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ABSTRACT

Scintillation effects of propagating and scattered radio waves (RWs) are considered analytically and numerically
in the equatorial terrestrial ionosphere applying the statistical characteristics. Analytical calculations of the second-
order statistical moments of the phase fluctuations of the ordinary and extraordinary RWs in the conductive collision
ionospheric magnetoplasma (COCOIMA) are carried out for the first time using the Wentzel-Kramers-Brilluen method
and the modified smooth perturbation method in consideration of the diffraction effects. Polarization coefficients
of these waves in the equatorial ionosphere have been derived for the first time. The scintillation level includes
the variance and the correlation functions of scattered RWs. Statistical moments contain complex refractive index,
anisotropy coefficient characterizing irregular plasmonic structures, tilt angle of prolate irregularities concerning to
the external magnetic field, permittivity components of the equatorial ionosphere, Hall’s, Pedersen and longitudinal
conductivities. A new feature of the “Fountain Effect” has been discovered in the equatorial ionosphere at weak and
moderate scintillations caused due to anisotropy parameters of electron density fluctuations. Anisotropy parameters of
electron density inhomogeneities influence the scintillation index of both the ordinary and extraordinary radio waves
shifting maximums of the curves in the opposite directions at weak and moderate scintillations. Numerical calculations
are carried out using the hybrid anisotropic correlation function of electron density fluctuations containing both
exponential and power-law spectral functions having arbitrary spectral index, applying the experimental data.
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1. Introduction

Statistical moments of scattered RWs in a ran-
domly inhomogeneous media are well studied "
Transient size of ionospheric electron density inho-
mogeneities or total electron content (TEC) varies
from a few meters to several tens of kilometers %,
Evolution of prolate electron density inhomogenei-
ties is studied with a spatial fluctuation of TEC (SFT)
maps containing the magnitude, shape, direction and
intensity distribution of these inhomogeneities at
lower latitudes. The set of anisotropic inhomogenei-
ties is mainly directed in the north-south direction.
The geomagnetic field leads to the birefringence of
RWs generating both the ordinary (O-) and extraor-
dinary (E-) waves. The error of the phase of the radio
signal emitted by satellite radio navigation systems
consists of the variance of the phase fluctuation of
the radio signal, the variance of thermal noise and
the variance of the generator’s noise. Anisotropic
electron density irregularities and spatial-temporal
random variation of electron concentration in the
ionosphere cause random variations of the amplitude
and phase of the Global Positioning System (GPS)
signals propagating via the ionosphere leading ap-
propriately to the scintillation . Tonospheric scin-
tillation leads to the enhancements and fading of the
radio signals propagating in the night-time F-region
at equatorial latitudes. Calculation of the statistical
moments of RWs propagating in the equatorial ter-
restrial ionosphere and investigation of scintillation
phenomena will have wide application in the Global
Navigation Satellite System (GNSS).

Scintillation phenomena of RWs propagating in
the high-latitude ionosphere were investigated in the
studies of Jandieri et al. ", Calculation of the statis-
tical moments of scattered RWs in the equatorial ion-
osphere was considered in the studies of Jandieri. """,
The morphology of scintillations was described by
second order statistical moments of scattered RWs.

Ionospheric irregularities and scintillations of
radio signals near the geomagnetic equator were ob-
served "' by three identical Swarm satellites. These
studies are based on the weak scintillation theory.
Equatorial phase scintillations have been used to get

information about the power spectrum of electron
density inhomogeneities, which leads to the scintilla-
tions, as well as the inhomogeneities drift velocities
transverse to the signal path. Characteristic linear
scale of the inhomogeneities leading to the scintil-
lation can be defined directly from the baseline de-
pendence of the scintillation index.

Radar backscatter and AE-C satellites observa-
tions show that in low-latitude ionosphere near the
equator after midnight electron density inhomoge-
neities in the topside ionosphere are field-aligned
plasma density depletion structures with dimensions
from a few meters to several tens of kilometers "%,
Statistical characteristics of the phase fluctuations
and the equatorial scintillation phenomena based on
rocket (bottomside) and satellite (topside) measure-
ments of plasmonic inhomogeneities (for example
“plume-like” and wedge).

