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oz

Iyonosfer, atmosferin 50 km ila 1000 km yiikseklikleri arasinda yer alan iyonlagnus bir tabakadir. Bu tabaka, atmosferik iletkenlikte
dnemli bir rol oynar. Iyonosfer biiyiik miktarda elektrik yiiklii pargaciklara sahiptir ve bu nedenle radyo dalgalarimn yayilimin
etkiler. Bu ¢aligmada, iyonosferik plazmanin empedans: farkli mevsimler ve farkli jeomanyetik aktivite donemleri i¢in Yer’in
gercek geometrisi kullanilarak hesaplanmistir. Iyonosferik plazmamn empedansinin her dogrultuda genel olarak her mevsim igin
biiyiik degerlere sahip oldugu gézlenmistir. Empedans tensoriiniin diyagonal bilesenlerinin diger bilesenlerden daha biiyiik oldugu
bu caligmada gozlenmistir. Ayrica iyonosferik plazmanin, genellikle, her yone ve mevsimlerde zayif iletkenlige sahip oldugu
gozlenmistir. Empedansin, elektron yogunluguyla ters olarak degistigi goriilmiistiir. Bu nedenle, elektron yogunlugunda sapmalara
neden olan jeomanyetik aktivitenin de empedansi azalttigi gdzlenmistir. Iyonosferik plazmanin, ¢alismanin yapildigi cografi
koordinatlarda reaktif bir karaktere sahip oldugu goriilmiistiir. Iyonosfer, bir dielektrik yap1 gostermistir.

Anahtar Kelimeler: Empedans, elektromanyetik, plazma ugulamalari, iyonosfer, manyetosfer.

Seasonal Variations of Impedance in the lonospheric
Plasma

ABSTRACT

The ionosphere is an ionized layer that extends between 50 km and 1000 km altitudes in the atmosphere. It plays an important role
in atmospheric electricity. The ionosphere has the number of electrically charged particles and thus, it affects the propagation of
the radio waves. In this study, magnitudes of impedance for different seasons and different geomagnetic activity periods in the
ionospheric plasma are calculated using the real geometry of Earth. It is observed that the impedance of the ionospheric plasma in
all directions generally has high values for all seasons. The diagonal components of the tensor of the impedance are greater than
the other components. It is also observed that the ionospheric plasma, generally, has weak conductivity in all directions and seasons.
Impedance varies inversely with electron density. Hence, geomagnetic activity periods which lead to an increase in electron density
decreases the impedance. It is observed that the ionospheric plasma has a reactive character in the geographic coordinates where
the study was performed. The ionosphere displays a dielectric structure.

Keywords: Impedance, electromagnetics, plasma applications, ionosphere, magnetosphere.

1. INTRODUCTION

The ionosphere is a layer of the Earth’s atmosphere
extending from 50 to 1000 km and it can significantly
affect the propagation of radio waves. The ionosphere
may act as an efficient reflector for frequencies below 30
MHz, allowing high frequency (HF) radio
communication to distances of many thousands of
kilometers. Due to the dependence of radio waves
behavior on their frequencies, oscillation frequency of
the electron and the refractive index of the ionospheric
plasma, the wave can be reflected, refracted or absorbed
from the ionosphere.

In recent years, information about the state of the
Earth’s ionosphere has improved [1-11]. lonospheric
physics is related to plasma physics because the

*Sorumlu Yazar (Corresponding Author)
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ionosphere is, of course, a weak natural plasma. The
ionosphere carries electric currents because winds and
electric fields drive ions and electrons. The direction of
the drift is at right angles to the geomagnetic field [4, 5].
The electrical conductivity tensor finds application in all
areas of ionospheric electrodynamics and at all latitudes.
The theory of ionospheric conductivity has been
developed by many scientists and is now quite well
understood, though refinements are still made from time
to time [12, 13]. On the other hand, the most important
parameter that determinates the electromagnetic behavior
of any medium is the dielectric constant, which
determines the refractive index at any frequency, the
form of the polarized wave in the medium, the state of
wave energy and the propagation of the wave. As known,
the dielectric and permeability parameters are related to

electric (6‘ =&, (1+ )()) and magnetic
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(,u = U (1+ Xm )) susceptibilities of the material. Since
the velocity (c = 1/ \/;) and characteristic impedance

