polar cap is noticeably larger
and more widely distributed over the area. The average
auroral electric field has a strong diurnal component
with an amplitude of 30 mV/m and with maxima
located near 05.00 and 18.00 local time. The field
strength of ~50 mV/m is usual for both the oval and the
polar cap. Numerous measurements have also been
reported, in which the magnitude of the electric field
exceeded the value of 100 mV/m [35]. Clear signatures
of the influence of tidal winds (semidiurnal and diur-
nal modes) on the formation of sporadic layers (elec-
tric fields are not considered) are observed, however,
internal atmospheric waves can also create additional
wind nodes [37]. In fact, the authors in [42] showed
that under very quiet conditions of auroral latitudes,
the presence of minimal electric fields is sufficient for
the formation of a sporadic F-layer using a wind shear.
Evidence was presented in [43] that E-concentrations
of ~3 - 10°® cm—3 are often observed at high latitudes,
and there is also a sufficient amount of Na* ions to
obtain experimentally measured concentrations of Na
atoms. The composition of metal ions in E-layers sug-
gests their association with the processes of ablation of
meteors [44], as well as with the formation of neutral
metal layers in the upper mesosphere [40, 41, 45].
Since the vertical velocity is proportional to the cosine
of the angle of inclination of the magnetic field to the
local horizon, which becomes equal to 0.034 for the
angle of inclination of 88°, which is significantly less
than 0.17 for the angle of 80° [35], mechanisms involv-
ing horizontal electric fields or neutral winds will not
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Fig. 1. Scheme of the radio occultation experiment in Earth’s ionosphere.

operate in the polar cap. It is assumed that high-lati-
tude E -layers can be a manifestation of auroras that
correspond to the region of increased ionization.
However, the sporadic layers produced in this case will
not be too thin. According to the results of [5], at high
latitudes there are several types of layers that are much
thinner than those caused by auroral precipitations,
and which are probably formed for reasons character-
istic of sporadic E-layers at middle latitudes.

The propagation of a small-scale IGW modulates
the structure of the initially horizontal E-layer, which
leads to the inclination of this layer relative to the
plane of the local horizon. We have developed a
method for determining the characteristics of internal
atmospheric waves based on the use of inclined spo-
radic layers of Earth’s ionosphere as a detector. The
goal of this study is: (I) to present a method for deter-
mining the localization and inclination of plasma
sheets from radio occultation data; (II) conducting a
study for the case of inclined sporadic FE-layers in
Earth’s high-latitude ionosphere, observed using the
CHAMP satellite; and (III) demonstrating a new
method for determining IGW characteristics, which
determine the inclinations of the studied E-layers.

2. METHOD FOR DETERMINING
THE POSITION OF PLASMA LAYERS
AND THEIR INCLINATIONS TO THE LOCAL
HORIZON BY RADIO OCCULTATION DATA

The scheme of the radio occultation experiment is
shown in Fig. 1. Highly stable radio signals emitted by
a transmitter located on navigational satellite G pass
through the ionosphere and atmosphere along the
GTL beam and are recorded by the receiver aboard
low-orbit satellite L. Measurements of amplitude A(?)
and the phase-path increase (eikonal) ®(¢) are carried
out on a carrier frequency as a function of time z. The
global spherical symmetry of the ionosphere and
atmosphere with a common center (point O in Fig. 1)
is a key assumption in the analysis of radio occultation
data. The main contribution to variations in the ampli-
tude and phase of the recorded signal is made by a
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small region near tangential point 7, where the radio
beam is perpendicular to the gradient of the refractive
index, despite the fact that the length of beam trajec-
tory GTL is much longer than the region length [46].
The length of this region on the beam trajectory is
A, = 2(2l:r,)"/? and it is equal to the horizontal resolu-
tion of the structure under study in a radio occultation
experiment. Here, /; = (Ad,)"/? is the vertical size
(radius) of the Fresnel zone, A is the wavelength of the
radio signal, r, is distance OT from center O of the
spherical symmetry of the medium to perigee of the
beam T, and d, is the length of the section of beam tra-
jectory TL, which is approximately equal to the length
of straight segment DL (Fig. 1). A, corresponds to the
minimum length of a horizontal layer that can be mea-
sured by the radio occultation method. The tangential
point, at which radio beam GTL is perpendicular to the
gradient of the refractive index, coincides with the per-
igee of beam T providing global spherical symmetry.
The radio occultation method makes it possible to
determine the refractive index and its vertical gradient
along the trajectory of the beam perigee with good
accuracy and high vertical resolution.