It was established that the nonlinear Ray-
leigh-Taylor instability (RTI) on the bottom side of
the F-peak generates upwelling plume structures and
large-scale equatorial plasma bubbles (EPBs) """
during the nighttime, post-sunset hours; then they
rise, develop and propagate on a high-latitudes along
the geomagnetic lines of forces. EPBs may travel
across different longitudes changing their shape and
strength of inhomogeneities. They are classified as
large (> 100 km), intermediate (10 km—100 m), and
small (< 100 m) scale structures, respectively "

For a sufficiently thin layer of inhomogeneities,
amplitude random variations inside the layer are
very small and phase variation on the incident radio
wave is important. Application of the Wentzel-Kram-
ers-Brillouin method to the equatorial bubble is used
in obtaining the amplitude and phase variations on
the ground. This theory allows us to investigate sta-
tistical peculiarities of electron density irregularities
such as root-mean square deviations (RSD) of elec-
tron density and power spectra of the irregularities.

In section 2, the signal statistics—calculation of
the RSD of the phase fluctuations are considered us-
ing the stochastic differential equation of the phase
fluctuation taking into consideration diffraction
effects. Polarization coefficients of the O- and E-
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waves are calculated for the equatorial terrestrial ion-
osphere for the first time. Statistical characteristics
are derived from the arbitrary correlation function of
electron density fluctuations. In section 3, numerical
calculations are carried out for the “hybrid” mutual
coherence function (MCF) of the phase of a radio
signal enrolled on the ground, using experimental
data. The scintillation level is analyzed for different
anisotropy coefficients and the inclination angle of
prolate electron density irregularities for the geo-
magnetic lines of forces. Conclusions are made in
section 4.

2. Materials and methods

In this section, second order statistical moments
of scattered radio waves in the equatorial ionosphere
are considered.

Wave equation for the electrical field (equation
()

(V,V;=AS,; —ks &) E;(r)=0

(1

where: k,=w/c is the wavenumber of an incident wave
having frequency w; A is the Laplacian, J; is the
Kronecker symbol, &; =¢;—i6;, 6; =0, (47 /kc)
are the second rank permittivity and conductivity
tensors of the COCOIMA plasma, respectively. Wave
field offer as E(r) = E;exp{®(r)}, where O(r) is the
complex phase of the RW ®(r) = ¢, + ¢+ ¢,+... .
First term @, =iky,z+ik, y, corresponds to an inci-
dent wave, in consideration of the diffraction effects,
k, <<k,; other terms are random functions of the
spatial coordinates.

The normalized conductivity tensor 6 =476/ k,c

of ionospheric plasma at equatorial latitude **' ¢

on-
tains the Hall’s 0, Pedersen 0, and longitudinal

0| conductivities:

o, =e*n [ De - @ ]
H ™ e 2 2 2 2y |0
m,(v,+o;) my;+o;)

_ 2 Ve Vi
o, =¢€en, > > + > >
me(ve+a)e) mi(vin+wi)

5 1 1
UH =e l’le + ,
me Ve mm Vin

e and m, are the charge and mass of an electron,
v, =v,, + v, is the effective collision frequency of
electrons with other plasma particles; w, and w; are
the angular gyrofrequencies of an electron and ion,
respectively; electron density n,(r) is a fluctuating
term, v,=v,,+v,, is the effective collision frequency of
electrons with ions and neutral particles

T3
v, = N{59+4.18 1og( NeHle T [mk.s]

and v,, =54x10"°N, T'? [m.k.s].
From equation (1) we obtain equation (2):

v, i
ox k. (E,/E,)-2k,

[kx (k,+k )E,, |E,)

+k ko (E o/ Eo )=k, (k,+2k )| v

i k(z) & =~ EOz
kx (EOZ /EOX)_sz " " EOX
@

Here ¥ is the Fourier transformation of the phase
fluctuations.
Components of the dielectric permittivity for the
equatorial ionosphere can be written as equation (3):
E =€ —1i6, &

X

,=i(z+o,)sing,

& .=i(e+o,)cos0, &, =—¢&

X xy’gzx:_gxz’

g,,=(g, +pyucos’0)—i(6,cos’ 0+ sin’0)

é,. =—[p0u+i(o~1—6'”)Jsin6?cos9 , € =6,

&_=(¢ +pyusin®@)—i (5, sin’ @+ 6, cos’ )
©)

where: &, =1-p,, po=v/(-u) , u=(eH,/m,co)

are non-dimensional magneto-ionic parameters of
12

the COCOIMA plasma, o, (r) = [4 zn,(r)e’ /meJ is
the plasma frequency. They contain both regular and
fluctuating terms (n,).