(;7 = ,/ﬂ/e) of an electromagnetic wave travelling in a

plasma are dependent on the plasma’s properties, the
observed refractive index may be used to deduce detailed
information about the properties of the ionic plasma.
Because of all of these reasons, the impedance of the
ionospheric plasma is a measure of its refractive index,
reflection, and volume and polarization of the
electromagnetic wave. Hence determination of
impedance of the ionosphere is very important for
figuring out the propagation of an electromagnetic wave
in the ionospheric plasma. The most interesting features
of the solution of electromagnetic waves for any medium
are resonances and cut-offs. Resonances are
characterized by the phase wvelocity going to zero
(vp=awk—0) which is equivalent to the refraction index
n=kc/® going to infinity (k—>). The wave energy is
absorbed by ionospheric plasma at resonance points. Cut-
offs are defined by the index of refraction or the wave
vector going to zero (k—0). At these cut-off points, the
wavelength goes to infinity and the waves are reflected.
Cut-off points can be used for plasma density
measurements [3-6, 9-14].

In the literature, the declination angle (D) in the
geometry of the Earth’s magnetic field is not considered
in the calculation of the conductivities [4-15]. This angle
was taken into consideration in recent years [9, 16, 17].
It is used for defining the characteristic impedance of the
ionospheric plasma and in numerical calculations of the
impedance. The declination angle determines the cut-off
points of the wave. It also determines the direction and
the polarization of the wave, depending on the medium
of the ionospheric plasma [17]. We can thus determine
whether the ionospheric plasma is active or reactive. The
calculated impedance shows which component of the
magnetic field is effective in the determination of the
propagation coefficient of the electromagnetic wave [18].
In this study, the impedances are calculated using the real
geometry of the Earth’s magnetic field in the ionospheric
plasma. Results are obtained for geomagnetically
disturbed and quiet days for different seasons. The
analytical calculations and the results are presented in
Section 2 and 3, respectively.

2. IMPEDANCE FOR COLD PLASMA

When considering the behavior of a high frequency wave
through the ionospheric plasma, taking into account that
m, < m;, only the equation of motion for electrons
should be considered [6]. Besides, if the thermal motion
of particles is neglected and the cold plasma
approximation is used, then the equation of motion is
defined as follows [7]:

Me % = -e(E +Ve x B)— MeveVe Q)

dt

Where M, is the mass, Ve is the velocity and v

(vei +ven ) is the collision frequency of the electron. E

and B are the electric and the magnetic fields,

respectively. Assuming that the velocity and the fields

vary as e '’ | equation (1) can be written as:

. e

iwVe =——(E +Ve x B)+ veVe @)
Me

It is assumed that the z-axis of the coordinate system with
its origin located on the ground points vertically upward.
The x and y-axes represent the geographic eastward and
the northward directions in the northern hemisphere. The
current density is given by J =—-eNgeVe and the electric
field and the electron velocity are
E= )A(Ex + f/Ey + 2Ez and V = )2Vx + yVy + 2Vz. The
Earth’s magnetic field direction is
B =%XBCosl SinD+ y B Cosl CosD —Z B Sinl .
According to Ohm’s law ([J]: [a]~ [E]), equation (2)
is a tensor equation where the conductivity is defined as:

O xx O xz

Oyz (3)

Ox Ozy Oz

O xy

0 = | Oyx Ovyy

The components of the conductivity tensor are given by

[9]:

Oyx = 0y + (0 — 07) Cos?I Sin?*D 4)
Oyy = —0, Sinl + (0, — 0;) Cos?I CosD SinD (5)
0,,=-0, Cosl CosD-(0-0;) Cosl Sinl SinD (6)
0,,=0; Sinl+(0y-6,) Cos’I CosD SinD (7)
oyy = 0y + (0 — 0;) Cos?I Cos*D 8
0,,=0, Cosl SinD-(0,-0,) Cosl Sinl CosD 9)
0,.,=0, Cosl CosD-(c-0,) Cosl Sinl SinD (10)
Jzy =-0; Cosl SinD-(O'o-O']) Cosl Sinl CosD (11)
0, =0y + (0y — 07) Sin?l (12)

Where, op is the longitudinal conductivity defined as

2
8" Ne , o1 is the Pedersen conductivity defined
Me (ve —iw
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e2 Ne(Ve —Ia))

as and o, is the Hall

Me [a)ge +(ve —iw)? ]

ez Ne wce

conductivity defined as

[8].

