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Abstract. We have used radio occultation meas-
urements of the satellite CHAMP (Challenging
Minisatellite Payload) to examine sporadic E layers in
Earth’s high-latitude ionosphere. The study of these thin
layers of increased ionization, located in an altitude
range 90-130 km, is of great interest for radio commu-
nications and navigation. We have developed a new
method for determining characteristics of internal at-
mospheric waves based on the use of inclined sporadic E
layers of Earth’s ionosphere as a detector. The method
relies on the fact that an internal wave propagating
through the initially horizontal sporadic E layer causes
the plasma density gradient to rotate in the direction of
the wave vector, which leads to the fact that the layer
ionization plane is set parallel to the phase wave front.
The developed method enables us to study the interrela-

tions between small-scale internal waves and sporadic E
layers in Earth’s ionosphere and significantly expands
the capabilities of traditional radio occultation monitor-
ing of the atmosphere. We have found that the internal
atmospheric waves under study have periods from 35 to
46 min and vertical phase speeds from 1.2 to 2.0 m/s,
which are in good agreement with the results of inde-
pendent experiments and simulation data on sporadic E
layers at a height of ~100 km in Earth’s polar cap.

Keywords: radio occultation measurements, Earth’s
atmosphere and ionosphere, inclined sporadic E layers,
internal atmospheric waves.

INTRODUCTION

Sporadic E layers (Es) are thin layers of increased
ionization at altitudes from 90 to 130 km in Earth's ion-
osphere. The study of the effects associated with E;
structures is important for ensuring smooth operation of
radio communication and navigation systems. Analyzing
radio occultation (RO) measurements of the CHAMP
(Challenging Minisatellite Payload) satellite, Wu et al.
[2005] have studied the global morphology of E; layers.
They examined the climatology of E; layers by deter-
mining SNR (signal-to-noise ratio) and phase variances
in terms of zonal monthly averages, seasonal maps, di-
urnal and long-term variations [Wu et al., 2005]. The
global distribution of occurrence of E layers has been
analyzed in detail by Arras et al. [2008]. To gain infor-
mation on small-scale ionospheric irregularities, the
authors have used a large database of radio occultation
missions CHAMP, GRACE, and FOR-
MOSAT-3/COSMIC for the period from January 2002 to
December 2007. The distribution of occurrence of Eg
layers has been shown to feature strong fluctuations, with
the highest frequency of their occurrence at middle lati-
tudes in summer. The maximum frequency of occurrence
of irregularities is observed in geomagnetic latitudes
from 10° to 60° of Earth's mid-latitude ionosphere. At
high latitudes, where angles of magnetic inclination
range from 70° to 80°, this distribution features deep
minima, which agrees with the wind shear theory of the
sporadic E-layer formation [Arras et al., 2008;
Haldoupis, 2011].

The wind shear theory of E-layer formation at mid-
dle latitudes has been confirmed by many studies

[Whitehead, 1989]. It has been found that the E; layers at
middle latitudes are very thin (their thickness is several
hundred meters), distributed horizontally over hundreds of
kilometers, dense (with density as high as several units x10°
cm™), and consist of metal atoms [Kirkwood, Nilsson,
2000]. In the presence of inclined geomagnetic fields, ion
coalescence in the E-region of the ionosphere can be
caused by shear of both zonal and meridional winds. The
zonal wind shear is, however, considered as the primary
driver of ion convergence in midlatitudes at altitudes of ~
115 km and below [Haldoupis, 2012]. Electrons associ-
ated with the coalescence of positive ions into a thin
layer move along geomagnetic field lines to neutralize
the positive charge. Note that the wind shear theory
explains how the layer is formed in the vertical plane, but
does not explain the principle of its formation in the
horizontal plane. In the daytime E-region of the iono-
sphere, ionization largely involves N, and O, molecules.
At night, fast recombination of the molecules leads to
photochemical ionization equilibrium in this region,
which is responsible for the disappearance of the ordi-
nary E layer. Sporadic E layers are, however, often ob-
served at night and usually for several hours. This con-
tradicts the photochemical equilibrium of the ordinary
E-region of the ionosphere and excludes its participation
in the formation of positive ions responsible for ioniza-
tion of Eg layers. To confirm the assumption that these
are metal ions (Fe* and Mg") that make up a major source
of ionization of E;s layers, electron and ion density pro-
files were directly measured using rocket observations
[Roddy et al., 2004]. The theory predicts that recombi-
nation rates for these metal ions are considerably lower
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than those for NO™ and O,". The lifetime of the metal
ions is long and varies from a few days at an altitude of
~120 km to several hours at ~95 km [Haldoupis, 2012].
The metal atoms are very likely to have meteoric origin,
so it is natural to assume that the thin sporadic layers are
formed due to ion convergence caused by the impact of
neutral wind shear in the presence of the geomagnetic
field. While some observations of dense E; layers detect
meteors captured in wind shear nodes, the main mecha-
nisms for the formation of the sporadic layers are con-
sidered to be neutral wind shears [Maruyama et al., 2003,
2008; Malhotra et al., 2008].