Let a homogeneous external magnetic field lie
in the YOZ plane and the wave vector k is directed
along the Y axis, € is an angle between these vectors.
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Complex refractive index of the COCOIMA plas-
ma in the conductive equatorial ionosphere can be
written as N*> =T, +i,"""; polarization coefficients

of scattered RWs at s <<¢;;, 6;;can be written as

j?

equation (4):
<E > <E >
— Yy :PI_'P" G — Z J—— G!+l'G"
PO<E > e P <E. > ( ).
Q)

The right part contains electron density fluctu-
ations; the angular brackets denote an ensemble
average, indices 1 and 2 are devoted to the O- and
E-waves, respectively. Below indices in the polariza-
tion coefficients are omitted for brevity.

Taking into account the geometry of the task, the
polarization coefficients obtain equations (5) and (6):

L W) i (W YY)

P, = =P'—iP"
b2 Yi+w:
®)

where: ¥, = (6, — o )(I', + 6.) + pu(l'y — &) — (& +
GH)zs Y,=g(@toy, ¥,=()—0c )T, +1—¢e +
c ), ¥;=(ze+oyl(o— G.)sin’0 + pyucos’d+¢ .

1
CFI+F}
=—(G'+iG")

G,= [(F1F3+F2F4)+i(F1F4_F2F3)]

©)
where: F, =T, — (g, + pyusin®@), F, =T, +(o;sin’ @
+0, cos’0), Fy=pyuP'—(oy-0,)P", F4 = (& +
oy)cost) —P"pju—Plo,—c,).

As a result, from equation (1) we obtain the sto-
chastic differential equation (7)

oy k . k .
a—l/;+TO(CO+1 CI)I,J/:TO(e(ﬁ—lel)n1

Q)
where: C, = a,b, — a,b,, C, = ayb, + a\b,, a, =2 + GX,
a,=G"™, by=[G'— Py +wk+ (O +2uw), b =[G"+
P'(y + wx, u = k, /k, is the diffraction parameter, ¢, =
ad, + ad, =2d, +(G'dy,+ Gd))x =2d, + ax,d=¢ | —
G'(= + o,)cos0, e,=a,dy—a,d =2d,+(G'd,—

G'd)x=2d,+o,x,d, = o, + G"(x + o,)cos0,

x=k,/ky and y=k,/ky are nondimensional wave
parameters.

Taking into consideration the boundary condition
w(k,, k,,L=0)=0_ from equation (7) for the phase

fluctuations we obtain equation (8):

k L
ik, k,,L) :TO J.dz/ (eo+ie)n(k, k,, z')exp
0

H (Co+iCy) ko (L —z’)}
®)

MCEF of the phase fluctuation of a radio signal re-
ceived on the ground containing useful information
about ionospheric irregularities is as equation (9):

Wo(n,m, L =7ky L [ dx [ dy (el +e])V, (kyx,

koy,koNo)exp(—in, x—in,y)

©)

here: Ay =(hyx* +h x+hy)/ 4, hy=(G'* +G"*)+
(G"P"~G'P')(y+u), hy =2 (y* +2py), h =Gy’
+2(G'u-P)Yy+2(G'-P'yu), L is a distance
propagating by the radio wave in the ionosphere,
V,(k.k, k) is the arbitrary correlation function of
electron density fluctuations, 77, and 77 ,are small dis-
tances between observation points In the XOY plane.
Small-scale plasmonic structures (from hundreds

of meters up to kilometers) mainly influence on the
amplitude scintillation of radio signals, while the
large-scale irregularities give a contribution to the
phase fluctuations. The spatial correlation function
(9) and the scintillation index S, describing an ex-
pected diffraction pattern on the ground are con-
nected with the phase auto-correlation function (see

equation 10)

s? =4T de dyW,(x,) sinz[Y(xz +y2)]
o (10)

here: Y=2k¢/k% | k,=\4z/2z is the Fresnel
wavenumber, A is the signal wavelength, z is a mean

distance between the observer and the irregularities.
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From this function it is possible to derive the exper-
imental parameters of the scintillation phenomenon
in the reception plane.