e + (ve — )2

In these conductivity equations, Ne is the electron
density and . is the gyro frequency defined as
wce =—€ B/me . Note that o is a scalar quantity and that

it has an imaginary as well as a real part. The real part is
usually associated with conductivity: It is the reciprocal
of resistivity and thus associated with energy dissipation.
The imaginary part is associated with dielectric
properties of the medium and is a purely alternating
current parameter (inverse of reactance) [19]. A
relationship between conductivity with impedance of
ionospheric plasma can be defined as follows:

z :i+ii:R+iX

OR os

(13)

Where, or is the real part of conductivity, os is the
imaginary part of conductivity, R is the resistivity and X
is the reactance of the medium. Due to this, all the
impedances of the ionospheric plasma must be a function
of these conductivities. Thereby, the impedance of
ionospheric plasma depends on both the real and
imaginary parts of the conductivity. It can be defined as
follows:

Zxx Zxy Zxz

Z=|Zyx Zyy Zy (14)
Zx Ly Zz

When

A=v¢ +w?,

B =18+’ +wé,
C =vé —w? +wé,
D=v¢ +w? —wé,
E =v& —30? + w&,
F=3%¢-0w?+0k

the components of this tensor is obtained depending on
the dip and the declination angles as follows:

m,(E*v: + F?w?)

Z. =
™ e’N,v,(AB + Ew?,Cos?ISin?D)

me(E2v§+F2w2)

+i
eZNea)(AD+Fw%eCoszlSinzD)

(15)
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7 - m(E? V2 +F? a?)
Y 2N, w, (ACSinl-Ev,w,,Cos?ICosDSinD)

i me(E2vE+F2w?)
e2Noww e (24veSinI—FweeCos2ICosDSinD)

(16)

P m(E?V2+F? a?)
X2 &2 N,w,.(ACCosD+Ev,w,.SinlSinD) Cosl
me(E2vE+F2w?)

l
eZNowwce(24VoCosD+FweeSinISinD)Cosl

(17)

;- m (V2 +F )
€2 N,w,o(ACSinl+Ev,w,Cos? [CosDSinD)

me(E2vE+F2w?)
e2Nowwce(2AvSinl+FwceCos?ICosDSinD)

+i

(18)

3 m,(E*v? + F2w?)
YY" e2N,v,(AB + w?,Cos2ICos?D)

VA

, me(E2vi+F2w?)
+i 2 2 2 2
e2N,w(AD+Fwf,Cos21Cos?D)

(19)

m,(E?v: + F2w?)

Z, =
Y2 e2N,w.(ACSinD — Ev,w.SinICosD)CosI

4 me(E2vE+F2w?)
e2Newwee(2AvSinD—Fw oSinICosD)Cosl

(20)

m,(E?v? + F2w?)

Z =
?*  e?N,w.(ACCosD — Ev,w_SinISinD)Cosl

4 me(E2vE+F2w?)
e2Newwce(24veCosD—FweSinlSinD)Cosl

(21)

m B2V 42

7 =
7 E@N,w(ACSinD+Ev,w,SinlCosD) Cosl

i me(E2vE+F2w?)
e2Newwce(2AveSinD+Fw e SinICosD)Cosl

(22)

m,(E*v: + F?w?)
e?N,v .(AB + Ew?,Sin?I)

ZZZ =

me(E2v§+F2wz)
ezNew(AD+Fw§eSin21)
In the next section, the numerical analysis and the results
are given for two equinoxes and solctices periods.
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3. NUMERICAL ANALYSIS AND RESULTS

In this study, the impedances of the ionospheric plasma
(z = R2+ X 2) are calculated using Equation (15)-(23)
for 38.7° N and 39.2° E, 1=55.6°, D=3° and 12.00 LT.
Two geomagnetic activity conditions are chosen to
define quiet (0 <Kp <2%) and disturbed (Kp > 2%) periods
for the equinoxes March and September and solstices

June and December. The ionospheric parameters used for
the calculation are obtained by using the IRI1-95 model.

Table 1 gives the pattern that represents the values of
the impedance obtained for 16 MHz for geomagnetically
quiet and disturbed periods in equinoxes and solstices at
hnF2 where the electron density distribution has
maximum values. The diagonal components Z, Zyy and
Z,; values are greater than the impedance values in Table
1. So these components of the impedance are considered
in the numerical analysis.