Nighttime ground-based radar observations allowed
successful representation of the horizontal structure of E
layers [Hysell et al., 2002, 2004; Larsen et al., 2007].
Numerical simulation has shown that the E layers in the
Northern Hemisphere move southwestward, and, as a
rule, extend from northwest to southeast [Cosgrove,
Tsunoda, 2002, 2004; Yokoyama et al., 2009]. We,
however, need a larger amount of observations of E;
layers at middle latitudes to justify the simulation results.
In the presence of vertical wind shear, the main mecha-
nisms for structuring E; layers are: internal gravity waves
(IGWs) [Woodman et al., 1991; Didebulidze, Lomidze,
2010; Chu et al, 2011], neutral wind shear instability
[Larsen, 2000; Bernhardt, 2002; Larsen et al., 2007
Hysell et al., 2009], Es-layer plasma instability caused by
neutral wind shear [Cosgrove, Tsunoda, 2002, 2004].
Internal atmospheric waves modulate E; layers in the
vertical direction, which may be a cause of quasiperiodic
(QP) radar echoes. Tsunoda et al. [1994] have shown that
due to the layer height modulation in the nightside
mid-latitude ionosphere a polarization electric field de-
velops, with polarization effects resembling atmospheric
waves. The use of coherent scatter radars in modern
ionospheric experiments provided a clear picture of
structuring of ionization layers at midlatitudes [Yama-
moto et al., 1991, 1992]. Rocket experiments have shown
that quasiperiodic echoes are reflected from Eg layers in
the presence of strong polarization electric fields and
neutral wind shears [Bernhardt et al., 2005; Yamamoto et
al., 2005]. Large wind shears did occur in two rocket
experiments, which were conducted in parallel with
ground-based radar observations (SEEK and SEEK-2) of
E; layers in the ionosphere over Kyushu [Larsen et al.,
1998, 2005; Yokoyama et al., 2005]. Shear instability in
the neutral atmosphere is also considered as a mechanism
for creating a densely ionized structure of billows
[Bernhardt, 2002]. In the rocket experiment carried out
during the SEEK-2 campaign, such a structure of billows
in the E-region of the ionosphere was displayed as a trace
of trimethylaluminum (TMA) [Larsen et al., 2005]. Ob-
servations of three-dimensional structures of downward
and approaching echoes [Saito et al., 2006] can be at-
tributed to the presence of unstable regions, which de-
veloped along the geomagnetic field line from Eg-layer
heights to higher levels (>120 km). The interferometer
measurements made in the study [Saito et al., 2006]
support the model proposed in [Maruyama et al., 2000;
Ogawa et al., 2002] and confirm computer simulation
results [Yokoyama et al., 2004].
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At high latitudes (>60°), since the magnetic field is
directed almost vertically to the local horizon, the
mechanism for E;-layer formation through wind shear is
not as effective as that at middle latitudes. The
large-scale horizontal plasma structure in the auroral
E-region is determined by the spatial distribution of
sources of solar radiation and particle precipitation. In-
ternal atmospheric waves at high latitudes are less im-
portant as the mechanism for vertical structuring of the
layers due to a large angle (~90°) of magnetic field in-
clination with respect to the local horizon [Kelley, 2009].
Nevertheless, the small angle of magnetic field inclina-
tion from vertical is very considerable here due to the
large electric fields perpendicular to the magnetic field.
At high latitudes, convective electric fields are important
drivers of ion convergence or divergence [Nygren et al.,
1984; Turunen et al., 1993; Bristow, Watkins, 1991,
1993; Kirkwood, von Zahn, 1991, 1993; Kirkwood,
Nilsson, 2000]. Nygren et al. [1984] have first assumed
that E layers may be formed by the impact of only one
electric field at high latitudes, where the wind shear
mechanism almost does not work, particularly at alti-
tudes below 110 km. The electric field in the auroral zone
and polar cap is much larger than that in the equatorial
region and is more widely distributed over area. The
mean auroral electric field has a strong diurnal compo-
nent with an amplitude of 30 mV/m and maxima located
near 5:00 and 18:00 LT. The field strength of ~50 mV/m
is common both for the auroral oval and for the polar cap.
Numerous measurements have also been reported in
which the electric field strength exceeded 100 mV/m
[Kelley, 2009]. There are clear signatures of the influ-
ence of tidal winds (semidiurnal and diurnal modes) on
the formation of sporadic layers (electric fields are not
included), but internal atmospheric waves can also pro-
duce additional wind nodes [Turunen et al., 1993]. In
fact, Lehmacher et al. [2015] have shown that under very
quiet conditions at auroral latitudes minimum electric
fields by means of wind shear can form sporadic E lay-
ers. The results obtained in [Cox, Plane, 1998] indicate
that at high latitudes E, layers with a density of ~3-10°
cm 2 are often observed and there are a sufficient number
of Na* ions to derive Na-atom densities measured in the
experiments. Composition of metal ions in Eg layers
suggests their connection with meteor ablation [Hunten
et al., 1980] and with the formation of layers of neutral
metal atoms in the upper mesosphere [Kirkwood, von
Zahn, 1991, 1993; Heinselman et al., 1998]. Since the
vertical speed is proportional to the cosine of the angle of
magnetic field inclination with respect to the local hori-
zon that is 0.034 for the inclination angle of 88°, which is
significantly less than 0.17 for an angle of 80° [Kelley,
2009], the mechanisms involving horizontal electric
fields or neutral winds do not work in the polar cap. The
high-latitude E; layers are assumed to be a manifestation
of aurora, which is a powerful source of increased ioni-
zation. In this case, however, the sporadic layers are not
very thin. According to the results obtained in [Kirk-
wood, Nilsson, 2000], at high latitudes there are sporadic
layers of several types that are much thinner than those
produced by auroral precipitation and are probably
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formed by methods characteristic of the formation of the
E, layers at middle latitudes.