3. Results

Numerical analyses are performed on an incident
RW with a frequency of 40 MHz (4 = 7.5m). Plasma
parameters at an altitude of 300 km: « = 0.0012, v =
0.0133; the Fresnel radius and the Fresnel wavenum-
ber are 1.5 km and 2.4 km'".

The occurrence of 3-m plume-like, wedge struc-
tures and VHF/GHz scintillations were observed in
F region of the equatorial ionosphere. The height-in-
tegrated rms electron density deviation of ~ 200-
m scale irregularities causing 1.7-GHz scintillations
maximizes are established in extended 3 -m plume
structures **. SFT with the GNSS Earth Observation
Network of Japan (GEONET) is sensitive to small-
scale plasmonic structures with horizontal linear
scales of ~15-90 km. In the equatorial ionosphere the
small-scale electron density inhomogeneities range
from a few meters to several tens of kilometers ¥,

Measurements of satellite’s signal parameters show
that moving irregularities in F-region of the equatorial
ionosphere have a power-law spectrum with a spectral
index p. It is associated with the irregularity pow-
er spectrum and can be determined from the power
spectra of weak scintillations . The spectral index
p mainly varies in the interval 0.5 and 2.5. Magnetic
field measurements by the high-resolution Challeng-
ing Minisatellite Payload (CHAMP) show "*" that
the spectral indices were between 1.4 and 2.6. A range
of p = 2.0 + 2.2 was obtained by the Stretched Rohini
Satellite Series (SROSSC2). Equatorial phase scin-
tillations have been used to obtain information about
the power spectrum of electron density irregularities,
which give rise to the scintillations.

Scintillation normally occurs when the Fresnel
dimension of the propagating radio wave is of the or-
der of irregularity scales in the ionosphere "', Scin-
tillation activities were classified ** into weak 0.17 <
S, £0.3, moderate 0.3 < .S, < 0.5 and strong S, > 5.
Within the weak scatter assumption, only observed
S, > 0.3 index values were used; S, > 0.3 up to 0.45

was recorded by the GPS satellites. At very weak
scintillations S, < 0.2. At low latitudes, the scintilla-
tion easily reaches the strong regime (S, > 0.7) ***7.

We use a “hybrid” spectral function of electron
density irregularities containing both anisotropic

Gaussian and power-law spectra °

A o I’
P —exp

(12 k2 k) +12a2]" 20

kil k31t k21
- - D - P
4;(2 4 4

V, (k)=

—p3kykzllzj
(€8))

where: p, = (sin y, + 7* cos? )" [1 +(y* —1)*sin’

7, €08” 7, /;(2] . P = (sin’ %o + y% cos? ;/0)/;(2 ,

py=(x* —Dsiny,cosy, /22%; 4, =T(p/2) T[(5
—-p)/2]sin[(p-3)z/2], T'(x) is the gamma
function. The anisotropy factor ¥ =/ /1, is the axial
ratio of the longitudinal and transverse characteristic
linear scales of stretched ionospheric irregularities,
7, 1s the inclination angle of extended ionospheric
irregularities with respect to the geomagnetic field,
o’ is the variance of electron density turbulence. An-
isotropy shape of the ionospheric plasmonic struc-
tures is a result of the diffusion processes in the field
aligned and field perpendicular directions.
Substituting equation (11) into equation (9) we

obtain equation (12)

5 aing—;Lde.Tdy

32 2,2
T e, +e;

(By+5))’

w,n..n,,L)=

-0 —0

2
exp{—% (Dyx*+D, x> +D,x*+ D, x

+D4)}exp(—i77xx —in,y)
(12)
here: e,=2d,+(G"d,+G'd,)x, e =2d,+(G'd,

" 52 2 52 2
-G"d\)x By=l+=5y +Eh2’ z::kolH,

7
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B =¢&7 i(h x 4+ 2hyh x )J{L+—(h +
16 X
2
2 ¢ P> )2
2h0h2)} x +?h1h2x}, D0=_6h(2) ’Dlz?
hohy, Dy=— s 22p2 P2y gy hy, D,
x- 16 8

p 12
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The variance of the phase fluctuations at 7, =77, =0

can be written as

2
, - 25
<@ >= o,
! 2

J.de.dy(A +id,)