An important relation between the acceleration of
eikonal a and refractive attenuation X,(7) of the radio
occultation signal has the form [47—49]:

1= X,() = ma, a=d ®@)/dr,

m = dldz/(R(l)/2dPs/df)2, d = Ry—d,,

where d|, d,, and R, are the lengths of straight seg-
ments GD, DL, and GDL, respectively, and p and p, are
the impact parameters for beam trajectory G7TL and
line of sight GDL. The value of m is determined from
ballistic data for satellites. Since angle of refraction
E(p) (Fig. 1) is small, distance d, is approximately
equal to the length of beam arc TL.

(1)

We formulate a criterion, under which the tangen-
tial point coincides with the beam perigee. For this, it
is necessary and sufficient: (I) the fulfillment of the
condition for global spherical symmetry of the atmo-
sphere and ionosphere and (II) the absence of random
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inhomogeneities and multibeam propagation of radio
waves. In this case, Eq. (1) is valid, which leads to the
identity of refractive attenuations of X, and X, deter-
mined from the amplitude and phase measurements of
the radio occultation signal:

X, ()= X, (1), X, (1)=1/1, (2)

where [, and [ are the intensities of the radio waves
recorded before and after the beam enters the iono-
sphere, respectively. Identity (2) is a mathematical
expression of the fact that the tangential point of the
ionospheric layer coincides with the perigee of beam 7.
It is convenient to present the refractive attenuations of
X,(7) and X,(?) determined from the measurements of
the eikonal and amplitude of the radio occultation
signal in the form of analytical functions with ampli-
tudes A,(#) and A4,(?) and phases ),,(¢) and x,(?):

1- X, (¢) = ma = A, (t)Reexp[jx, (¢)],
1- X, (1) =ma = A, (r)Reexp[jy, (1)].
Indicated amplitudes A4,(7) and A4,(?) and phases
Xp(?) and x,(?) can be found using known time depen-
dence 1 — X,(?) and 1 — X, (), for example, using
numerical Hilbert transform or other methods for pro-
cessing experimental data. In the case of synchronous
variations 1 — X,(r) and 1 — X,(7), from Eq. (1) we can
obtain:

3

A, (1) = A, (1), %p (1) = Xa (1) (4)
Under the condition of global spherical symmetry,
Eq. (4) is another form of the above criterion. Devia-
tions from it can be associated with multibeam propa-
gation, diffraction, scattering, as well as the influence
of turbulence and other inhomogeneities in the atmo-
sphere and ionosphere. In some cases, these devia-
tions are caused by the influence of horizontal gradi-
ents and the appearance of other tangential points in
the ionospheric sections of the radio beam, for exam-
ple, tangential point 7", which leads to a displacement
of the center of spherical symmetry from point O to
point O' (Fig. 1).
The ratio for determining the displacement d of
tangential point 7" relative to the perigee of beam 7 has
the following form [48—50]:

— A
d=a"h 4R )

Equation (5) establishes the following rule: the dis-
placement of the tangential (turning) point of the
beam trajectory is determined from the relation
between amplitudes A4, and A, which can be obtained
from the analysis of variations in the intensity and
eikonal of the radio occultation signal. Displacement
d is positive or negative, depending on the sign of the
difference (4, — A4,), and tangential point 7" is located
in GT or TL of the beam trajectory, respectively. In
this case, phases y,,(#) and y,(?) should be the same
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within the accuracy determined by the measurement
errors. Equation (5) is valid, if one of the satellites is
located at a much greater distance from the point of
perigee T'than the other satellite. This condition is ful-
filled in radio occultation experiments, where space-
craft—Earth communication lines are used, or when
low-orbit satellites operate with radio signals from
space navigation systems. If displacement d is known,
then we can determine correction A/ to calculate the
actual layer altitude (4') and find the angle of inclina-
tion of layer & to the local horizon [50]:

S=d/r, Ah=K —h=dd/2=d’/2r), (6)
where # is the altitude of the perigee beam (Fig. 1).