The purpose of this work is: a) to present a method
for determining the location and inclination of plasma
layers from radio occultation data; b) to observe inclined
E, layers in Earth's high-latitude ionosphere with the
CHAMP satellite; ¢) to demonstrate a new method for
determining characteristics of IGWs responsible for
Es-layer inclinations.

DETERMINING THE LOCATION
OF Es LAYERS AND THEIR
INCLINATION WITH RESPECT
TO THE LOCAL HORIZON FROM
RADIO OCCULTATION DATA

A diagram of a radio occultation experiment is shown
in Figure 1. Highly stable radio signals emitted by a
transmitter, installed in a satellite G, passes through the
ionosphere and atmosphere along a GTL ray and are
recorded by a receiver on board a low-orbit satellite L.
The amplitude A(t) and the phase-path increase (eikonal)
d(t) are measured at the carrier frequency. The global
spherical symmetry of the ionosphere and atmosphere
with a common center (point O in Figure 1) is a key
assumption in the analysis of radio occultation data. The
main contribution to variations in the amplitude and
phase of a recorded signal is made by a small region near
the tangential point T (where the radio ray is perpendic-
ular to the refractive index gradient), despite the fact that
the length of the ray trajectory GTL is much greater the
length of the region [lgarashi et al., 2001]. The length of
the indicated region on the ray trajectory Ay = 2 (2l re)"%.
Here l¢ = (Ad,)"? is the vertical size (radius) of the Fresnel
zone; A is the radio signal wavelength; r, is the distance
OT from the center O of the spherical symmetry of me-
dium to the ray perigee T; d, is the length of the ray
trajectory segment TL approximately equal to the length
of the line segment DL (Figure 1). The value Ay, is the
minimum length of the horizontal layer, which can be
measured by a radio occultation method, i.e. it in fact
characterizes the horizontal resolution of the structure
under study in the radio occultation experiment. The
tangential point at which GTL is perpendicular to the
refractive index gradient coincides with the ray perigee T

in case of global spherical symmetry. The radio occulta-
tion method allows us to determine the refractive index
and its vertical gradient along the ray perigee trajectory
with high accuracy and high vertical resolution.

The relationship between eikonal acceleration a and
refractive attenuation Xy(t) of the RO signal has the form
[Pavelyev et al., 2009, 2012, 2015]:

1-X,(t)=ma, a=d’d(t)/ dt?,

1/2 2 (1)

m=d,d, / (Ry“dp, /dt)*, d,=R, —d,,
where d,, d,, and Ry are the lengths of GD, DL, and GDL
respectively, and p and p are the impact parameters for
the ray trajectory GTL and the line of sight GDL. The m
value is determined from ballistic data. Since the refrac-
tive angle &(p) (Figure 1) is small, the distance d, is
approximately equal to the TL arc length.

Formulate the conditions under which the tangential
point coincides with the ray perigee: 1) global spherical
symmetry of the atmosphere and ionosphere, I1) absence
of random irregularities and multipath propagation of
radio waves. Then Equation (1) holds, which leads to the
identity of refractive attenuations X, and X,, determined
from RO-signal amplitude and phase measurements:

Xp(t) = Xa(0), Xa(t) =1/ 1, (2)
where Iy and | are the radio wave intensities recorded
before and after the entry of the ray into the ionosphere.
When relation (2) works, the tangential point of the
ionospheric layer coincides with the ray perigee T. It is
convenient to represent the refractive attenuations Xp(t)
and X,(t), determined from RO-signal eikonal and am-
plitude measurements, as analytical functions with am-
plitudes Ay(t), Aq(t) and phases yp(t), xa(t):

1-X,(t) = ma = Ay(t) Re exp[ j z,(0)],

1 - X4(t) = ma = Aq(t) Re exp[ j xa(t)]. ®)
The amplitudes Ap(t), Ay(t) and phases yy(t), ya(t) can be
found from the known time dependence 1 — Xy(t) and 1 —
Xa(t), e.g. using the numerical Hilbert transform or other
methods of experimental data processing. In case of syn-
chronous variations 1 — X (t) and 1 — X(t), Equation (1)
yields:

Aolt) = Aa(D), Xo(0) = a(0). @)

Figure 1. Diagram of a radio occultation experiment in Earth's ionosphere: G is the GPS satellite (highly stable radio trans-
mitter); L is the low-orbit satellite CHAMP (receiver); GTL is the probing ray trajectory; T is the radio ray perigee; h = TE is the ray
perigee height; &(p) is the radio ray refractive angle; p and ps = OD are the impact parameters for the ray trajectory GTL and the line
of sight GDL respectively; dy, d,, and Ry are the GD, DL, and GL distances respectively; R; and R, are the OG and OL distances
respectively; h’ =T'E’ is the actual layer height; 8 is the angle of layer inclination with respect to the local horizon
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When the condition of global spherical symmetry
holds, Equation (4) represents the above condition given
in another form. Deviations from it can be associated
with multipath propagation, diffraction, and scattering of
radio waves, as well as with the influence of turbulence
and other irregularities in the atmosphere and iono-
sphere. In some cases, these deviations are due to hori-
zontal gradients and appearance of other tangential
points in ionospheric parts of radio ray, for example, of
the tangential point T’ that causes the spherical symmetry
center to displace from O to O’ (Figure 1).

The relationship for the displacement d of tangential
point T’ relative to the ray perigee T has the following
form [Pavelyev et al., 2012, 2015; Gubenko et al., 2018]:

A-A
d=d, aA L od =R ®)

p

From Equation (5) it follows that the displacement of
the tangential (turning) point of ray trajectory is defined
by the amplitudes A, and A,, which can be obtained from
an analysis of RO-signal intensity and eikonal variations.
Depending on the sign of the difference (A, — Ap), d is
positive or negative, hence the tangential point T’ will be
located on TL or TG respectively. In this case, y,(t) and
xa(t) should be identical within the accuracy determined
by measurement errors. Equation (5) is valid if one of the
satellites is located at a much greater distance from the
perigee point T than the other. This condition is met in
the radio occultation experiments that use communica-
tion lines spaceship—Earth or when low-orbit satellites
working with radio signals from space navigation sys-
tems are employed. If d is known, then we can find the
correction Ah to calculate the actual layer height (h") and
determine the angle of layer inclination & with respect to
the local horizon [Gubenko et al., 2018]:

8=d/r.,, Ah=h'—h =d &/2 =d %(2r), (6)
where h is the ray perigee height (Figure 1).

ANALYZING CHAMP RADIO
OCCULTATION DATA IN EARTH’S
HIGH-LATITUDE IONOSPHERE

We have used CHAMP radio occultation measure-
ments to study Es layers in Earth’s ionosphere. Figure 2
shows the results of the determination of the location and
inclination of ionospheric layers as derived from radio
signal processing at a frequency f;=1575.42 MHz of the
global positioning system (July 28, 2003, 01:35 UT; ray
perigee coordinates 71.4° N, 67.3° W) in measurement
session No. 13. Parameters of the ionospheric structures
were determined by analyzing vertical variations of
RO-signal phase path and intensity. This allowed us to
estimate the spatial displacement of plasma structures
with respect to the radio ray perigee, to determine angles
of layer inclination with respect to the local horizon, and
to find actual layer heights.

The time resolution of phase and intensity meas-
urements of the radio signal received by CHAMP is 0.02
s, which corresponds to a sampling frequency of 50 Hz.

The analyzed data indicates the presence of significant
quasi-regular variations in radio wave intensity and
phase. The refractive attenuations X, and X, of the RO
signal obtained from processing of intensity and eikonal
variations are presented in Figure 2, | (curves 1 and 2) as
function of perigee height h for the ray trajectory GTL.
The refraction attenuation X, was found from Equation
(1) by using values of the parameter a, determined from
experimental data. The value m was calculated from
ballistic data. We found X, from measurements of the
intensity of the RO signal received by CHAMP.

Variations in X, and X, are coherent, which indicates
the equality of y, and y,. It is evident that these variations
are caused by the influence of the ionospheric layers in
three intervals of the GTL perigee height (a, b, and ¢ in
Figure 2, 1). The intervals a, b, and c correspond to
ranges of the ray perigee height: 50-72, 72-92, and 92—
116 km. The functions (X,— 1) and (X, — 1) are seen to be
coherent at the indicated intervals. The amplitudes A, and
A, of the analytic functions (X, —1) and (X, — 1) are,
however, different. A, (curve 1, Figure 2, 1) and A,
(curve 2, Figure 2, 11) were determined using the nu-
merical Hilbert transform. The maximum values of A,
are less than the corresponding values of A, in the in-
tervals a and b (Figure 2, Il). The opposite situation
occurs in the interval ¢ (Figure 2, I, 11). For the layers in
the intervals a and b, the displacement d is negative.
These two layers are located on the ray trajectory GTL
between the points T and L. The upper layer from the
interval c is displaced from the ray perigee T to the
navigation satellite G (Figure 1). For the case of non-zero
layer displacement, the actual layer height h" and the ray
perigee height h are not equal and differ by Ah, derived
from Equation (6). It is important to note that the vertical
position of the layer is not uniquely determined by h. For
example, in accordance with Equation (6), two layers
with the same ray perigee height h but different dis-
placements d have unequal actual heights h’. The actual
layer height is, therefore, a more adequate parameter for
describing the height position of layer than the ray peri-
gee height.