V. [koxako%_ko(q)z"‘i ch)J
(13)
where: 4,=4(di+d})—(al+a3)x*, 4,=2
—g,x), @,=

=(P'G"+P"G")y g,=

1
(4d0d1—a1a2x2), D, =Z(g1x

1
Z(g3x2+g4X+gs), g

G"y?-2(G"+P"u) , & =(G"P"=G'P")y, g,=

G'y2+2(G'~P ), gs=4u.

Substituting equation (12) into equation (13) we
obtain equation (14) :

[8)

H

2]
T

(&)

B
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Vertical deviation of rays
o o
=) n

=]

:
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¥

0.0 | “s ) : . 3
-600 -400 -200 0 200 4 600
Horizontal coordinates of the receivers

Figure 1. Deviation of the O- and E-waves ray paths for two
layered irregular slabs in the equatorial ionosphere.
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where: Al=g1g3x4+(g1g4—g2g3)x3+(g1g5—
2 2

£,8)% ~g,85x A —1+f{—y +f—6 {(ga -g7)
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P
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PR [(g§—gf)x4+2(g1g2+g3g4)x3+[gi—

g§+2g3g5+ x2+2g4g5x+g§].

b X

Figure 1 represents deviation of the O- and
E-waves ray paths for two layered irregular slabs in
the equatorial ionosphere. This figure illustrates the
equatorial anomaly characterizing the low-latitude
terrestrial ionosphere. Such an anomaly is the “Foun-

400+

300F

1aar

Ok,
—2000

—IEUU -1ﬁnu —500 0
Phase variations 10~

Figure 2. The dependence of the phase variations between the
O- and E-waves versus altitude in a low-latitude ionosphere.

104



Journal of Environmental & Earth Sciences | Volume 06 | Issue 02 | July 2024

tain Effect” of the deviation of O- and E- waves from
the straight line connecting the source and receiver.
Spacecrafts moving at a distance of 400 km from the
Earth surface. The frequency of a radiating RW is
430 MHz. The receiver is located on a surface. The
plasma rises upward in the equatorial region and
gradually turns north in the northern hemisphere and
south in the southern, which is caused by an increase
in the inclination of geomagnetic lines of force on
both sides of the geomagnetic equator. Two crests
arise on both sides of the geomagnetic equator cor-
responding to O- and E- waves. At latitudes adjacent
to the geomagnetic equator, there are stratification of
large-scale irregularities in the F2 region of the ion-
osphere new additional layers appear. An additional
extremum in the center of the figure arises due to
the central perturbation, with the central extremum
having different signs depending on the sign of the
central inhomogeneity. This equatorial anomaly is an
important factor in predicting the parameters of radio
communication, radio navigation, location, signifi-

cantly affects the operation of various ground-based
technological systems, etc.

Figure 2 represents the dependence of the phase
variations between the O- and E-waves versus alti-
tude in a low-latitude ionosphere. This figure illus-
trates phase variations as a function of the altitude.
Minimums of the curves correspond to the maxi-
mums of the ionospheric layers; local maximums
correspond to the interlayer valleys. Deep minimum
in height corresponds to the maximum of the elec-
tron density in the equatorial anomaly; minimums
and maximums at the bottom of the figure corre-
spond to the rays crossing the ionospheric layer at
different angles.

Figure 3 illustrates the scintillation level as a func-
tion of the RMS deviation of the phase fluctuations
of scattered radio waves in the equatorial ionosphere.
Power-law spectral index p of the phase correlation
function (3.1) is associated with the scintillation index.
Numerical calculations are performed using the data
from experimental observations “* at p = 0.5 + 2.5.

1.0
Sa
0.8
0.6

0.4

0.2

Figure 3. The dependence of the scintillation index S, on the variance of the normalized RSD of electron density fluctuations o, at

different phase spectral index p and the slope (apex) angle of the satellite radio navigation system @ =85°.