3. ANALYSIS OF CHAMP/GPS RADIO
OCCULTATION DATA
IN EARTH’S IONOSPHERE

We used the radio occultation measurements of the
CHAMP satellite to study sporadic F-layers in Earth’s
ionosphere. Figure 2 shows the results of determining
the position and inclination of the ionospheric layers
using the data of processing radio signals at a fre-
quency of 1575.42 MHz of the global positioning sys-
tem (session on July 28, 2003, 01.35 UT (21.08 LT);
beam perigee coordinates 71.4° N, 67.3° W). The
parameters of ionospheric structures were determined
based on the analysis of altitudinal variations of the
phase path and the intensity of the radio occultation
signal. This made it possible to estimate the spatial dis-
placement of plasma structures relative to the perigee
of the radio beam, to determine the angles of inclina-
tion of the layers to the local horizon, as well as to find
the altitudes of the true location of the layers.

The time resolution of the phase and intensity
measurements of the radio signal received at the
CHAMP satellite is 0.02 s, which corresponds to the
discretization frequency of 50 Hz. The analyzed data
showed the presence of significant quasiregular varia-
tions in the intensity and phase of radio waves. The
refractive attenuations of X, and X, of the radio occul-
tation signal obtained as a result of processing varia-
tions in intensity and eikonal are shown in Fig. 2-1
(curves 7 and 2) as function of perigee altitude 4 of
beam trajectory GTL. The refractive attenuation of X,
was found from Eq. (1) by using the values of parame-
ter a determined from the experimental data. The
value of m was calculated using satellite ballistic data.
We found the refractive attenuation of X, from mea-
surements of the intensity of the radio occultation sig-
nal aboard the CHAMP satellite.

Variations of refractive attenuations of X, and X
are coherent, which indicates the equality of phases
X and y,,. Obviously, the indicated variations in X, and
X, are due to the influence of ionospheric layers in three
intervals of the perigee altitude of beam trajectory GTL,
which are indicated as a, b, and c in Fig. 2-1. The inter-
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Fig. 2. Comparison of refractive attenuations of X, and X, obtained from variations in the intensity and eikonal of the radio occul-
tation signal of CHAMP at the GPS-frequency f; = 1575.42 MHz (curves I and 2 in panel I, respectively). Amplitudes 4, and Ap
of the analytical signals associated with variations in refractive attenuations of X, and X, (curves / and 2in panel I1, respectively).
Position and inclination for the first (a) layer are determined by using the amplitudes 4, and 4, (panel I1I). Position and incli-
nation for the second (b) layer are determined based on comparison of amplitudes A4, and Ap (panel 1V).

vals a, b, and ¢ correspond to the ranges of the beam
perigee altitude: 50—72 km, 72—92 km, and 92—116 km,
respectively. It can be seen that functions (X, — 1) and
(X, — 1) are coherent in the indicated intervals. How-
ever, the amplitudes 4, and A, of the analytic functions
(X, — 1) and (X, — 1) are different. These amplitudes
A, and A, were determined using the Hilbert numeri-
cal transform and they are shown in Fig. 2-1I (curves /
and 2, respectively). The maximum values of parame-
ter A, are smaller than the corresponding values of A4,
in intervals a and b (Fig. 2-1I). The opposite picture is
observed in interval ¢ (Figs. 2-1 and 2-11I). For layers
located in intervals a and b, the values of displace-
ment d are negative. These two layers are located on the
trajectory of the GTL beam between points 7 and L.
The upper layer from interval c is displaced from the per-
igee of beam 7 towards navigational satellite G (Fig. 1).
For the case of nonzero displacement of the layer, the
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values of actual layer altitude #' and the altitude of
beam perigee 4 are not equal to each other and will dif-
fer by value Az determined from Eq. (6). It is important
to note that the vertical position of the layer is not deter-
mined unambiguously by the value of beam perigee alti-
tude 4. For example, in accordance with Eq. (6), two
layers with the same beam perigee altitude 4 and dif-
ferent values of displacement d will have different
actual altitudes 4'. Therefore, the actual altitude of the
layer is a more suitable parameter for describing the
altitude position of the layer compared with the alti-
tude of the beam perigee.