Figure 1 shows the seasonal variations of impedances
Zyx, Zyy and Z;; depending on wave frequency for the quiet
periods. The obtained values are magnitudes of the
impedance where the real and the imaginary parts of the
impedance are taken into account. These values are the
mean values obtained for 120 km and 500 km in the
ionospheric plasma. All three impedances in Figure 2
increase parabolically with frequency and they have
maximas in September and minimas in December.

Similarly Figure 2 shows seasonal variations of
impedances Zy, Z,, and Z, depending on the wave
frequency for the disturbed periods. Details of the
calculations are the same as those for periods. Figure 3
shows the variations of the mean magnitudes of the
diagonal impedances. It is seen that the graphs are almost
similar. The mean impedances for quiet periods are larger
during the March equinox and the June solstice. Similarly
the mean values for disturbed periods are larger during
the September equinox and the December solstice.
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Figure 1. Seasonal variations of the average impedance of the ionospheric plasma depending on the frequency in the quiet

periods (Kp52+) fOI’ a) Zxx b) Zyy C) ZzzA
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Table 1. Values of the impedance calculated for 100 mrad/s (~16 mhz) in solstices and equinoxes for quiet and disturbed days
periods at hmf2.

Days
Kp<2* Kp > 2*
Impedances
(Ohm) March June September | December March June September | December
Equinox | Solstice Equinox Solstice Equinox | Solstice Equinox Solstice
Zxx x10° 1.21 1.46 1.54 2.94 191 7.03 2.09 3.23
Zyy x107 6.49 6.1 7.47 244 2.25 3.95 9.08 2.58
Zxz X107 4.53 4.31 5.21 1.71 1.59 2.76 6.33 1.81
Zyxx107 6.57 6.24 7.55 2.48 231 4.00 9.17 2.62
Zyyx10° 1.22 1.46 1.55 0.29 0.19 0.70 2.10 0.32
Zy; X108 3.43 3.26 3.94 1.29 1.20 2.09 4.79 1.36
Zix X107 451 4.29 5.18 1.69 1.57 2.74 6.30 1.79
Zzy X108 3.43 3.26 3.94 1.29 1.20 2.09 4.79 1.36
Z22x10° 1.23 1.47 1.55 0.29 0.19 0.78 212 0.32
8.0E+09
o TOE+09 o T Merch Bovex =
@ 6, 0E+03 Septernber Fouinox
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Figure 2. Seasonal variations of the average impedance of the ionospheric plasma depending on the frequency in the
disturbed periods (Kp>2*) for a) Zx b) Zyy €) Zz.
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Figure 3. Variations of the average impedance of the
ionospheric plasma with the wave angular
frequency for quiet and disturbed days: a) March
equinox, b) June solstice, ¢) September equinox, d)
December solstice.
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Figure 4.  Altitude distribution of electron density in different
seasons a) for quite days (0<Kp<2*) b) for active
days (Kp>2*).

In this work, the empedance of the ionospheric plasma
are computed for December (winter solstice), March
(spring equinox), June (summer solstice), September
(autumn equinox) months. In the future studies, the
analysis will be done over more months and seasons.

4. CONCLUSION

In this study, the mean values of magnitudes of the
impedances of the ionospheric plasma are calculated for
different seasons and geomagnetic activity periods. It is
observed that the diagonal components of the impedance
tensor are greater by 102 than the other components.
Because the conductivity and dielectric constant
exhibited by the medium vary depending on the angular
frequency of the wave, the impedance also varies with
the angular frequency. Impedance reaches its minimum
values when the electron density increases. Similarly,
impedance reaches its maxima when electron density is
small. Thus impedance decreases as electron density
increases in geomagnetically disturbed days periods
during the solstices and equinoxes. It is seen that the
ionospheric plasma can be characterized as reactive and
the ionosphere has a structure capable of behaving as a
dielectric in the chosen coordinate. The inductive
property of the ionosphere is dominant under related
conditions. The radial (z) component of the strength of
the magnetic field is more effective for determining the
propagation coefficient of the electromagnetic wave
since diagonal components of the impedance are larger
than the off-diagonals. The increasing of the diagonal
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components depending on the declination angle can be
observed from the analytic expressions.
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