044 T T T T
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20:40 20:50 21:00 21:10
Time (UTC+3)

Figure 4. Monitoring of the scintillation index S, at different observation time intervals.
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Figure 4 illustrates mainly weak temporal vari-
ations of the scintillation index S, = 0.7 + 0.3 at dif-
ferent observation time intervals. Scintillation level
reaches its maximum value at night: 21:00 hour, then
gradually decreases. Frequency of the navigation sat-
ellite PRN2 GPS SRNS signal is about 1 GHz.

Figure 5 illustrates moderate variations of the
scintillation index when the GPS crosses the region
with small-scale electron density irregularities. The
weak scintillation is observed S, = 0.15 mainly at the
same time intervals, sometimes scintillation becomes
moderate S, = 0.35during At = 40min. In this case,
the GPS cross the region in the equatorial ionosphere
with small-scale electron density inhomogeneities.

Figure 6 illustrates the dependence of the weak
scintillation index S, versus anisotropy parameter y
of extended irregularities for different slop angle y, at
weak and moderate scintillations in the equatorial ion-

osphere. Black curves correspond to the O-wave, vi-

olet curves are devoted to the E-waves. Curves 1 and
4 are related to the inclinations angle y, = 0°, curves 2
and 5—to the tilt angle y, = 10° and curves 3 and 6—
to the tilt angle y, = 30°. Maximum of S, curves are de-
voted to the O- wave is shifted to the right y = 15.66 +
16.4; maximum relating to the E-wave is displaced to
the left in the interval y = 18.7 + 18.5.

4. Discussion

This paper examines the influence of ionospheric
scintillations caused by RSD of the electron density
fluctuation in the equatorial ionosphere on the fluc-
tuation of the phase of the navigation radio signal
analytically calculating polarization coefficients and
second order statistical moments of scattered RWs
for the first time. Analytical investigations are per-
formed using the Wentzel-Kramers-Brillouin meth-
od for small-scale electron density irregularities.
Correlation function of the phase fluctuations has

04 T T Afo T
S4

At
03 AUI\ L] ]
02k |
0lr P
00 1 1 1

20:40 20:50 21:00 21:10
Time (UTC+3)

Figure 5. Moderate scintillation of navigation radio signals of the GPS system at night in the equatorial terrestrial ionosphere.

0.05

0

Figure 6. Scintillation index versus anisotropy coefficient of prolate electron density inhomogeneities.
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been obtained for arbitrary MCF of electron density
fluctuations containing complex permittivity and
conductivities (Hall, Pedersen and longitudinal) of
the equatorial ionosphere for both O- and E-waves
and also anisotropy parameters characterizing elon-
gated electron density irregularities. New peculiari-
ties of the “Fontan Effect” have been revealed in the
equatorial using the experimental observations of
the GNSS radiating radio signals at the frequency of
1 GHz. The crests occur at the geomagnetic equator
corresponding to the O- and E- waves. A spectral in-
dex of the “hybrid” power-law spectrum of electron
density fluctuations has been applied using the ex-
perimental data. GPS observation data has been ana-
lyzed. It was shown that weak and moderate scintil-
lations arise in the equatorial ionosphere propagating
radio signals through the small-scale electron density
irregularities. A new feature of the “Fountain Effect”
has been discovered in the equatorial ionosphere at
weak and moderate scintillations caused due to ani-
sotropy parameters of electron density fluctuations.
The slope angle of elongated plasmonic irregularities
shifts the maximum of the O- and E- waves in oppo-
site directions.

Investigation of the scintillation effects and ion-
ospheric irregularities is an actual problem for RWs
propagation in the terrestrial ionosphere, plasma tur-
bulence, development and application of the obser-
vation systems.

The obtained results are very encouraging. In-
deed, one of the deficiencies of scintillation theory is
the vague link between the observable scintillation
parameters and the physics of the processes that are
responsible for producing the irregularities in the
conductive polar ionosphere. The general morphol-
ogy of ionospheric scintillation is reasonably well
known. The results presented in this paper suggest
that a careful study of the scintillation statistics might
reveal some new insight into the mechanisms that are
involved. The obtained results will have wide appli-
cations in both natural and laboratory plasmas.
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