Radio occultation studies have shown that in
Earth’s ionosphere not only discrete (single) sporadic
FE-layers are observed, but also more complex struc-
tures, such as double E-peaks and even rectangular
sporadic layers [51]. Complex E-layers can be due to
unstable wind shears. The authors of [21] argue that
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drivers causing plasma instability (for example, Kelvin —
Helmbholtz instability) could deform a discrete E-layer
into a complex structure. These drivers can raise part
of the sporadic FE-layer to overlap with the original
layer [51]. As can be seen in Fig. 2-1, the layer in inter-
val a has a complex (double) quasiperiodic structure.
It is possible that the vertical observed oscillations are a
sign of propagation through the layer of the IGW. The
bottom part of this layer refers to the beam perigee alti-
tude of 55 km and has a vertical size of 3.0 km, and its
top part refers to the perigee height of 59 km and has a
vertical size of 4.4 km. A single sporadic b-layer
referred to the beam perigee altitude of 85 km, has a
vertical size of 4.4 km, and a typical U-shaped struc-
ture, which was reported in [52], with oscillations
above and below the defocusing region due to interfer-
ence of the direct and refracted radio beams. The layer
from interval ¢ refers to the altitude of beam perigee of
103 km and has a vertical size of 3.0 km. Figure 2-1
shows that this layer is less pronounced than the layers
located in intervals a and b.

Since the variations in refractive attenuations of X,
and X, are coherent, the developed method can be
used to determine the position of the ionospheric layer
on beam trajectory GTL. The results of determining
displacement d of the layers in intervals a and b are
shown in Figs. 2-111 and 2-IV. Here, curves 1, 2, and 3
represent the dependence of amplitudes 4, and 4, and
displacement d on the altitude of the beam perigee,
respectively. Curves 4 in Figs. 2-11I and 2-1V indicate
the angles of inclination of layers & in degrees (vertical
scales on the right). Curves 5 represent corrections
Ah [km] to actual altitude /' of layer a (Fig. 2-111) and
layer b (Fig. 2-1V), respectively. For layers in intervals a
and b, the values of displacement d are concentrated in
the ranges from —630 to —800 km and from —600 to
—750 km, respectively (interval ¢ is not shown). On
average, the values of displacement d for the layers in
intervals a and b are —730 and —620 km, respectively.
The average value of displacement d for the layer in
interval c is positive and equal to 620 km.

We briefly consider the accuracy of determining
key characteristics (displacement and angle of inclina-
tion) of the sporadic layers using the radio occultation
method. In accordance with Eq. (5), the statistical
error in estimating the ratio (4, — A4,)/A, will be mini-
mal at maximum value 4. Taking into account Eq. (5)
and the fact that the experimental errors in determin-
ing A, are < 5%, it can be shown that the accuracy of
estimating d is no worse than +100 km. This corre-
sponds to an error of ~13%, when calculating the
mean displacements for layers a, b, and c in this exper-
iment. Since the errors in finding r, are insignificant,
it follows from Eq. (6) that the relative errors in deter-
mining the values of the angle of inclination (A3/8) and
the displacement (Ad/d) of the layers are approximately
the same and equal to ~12—14%. Using Eq. (6), we
found the values of the angle of inclination for plasma
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layers a, b, and ¢ and the errors of their determination,
which are 8 = —7.3°+0.9°,6 = —6.4°+0.9°, and 6 =
6.4° + 0.9°, respectively. The values of correction Ah
to actual altitude /' were also determined for layers a
(Ah =40 km), b (Ah = 30 km), and ¢ (Ah = 30 km).