In radio occultation studies of Earth’s ionosphere, not
only discrete (single) Es layers were observed but also
more complex structures such as double Eg peaks and
even rectangular sporadic layers [Yue et al., 2015]. The
complex E; layers can be caused by unstable wind shears.
Bernhardt [2002] has shown that the drivers that con-
tribute to plasma instability (e.g., Kelvin—Helmholtz
instability) deform a discrete E; layer and convert itinto a
complex structure. These drivers can lift a part of the E
layer until it overlaps the original layer [Yue et al., 2015].
Referring to Figure 2, |, the layer in the interval a has a
complex (double) quasiperiodic structure. The observed
vertical signal oscillations perhaps indicate IGW prop-
agation through the layer.

The lower part of this layer assigned to a ray perigee
height of 55 km has a vertical size of 3.0 km, and the
vertical size of its upper part assigned to a ray perigee
height of 59 km is 4.4 km. A discrete sporadic layer b
assigned to a ray perigee height of 85 km has a vertical
size of 4.4 km and a typical U-shape structure, which was
reported in [Zeng, Sokolovskiy, 2010], with oscillations
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Figure 2. Refractive attenuations X, and X,, obtained from the CHAMP RO signal intensity and eikonal variations at a GPS
frequency f;=1575.42 MHz (curves 1 and 2 in panel ) in measurement session No. 13. Amplitudes A, and A, (curves 1 and 2 in
panel 1) of analytical signals associated with variations in X, and X,. Determination of the location and inclination of layers a
(panel 111) and b (panel 1V) from A, and A, curves 1, 2, 3 are dependences of A,, A, and d on the ray perigee height; curve 4 shows
angles of layer inclination 3; curve 5 is the correction for the actual layer height h’

above and below the defocusing region, which are caused by
interference of direct and refracted radio rays. The layer of the
interval ¢ assigned to a ray perigee height of 103 km has a ver-
tical size of 3.0 km. Figure 2, | shows that this layer is less pro-
nounced than those located in the intervals a and b.

Since X, and X, variations are coherent, we can de-
termine the location of the ionospheric layer on GTL.
Results of the determination of the layer displacement d
in the intervals a and b are presented in Figure 2, 111, IV.
Curves 1, 2, and 3 are A,, A,, and d as a function of the
ray perigee height. Curves 4 indicate layer inclination
angles o in degrees (vertical scales to the right). Curves 5
are corrections Ah [km] to the actual height h’ of layers a
(Figure 2, I11) and b (Figure 2, IV). For the layers in the
intervals a and b, values of the displacement d are from —
630 to —800 km and from —600 to —750 km respectively
(the interval c is omitted). According to (5), the statistical
error in estimating the ratio (A,—Ap)/A, is minimum at
maximum A,. If the relative measurement error in A, is
~5%, then the accuracy of d estimate is ~£100 km. On
the average, d = —730 km for the layer aand d = -620 km
for the layer b. For the layer ¢ the mean displacement is
positive: d = 620 km. From Equation (6) we can find
inclination angles & of plasma layers a, b, and ¢ with

respect to the local horizon: —7.3°+0.9°, —6.4°+ 0.9°,
and 6.4°+ 0.9° respectively. We have also determined
corrections Ah to actual heights h’ of the layers a (Ah =
40 km), b (Ah =30 km), and ¢ (Ah =30 km).

The local spherical symmetry allows us to use the
Abel transform for solving the inverse problem and
finding the distribution of electron density and its vertical
gradient in the layer. The resulting dependence of the
electron density Ng(h") and its gradient dN¢/dh’ are shown
in Figures 3 and 4. We have restored vertical profiles of
electron density and its vertical gradient for the layers a,
b, and c from the radio occultation data on eikonal. The
actual layer height h’ and the ray perigee height h are
shown respectively in the upper and lower horizontal
axes of Figures 3 and 4.