Local spherical symmetry allows us to apply the
Abel transform to solve the inverse problem and find
the distribution of electron density and its vertical gra-
dient in the layer. The obtained dependence of the
electron density N, (4') and the gradient dN./dh' are
shown in Figs. 3 and 4, respectively. Altitude profiles of
electron density and its vertical gradient for layers a, b,
and ¢ were reconstructed by us from radio occultation
data on the eikonal. Actual layer altitude #' and the
altitude of beam perigee 4 are shown on the top and
bottom horizontal axes of Figs. 3 and 4, respectively.
The altitude location of the electron density maxima
coincides with the location of the refraction attenua-
tion minima for layers a, b, and ¢, which can be easily
seen from a comparison of Figs. 2-1 and 3. This is fully
consistent with the simulation results obtained in [52].
When the radio wave propagation vector is parallel to
the ionization plane of the sporadic F-layer, then the
radio beam transmission of the central part of the layer
(peak of electron density) and its edges leads to defo-
cusing and focusing of the beams, respectively [52].
Layers a and b are located on a segment of the LT beam
at distances of 730 and 620 km from point 7, in this
case, their maximum electron density gradients are
observed at altitudes of 95.0 and 114.5 km (Figs. 4a
and 4b). Layer cis located at a distance of 620 km from
point T on part of the GT beam with a maximum ver-
tical gradient at the altitude of 130 km. According to
Fig. 4, the values of the vertical gradient of electron
density for layers a, b, and c are enclosed in the follow-
ing intervals:

—3.0 -10° cm ™ /km < dN (") /dK’
<56 -10° cm_3/km,

—2.4-10° cm ™’ /km < dN (k') /dI
<8.5-10° cm ™ /km,

—1.7-10° em~[km < dN (i) /dh
<2.8 -10° em ™’ /km.

These values are typical for intense sporadic E-lay-
ers in Earth’s ionosphere observed using ground-
based facilities of remote sensing, in situ methods, and
satellite sensors [4, 35, 53]. The altitude range of vari-
ations in the amplitude of the radio occultation signal
approximately corresponds to the range of variations
in electron density and its vertical gradient.
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Fig. 3. Results of determining the electron density for three ionospheric layers. Displacement, altitude correction, and angle
of inclination of the layer are equal, respectively: d = —730 km, A# = 40 km, and 8 = —7.3° (layer a, panel a); d = —620 km,
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Ah =30 km, and 6 = —6.4° (layer b, panel b); d = 620 km, Ah = 30 km, and & = 6.4° (layer c, panel ¢).
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Fig. 4. Results of determining the vertical gradient of electron density for ionospheric layers.

4. ASSOCIATION BETWEEN INCLINED
SPORADIC E-LAYERS AND INTERNAL
ATMOSPHERIC WAVES

Propagation of IGWs at ionospheric altitudes of
Earth can lead to the formation of inhomogeneities in
ionization [54]. At present, it is known that internal
atmospheric waves generate traveling ionospheric dis-
turbances (TIDs) and some types of sporadic E£-inho-
mogeneities. It was found that TIDs are characterized
by a pronounced inclination of the equal phase sur-
faces, while almost horizontal equal phase surfaces are
observed in sporadic E-layers. This is mainly due to
the fact that sporadic layers are formed by atmospheric
tides and buoyancy waves with a long period, which are
destroyed in the F-region of the ionosphere due to dis-
sipative effects [55]. According to the results in [54], the
inclined fronts of TIDs should represent the phase
fronts of the buoyancy waves associated with them,
and the propagation of the wave phase downward indi-
cates the propagation of the IGW energy upward. It
should be noted that in [56] it was shown that polar-
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ization electric fields can be the cause of the appear-
ance of medium scale TIDs. This is due to the fact that
most nighttime TIDs are propagated in a southwestern
direction, and this preferred direction of TID propa-
gation cannot be explained by the classical theory of
IGWs. The ionospheric instability, which acts through
electrodynamic processes, including polarization elec-
tric fields, could also develop medium scale TIDs [56].
In [57], the association of sporadic E-layers with TIDs
and other ionospheric phenomena was investigated.

An internal atmospheric wave propagating through
the ionosphere collects ionization into a wave node
due to collisions between charged and neutral parti-
cles. In [58], it was shown that a wave propagating
through the E-region generates wave-like variations in
electron density that have the same wave numbers and
frequency as the initial IGW, provided there are no
boundaries or inhomogeneities in the surrounding
plasma. The authors in [59] have found that the wind
shear tends to collect ionization into a wave node that
is shifted down. This drift of ionization from higher
levels to lower levels is known as the corkscrew effect.
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The role of small-scale internal waves modulating the
plasma layer formed by the tidal system was consid-
ered in [60]. The author of the above-mentioned paper
indicated that in the case, when the vertical IGW
phase velocity is slightly higher than the drift velocity
of the plasma layer and is directed downward, the layer
ions “see” the wind structure of the practically sta-
tionary IGW, which sweeps ions through the horizon-
tal convergence/divergence zones, creating a charac-
teristic “spottiness” of a sporadic E-layer. Forced spa-
tial resonance arises, when the inhomogeneity in
ionization formed in some other way (for example, by
atmospheric tide or an IGW with a long period) has a
drift velocity equal to the IGW phase velocity. In this
case, the initial inhomogeneity should be located in
such a way that it coincides with one of the ionization
peaks created by an atmospheric wave [61].

Propagation of an internal atmospheric wave mod-
ulates the structure of the initially horizontal sporadic
E-layer and leads to rotation of the plasma density gra-
dient in the direction of its wave vector. Based on the
fact that IGWs determine the angle of inclination of
the sporadic E-layer by turning the plane of ionization
of the layer parallel to its phase front, we have devel-
oped a new method for determining the characteristics
of internal atmospheric waves associated with inclined
sporadic structures in Earth’s ionosphere. When
reconstructing IGW parameters, we used the basic
expressions (dispersion equation, polarization cou-
pling relations, determinations of wave characteristics)
for IGWs [62—68]. This method allows us to study the
relationships between small-scale internal waves and
sporadic E-layers in the Earth’s ionosphere and sig-
nificantly expands the capabilities of traditional radio
occultation monitoring of the atmosphere [50].

The idea of experimental determination of the
IGW characteristics associated with inclined plasma
structures is as follows. A small-scale internal wave
propagating through the E-region causes the inclina-
tion of the sporadic F-layer, turning its ionization
plane parallel to the phase front of the internal wave.
In this case, angle & between the wave propagation
vector and the local vertical will coincide with the
angle of inclination of the plasma E-layer under study.
To calculate characteristics of the IGWs which cause
the slopes of the layers, it is necessary to have estimates
of the unperturbed Brent—Viisila frequency (N,) at
actual altitudes (4'), where sporadic layers a, b, and ¢
are located. Since the data on the N, value at the alti-
tudes of the FE-layers are rather conservative, we used
the results obtained for Earth’s reference atmosphere:
N, (h'=95km)~2.3-10"2rad/s; N, (h'=99km) =~2.2-
102 rad/s; N, (h' = 115m) = 2.1 - 1072 rad/s [55]. These
values for buoyancy frequency N, correspond to the val-
ues of the period 1, (T, = 21/N,) from 4.6 to 5.0 min,
and they are consistent with the vertical profile of the
buoyancy period T, calculated for the standard atmo-
sphere, which is shown on p. 276 in [35] (see Fig. 6.5).
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From the results presented in Fig. 6.5 in [35], it was
also determined that N, (h'= 133 km) = 2.3 - 10~2rad/s.
Using these estimates and the obtained experimental
data, we found that: 1 > tan’?§ and ®’> /2. Consider-
ing the above inequalities, the dispersion equation and
expressions for wave characteristics take the very sim-
ple form [50]:

u)/Nb = xz/xh = |tan6 , T; = 23'[/(1),
cp| = 0ffk| = N/l ™)
| = @/|m| = N, |tand|/|m],

where wis the IGW intrinsic frequency; 7, is the intrin-
sic period of the internal wave; k, = 2mn/A, and m =
2m/\ are the horizontal and vertical wave numbers; A,

and A, are the horizontal and vertical wavelengths; ci,’}i

and c,, are intrinsic horizontal and vertical phase
velocities. Based on relations (7), it is possible to cal-
culate the characteristics of small-scale internal waves,
which cause the inclinations of the initially horizontal
sporadic E-layers in Earth’s ionosphere:

Layer a (bottom) (4' = 95 km, Ah =40 km): A, =
3.0 km; § = —7.3° |tand| = 0.13; A, = 23.1 km;

e = 11.0 m/s; |eyt| = 1.4 mfs; N, =2.3 102 rad/s;
® = 3.0- 1073 rad/s; and T; = 34.9 min.