Heights of electron density maxima for the layers are
indicated by arrows (Figure 3). The comparison between
Figures 2, 1 and 3 shows that the height of electron den-
sity maxima coincides with that of refraction attenuation
minima for the layers a, b, and c. This is fully consistent
with the simulation results [Zeng, Sokolovskiy, 2010].
When the radio wave propagation vector is parallel to the
Es-layer ionization plane, the passage of radio rays
through the center of the layer (electron density peak)
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I1); d = 620 km, Ah = 30 km, and & = 6.4° (layer c, panel IIl). Heights of electron density maxima for the layers a, b, and c are
indicated by arrows
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Figure 4. Profiles of the vertical gradient of electron density for ionospheric layers a (panel 1), b (panel I1), and ¢ (panel 111)

leads to defocusing; and through its edges, to focusing
[Zeng, Sokolovskiy, 2010]. The layers a and b are lo-
cated on TL (at 730 and 620 km from T respectively),
with the electron density gradient maxima observed at
95.0 and 114.5 km (Figure 4, 1, 11). The layer c is located
at a distance of 620 km from T on TG; and the vertical
density gradient maximum, at a height of 130 km. Refer-
ring to Figure 4, the vertical gradient of electron density for
the layers a, b, and ¢ are within the following ranges:

—3.0 - 10° cm*/km < dN,(h")/dh’ < 5.6 - 10° cm3/km,
—2.4 - 10° cm3/km < dN(h")/dh’ < 8.5 - 10° cm */km,

—1.7 - 10° cm3/km < dN,(h")/dh’ < 2.8 - 10° cm 3/km.

These values are typical for intense Eg layers in
Earth’s ionosphere observed by ground-based re-
mote-sensing instruments, in situ methods, and satellite
sensors [Whitehead, 1989; Mathews, 1998; Kelley,
2009]. The height range of RO-signal amplitude varia-
tions corresponds approximately to the range of varia-
tions in the electron density and its vertical gradient.

Figure 5 gives another example of the study of Eg
layers in Earth’s high-latitude ionosphere based on pro-
cessing of CHAMP radio signals at f;=1575.42 MHz
(July 04, 2003, 02:27 UT; ray perigee coordinates
68.5°N, 82.8°W) in measurement session No. 26. The
RO-signal refractive attenuations X,(h) and X,(h) derived
from intensity and eikonal variations are shown in Figure
5, | as function of the ray perigee height h. In the height

ranges 50-60 km and 75-85 km, the X,(h) and Xy(h)
variations are strongly correlated and can be regarded as
coherent oscillations caused by the influence of sporadic
layers (Figure 5, I, curves 1 and 2). The amplitudes A,
(Figure 5, 11, 111, curve 1) and A, (Figure 5, 11, 111, curve 2)
of analytical signals associated with X,(h) and X,(h) were
calculated using the numerical Hilbert transform. In the
height range 50-60 km, A, is about 1.7 times lower than A,,.

According to Equation (5), here d is negative and the
plasma layer is displaced from the ray perigee T to the
satellite L (see Figure 1). The displacement d for the Eg
layer assigned to a ray perigee height of 51 km is de-
picted in Figure 5, 11 (curve 3). Curve 3 shows d calcu-
lated from Equation (5) and A, and A, dependences in the
height range 50.7-51.4 km. Values of d are concentrated
in the range from —900 to —950 km, whereas the A, and A,
functions vary within 0.7<4,<0.75 and
1.29 < 4, < 1.36. If the relative measurement error in A,
is ~5 % (see Figure 5, 111), the accuracy of d estimate is
approximately +120 km. The angle of inclination (6 = —
8.2°41.2°) of this plasma layer with respect to the local
horizon was calculated from (6). For another layer, 6 = —
5.0°+ 0.8°. The vertical gradient of electron density for
the two ionospheric layers is shown in Figure 5, IV.
Curves 1 and 2 correspond to the vertical gradient re-
stored using Equations (12) and (16) from [Pavelyev et
al., 2015]. Curve 3 is obtained using Formula (15) from
[Pavelyev et al., 2015] and the refractive attenuation
Xa(h). The actual height of the ionospheric layers is
represented on the horizontal axis in Figure 5, 1V; their
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Figure 5. Refractive attenuations X, and X, obtained from CHAMP RO-signal intensity and eikonal variations at the GPS
frequency ;=1575.42 MHz (curves 1 and 2 in panel | respectively) in measurement session No. 26. Amplitudes A, and A, of
analytical signals associated with X, and X, variations (curves 1 and 2 in panel Il). Location, actual height, and inclination of layer
a (panel I11) determined by using A, and A, amplitudes of analytical signals (notations are the same as in Figure 2, I11). Height
profiles of the vertical gradient of electron density for two layers (panel 1V) derived using Equations (12) and (16) from [Pavelyev
et al., 2015] (curves 1 and 2 respectively) and Formula (15) from the same work, and of the refractive attenuation X,(h) (curve 3)

displacements d and height corrections Ah are indicated
in the legend. The first layer is on the line TL (height
range 110-120 km) at a distance of ~900 km from the
point T (Figure 5, 1V, left). The second layer (95-105
km) is by ~550 km to the right of the ray perigee (Figure
5, IV, right). The comparison of the X,(h) and Xy(h)
variations (Figure 5, I, curves 1 and 2) and the vertical
gradients of electron density (Figure 5, 1V) suggests that
the width of E; layers corresponds approximately to the
height range of RO-signal intensity variations.