Layer a (top) (h' =99 km, Ah =40 km): A, = 4.4 km;
8=-7.3%|tand| = 0.13; 1, = 33.8 km; [c,,| = 15.4 m/s;
cn|=2.0m/s; N, = 2.2 - 1072 rad/s; ® = 2.9 -
10~3 rad/s; and t; = 36.1 min.

Layer b (h' = 115 km, Ah = 30 km): A, = 4.4 km;
8 =—6.4° |tand = 0.11; 1, = 40.0 km; [c,y,| = 14.7 m/s;
\ "l=1.6 m/s; N, = 2.1 - 1072 rad/s; ® = 2.3 -

CPZ

10~3 rad/s; and T; = 45.5 min.

Layer ¢ (h' = 133 km, Ah = 30 km): A, = 3.0 km;
8= 6.4°; [tand| = 0.11; &, = 27.3 km; [c,,| = 11.0 m/s;
\cj;;\ =12m/s; N, = 23 - 102 rad/s; ® = 2.5 -
10-3rad/s; and T, = 41.9 min.

We briefly consider the reconstruction errors of the
above-mentioned characteristics of small-scale atmo-
spheric waves modulating sporadic layers. Earlier in
Section 3, we estimated the relative error in determin-
ing the angles of inclination § (and [tand|) for layers a,
b, and ¢ as ~12—14%. Assuming that the errors in
determining N, from profiles for Earth’s reference
atmosphere do not exceed ~5%, using the first two
relations in (7), we can find the relative errors in cal-
culating intrinsic frequency ® and period 7; of internal
waves: ~13—15%. If the accuracy of the experimental
estimate of A, is ~5%, then the errors in determining
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horizontal wavelength A, will also be ~13—15%. Using
the third and fourth relations in (7) and the above-
mentioned errors in determining N, A, and ®, we find
that the errors in calculating the intrinsic horizontal
cy, and vertical c). phase velocities are ~7 and ~14—
16%, respectively.

It is important that the value of the intrinsic fre-
quency and the IGW period can be determined by
knowing only the values of the Brent—Viisala fre-
quency (NV,) and angle (8) between the wave propaga-
tion vector and the local vertical. The intrinsic period
of the studied internal waves is from 35 to 46 min, and
the values of the IGW intrinsic vertical phase velocity
are in the range from 1.2 to 2.0 m/s. The indicated esti-
mates are in good agreement with an ~30 min period
and a vertical wind velocity <2.0 m/s at an altitude of
~100 km (in the ground-based reference system) cal-
culated for the sporadic E-layer model in the polar cap
[69, 70]. It should be noted that the nodes of the wind
shear, in which the wind velocity is equal to zero, coin-
cide with the location of the E-layers, therefore, the
intrinsic wave period must coincide with the IGW
period in the ground-based system [66]. Thus, intrinsic
periods of waves T, from 35 to 46 min fully correspond to
the results in the ground-based system obtained in stud-
ies of Earth’s high-latitude ionosphere [37, 45, 69—71].

CONCLUSIONS

A method has been developed for determining the
characteristics of internal atmospheric waves based on
the use of inclined sporadic E-layers of the ionosphere
as a detector. The method is based on the fact that an
internal wave propagating through an initially hori-
zontal sporadic E-layer leads to rotation of the plasma
density gradient in the direction of the wave vector and
to turning the ionization plane of the layer parallel to
the phase front of the wave. The developed method
allows us to study the relationships between small-
scale internal waves and sporadic FE-layers in Earth’s
ionosphere and significantly expands the capabilities
of traditional radio occultation monitoring of the
atmosphere. It was found that the studied atmospheric
waves have periods from 35 to 46 min and vertical
phase velocities from 1.2 to 2.0 m/s, which is in good
agreement with the results of independent experi-
ments and modeling data for sporadic E-structures at
an altitude of ~100 km in Earth’s polar cap.
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