MODULATION OF THE
STRUCTURE OF Es LAYERS
BY INTERNAL ATMOSPHERIC
WAVES

Propagation of internal gravity waves at ionospheric
heights leads to the formation of ionization irregularities
[Hines, 1960]. It is now known that internal atmospheric
waves generate traveling ionospheric disturbances
(TIDs) and sporadic E irregularities of several types. It
has been established that TIDs feature a pronounced

inclination of equal phase surfaces, whereas Es layers
exhibit nearly horizontal phase surfaces. This is due to
the fact that E layers are formed by atmospheric tides
and long-period buoyancy waves, which decay in the
F-region of the ionosphere owing to dissipative effects
[Gossard, Hooke, 1975]. According to the results ob-
tained by Hines [1960], inclined fronts of TIDs should
represent phase fronts of their associated buoyancy
waves, and downward propagation of wave phase indi-
cates upward propagation of IGW energy. Note that
Otsuka et al. [2009] have shown that medium-scale TIDs
may be generated by polarization electric fields. Most
nighttime TIDs propagate southwestward, and this pre-
dominant propagation direction cannot be explained by
the classical theory of internal gravity waves. lono-
spheric instability acts through processes involving po-
larization electric fields, therefore it could also give rise
to medium-scale TIDs [Otsuka et al., 2009]. Tsunoda and
Cosgrove [2001] have studied the relationship between
E; layers and other ionospheric phenomena.

The internal atmospheric wave propagating through
the ionosphere leads to the formation of a wave node of
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ionization due to collisions between charged and neutral
particles. Kato et al. [1970] have shown that the wave
propagating through the E-region generates wave-like
electron density variations, which have the same fre-
quency and the same wave numbers as the initial IGW in
the absence of boundaries or irregularities in the sur-
rounding plasma. Chimonas and Axford [1968] have
found that the wind shear leads to the formation of a
wave node of ionization that moves down. This ioniza-
tion shift from high levels to lower ones is known as the
corkscrew effect. The role of small-scale internal waves
that modulate the plasma layer formed by the tidal sys-
tem has been discussed in [Chimonas, 1971]. The author
has pointed out that if the IGW vertical phase speed is
somewhat higher than the plasma layer drift speed and is
downward, ions of the layer can “see” the wind structure
of the virtually stationary wave that sweeps ions out
through horizontal convergence/divergence zones, cre-
ating the characteristic “spottiness” of the Eg layer.
Forced spatial resonance occurs when an ionization ir-
regularity formed by some other method (e.g., atmos-
pheric tide or long-period internal gravity wave) has a
drift speed equal to the IGW phase speed. The original
irregularity in this case should be situated so that it co-
incides with one of the ionization peaks produced by the
atmospheric wave [Whitehead, 1971].

Internal atmospheric wave propagation modulates the
structure of the initially horizontal E layer and causes the
inclination of this layer with respect to the local horizon
surface. We have developed a new method for deter-
mining characteristics of internal atmospheric waves
associated with inclined sporadic structures in Earth’s
ionosphere. When restoring IGW parameters, we used
the fundamental expressions (dispersion equation, po-
larization relationships, and definitions of wave charac-
teristics) for IGWs [Gubenko et al., 2008, 2011, 2012,
2015, 2016a, b; Gubenko, Kirillovich, 2018]. This
method allows us to examine the relationships between
small-scale internal waves and E; layers in Earth’s ion-
osphere and significantly expands the capabilities of the
traditional radio occultation monitoring of the atmos-
phere [Gubenko et al., 2018].

The idea of experimental determination of charac-
teristics of the internal atmospheric wave associated with
inclined plasma structures is as follows. A small-scale
internal wave propagating through the E-region causes
an E, layer to incline, by turning its ionization plane
parallel to the phase front of the internal wave. In this
case, the angle & between the wave propagation vector
and the local vertical coincides with the inclination angle
of the plasma E; layer under study. To calculate charac-
teristics of IGWs responsible for layer inclinations, we
need background estimates of Brunt—Vaisala frequency
(Np) at the actual heights (h’), where the Es layers a, b,
and c are located (see Figures 2—4, measurement session
No. 13). Since the data on N, at heights of Eg layers is
rather conservative, we have used the results for the
reference atmosphere: N, (h'=95 km) =~ 2.3-10° rad/s;
N, (h'=99 km) ~2.2-10 % rad/s; N, (h'=115 km) ~2.1-10°
rad/s [Gossard, Hooke, 1975]. These values of buoyancy
frequency Ny correspond to the periods 1, (tp = 27/Ny)

from 4.6 to 5.0 min, which agrees with the vertical pro-
file of the period 7, calculated for the standard atmos-
phere (refer to [Kelley, 2009], Figure 6.5). From the
results shown in Figure 6.5 of [Kelley, 2009], we have also
found that N, (h' = 133 km) ~ 2.3-10 % rad/s. Using these
estimates and the experimental data, we have established
that 1 >> tan?8 and ®* >> f % Given these inequalities, the
dispersion equation and the expressions for wave charac-
teristics take a very simple form [Gubenko et al., 2018]:

o/N, =4, /A, =|tand|, 1, =2/,
=o/[k,|=N,/|m|, : ()

in
Cph

in
sz

=w/|m/=N,|tand|/|m|,

where ® is the IGW intrinsic frequency; T; is the intrinsic
period of an internal wave; k, = 2n/A, and m = 2xn/A, are
the horizontal and vertical wave numbers; A, and A, are

the horizontal and vertical wavelengths; ¢} andc;, are

the intrinsic horizontal and vertical phase speeds. From
(7) we can calculate characteristics of the small-scale
internal waves that are responsible for inclinations of
initially horizontal E, layers in Earth’s ionosphere
(CHAMP RO measurement session No. 13):

Layer a (bottom) (h'= 95 km, Ah = 40 km): A, = 3.0 km;
8=-7.3° |tand|=0.13; A, =231 km; |c"|=11.0 m/s;

ph

ch|=14m/s; Ny=23-107rad/s; ®=3.0-10" rad/s;

i = 34.9 min.
Layer a (top) (h'=99 km, Ah=40 km): A=4.4 km;
8=-7.3° |tand|=0.13; A,=33.8 km; |c}|=15.4 m/s;

in
ph

co|=2.0m/s; Ny=2.2:107rad/s; ©=2.9-10" rad/s;
7; = 36.1 min.

Layer b (h'=115km, Ah =30 km): A,=4.4 km;
8 =-6.4° |tan 8| = 0.11; A, = 40.0 km; |c"|=14.7 m/s;

ph

co|=1.6m/s; Ny=2.1-107rad/s; »=2.3-10" rad/s;
7; = 45.5 min.

Layer ¢ (h'=133km, Ah=30 km): 2, =3.0 km;
8=16.4° |tan 8| =0.11; A, =27.3 km; [c"|=11.0 m/s;

ph

=1.2m/s; Ny=2.3-102rad/s; ®=25-10" radls;

i = 41.9 min.

Let us also present the characteristics of internal
atmospheric waves modulating Eg layers in Earth’s
ionosphere, which we recorded in measurement ses-
sion No. 26:

Layer a (h'=114 km, Ah=63 km): A,=2.5 km; 6= —
8.2° |tand|=0.14; A, =17.9 km; [cp|=8.2m/s;

in
sz

chl=1.2m/s; N,=2.1-107rad/s; »=2.9-10" rad/s;

7; = 36.1 min.
Layer b (h"=99km, Ah=24 km): A,=2.0 km;
8 =-5.0° [tan | =0.09; A, =23.0 km; |c;}|=7.4 mfs;

in
ph

=0.6m/s; N,=2.2-102rad/s; ©=2.0-10"° rad/s;
1 = 52.3 min.

in
sz
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It is important that the IGW intrinsic frequency and
period can be determined given only Brunt-Vaisala fre-
quency (Np) and the angle () between wave propagation
vector and local vertical. The intrinsic period of the in-
ternal waves under study is from 35 to 46 min, and the
IGW intrinsic vertical phase speed ranges from 1.2 to 2.0
m/s (measurement session No. 13). The resulting esti-
mates are in good agreement with the ~ 30 min periods
and <2.0 m/s vertical wind speed at an altitude of ~100
km (in the ground-based reference system) calculated for
the model of E; layer in the polar cap [MacDougall et al.,
20004, b]. Note that the vertical wind shear nodes, in
which the wind speed is zero, coincide with the location
of Es layers, therefore the IGW intrinsic period should
coincide with the wave period measured in the
ground-based system [Gubenko, Kirillovich, 2018].
Thus, the characteristics of internal atmospheric waves
we restored are fully consistent with the results of inde-
pendent research and simulated data on Earth’s
high-latitude ionosphere [Kirkwood, Collis, 1989;
Turunen et al., 1993; Heinselman et al., 1998; Mac-
Dougall et al., 2000a, b].

CONCLUSION

We have developed a method for determining char-
acteristics of internal atmospheric waves, which relies on
the use of inclined ionospheric sporadic E layers as a
detector. The method is based on the fact that an internal
wave propagating through an initially horizontal E; layer
causes plasma density gradient to rotate in the direction
of the wave vector and the layer ionization plane to turn
parallel to the phase wave front. This method allows us to
examine relationships between small-scale internal
waves and E; layers in Earth’s ionosphere and signifi-
cantly expands the capabilities of the traditional radio
occultation monitoring of the atmosphere. The obtained
periods (from 35 to 46 min) and vertical phase speeds
(from 1.2 to 2.0 m/s) of internal atmospheric waves agree
well with the results of independent experiments and
simulated data on sporadic E-structures at an altitude of
~100 km in Earth’s polar cap.

The work was performed in the framework of the State
Task and partially supported by the Russian Foundation for
Basic Research (RFBR project N0.19-02-00083 A) and
RAS Presidium Program No. 12.
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