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In this study, the eect of the actual geometry of the magnetic eld on the electron temperature has been
investigated daily and seasonally for the electromagnetic wave travelling at subionosphere. The electron energy
balance equation has been obtained by using the ideal gas approximation. The results show that there are notable
dierences between the two situations (B k k k z and B real, k z ). According to our theoretical study, the maximum
changes are shown at L- and R-mode, small eect on X-mode and no variation on O-mode due to the real geometry
of the magnetic eld. Besides, the heights of the maximum points are changeable daily and seasonally for all modes
at the subionosphere.
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bulized region.

1. Introduction

This strongly inuences the conditions

of radio wave propagation in the perturbed region of
The highest frequency waves reected from the ionosphere are high-frequency (HF) waves which cover the

plasma, causing them to become more strongly absorbed
and scattered [6].

The properties of the ionosphere

The above-mentioned eects are only a few of the non-

have been investigated by examining factors aecting the

linear eects occurring in the ionospheric plasma. Non-

propagation and reection of the radio waves in this HF

linear eects were observed by Gurevich et al. [7, 8].

band reected from the ionosphere [1].

They were described as eects of the self-action of a high

range of 330 MHz.

The HF radio wave is exposed to many physical events

power radio wave. These eects lead to a sharp increase

in the ionosphere until it reaches the receiver by reect-

of the wave absorption under certain conditions and de-

ing from the ionosphere after sending from the transmit-

crease of absorption (plasma translucence eect) under

ter. The most important one of these is absorption. The

others [9].

HF radio wave passing through the ionosphere transfers

In the 1980s the large number of theoretical and ex-

the electrons and ions in free state within weakly ionized

perimental studies on articially heated D-region elec-

plasma as a part of its energy.

The transferred energy

trons with the HF radio waves have been started to use

increases the average kinetic energy of electrons and ions

high-power transmitters in Norway, Sweden and Finland.

in free state.

If the electrons and ions with increased

The most important one of the experimental studies is

energy do not collide with low-energy neutral particles,

European Incoherent Scatter Scientic Association (EIS-

then a large part of lost energy of the radio wave is con-

CAT) receiver in Norway, in Tromso.

verted to the electromagnetic energy and continues to the

cated in Arecibo in Puerto Rico, and in Alaska, the High-

propagation too much unchanged intensity of the wave.

-frequency Active Auroral Research Program (HAARP)

However, if the electrons and ions collide with neutral

and High-Power Auroral Stimulation (HIPAS) transmit-

particles, then a large part of this energy is lost and the

ters are also available.

wave energy is absorbed [25].

only lead to deeper comprehension on the microscopic

In addition, lo-

These experimental studies not

High-powerful radio waves increase the temperature

and macroscopic, long-term and short-term, and linear

and change the electron and ion densities through the

and nonlinear processes caused by the HF heating of the

collisions of the electrons with the ions and with the

ionosphere but also make the comparison of theory, ex-

neutral molecules and atoms in the perturbed region

periment and simulation available. Theoretical analysis

of the ionosphere.

This alters the high-powerful radio

is made by means of electron energy balance equation us-

waves absorption. Thus, the heating of the ionosphere in

ing an ideal gas approximation of the electron gas [1015].

the eld of high-powerful radio waves should excite new

In this theoretical research, the eect of a high-power

plasma oscillations and enhance those already present

HF radio wave which spreads as vertical on the electron

there, and give rise to formation of an oscillating tur-

temperature in the subionosphere depending on the actual geometry of the magnetic eld of the Earth has been
studied. These eects are investigated as daily and seasonal in terms of dierent wave modes.
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the basic dispersion relation as follows:

2. Theoretical background

det(M ) = 0.

The force acting on the electron is

dv
= −e(E + v × B) − mνυv,
dt
where E is electrical eld, B is magnetic
m

(1)
eld,

v

and

m

ν

is

are the velocity and mass of electron, respectively.

total collisions frequency and sum of the electron-neutral
and electron-ion collision frequencies [16, 17]:

νe = νen + νei ,

(5)

Thus, dierent modes of the HF wave are obtained
by solving basic dispersion relation and the refractive index

n can be obtained in the terms of plasma parameters.
z -direction in the iono-

The HF wave is travelling in the

sphere. The solution of Eq. (5) gives two modes. These
are plasma oscillations and polarization waves (P-waves).

(2)

Polarized waves are divided into two as the right (right-handed, R) and left (left-handed, L):

in which

νen = 2.33 × 10

−17

−4



[N2 ] 1 − 1.21 × 10 Te Te

√ √
Te
+1.8 × 10−16 [O2 ] 1 + 3.6 × 10−2 T e
√
+8.9 × 10−16 [O](1 + 5.7 × 10−4 Te ) T e

n2R = 1 −
+i

and

Te , [N2 ], [O2 ], [O] and Ne

are electron temperature

in K, densities of nitrogen molecule, oxygen molecule,

−3

oxygen atom in m

, respectively.

+i

X(1 − Y sin I)
(1 − Y sin I)2 + Z 2

XZ
,
(1 − Y sin I)2 + Z 2

n2L = 1 −


 3 
Te
−6
νei = Ne 10
59 + 4.18 log
Te−3/2 ,
Ne
where

787

(6)

X(1 + Y sin I)
(1 + Y sin I)2 + Z 2

XZ
.
(1 + Y sin I)2 + Z 2

(7)

Despite of the HF wave is propagating in the
there are also waves travelling in the

y-

z -direction,
(or x-) di-

rection due to the geometry of the geomagnetic eld.
These are ordinary (O-wave) and extraordinary (X-wave)
waves [16]:

X
XZ
+i
,
2
1+Z
1 + Z2


n2x = 1 − X (1 − X) 1 − X − Y 2 cos2 I cos2 d
.h
2
+Z 2
1 − X − Z 2 − Y 2 cos2 I cos2 d
i
h
+Z 2 (2 − X)2 + i ZX (1 − X)2 + Z 2
.
+Y 2 cos2 I cos2 d
1 − X − Z2
i
2
−Y 2 cos2 I cos2 d + Z 2 (2 − X)2 ,

n20 = 1 −

Fig. 1. Geometry of Earth's magnetic eld (B ) and

k [18].

The geometry of the geomagnetic eld in the Northern
hemisphere is given in Fig. 1. The

z -axis

x-

and

y -axis

X, Y ,

and

Z

are

X=

Y =

ωce
ω , and

Z=

(9)

ve
ω.

of the coordi-

nate system with its origin located on the ground is vertical upwards. The

where

ωp2
ω2 ,

(8)

are geographic eastward

These equations show that the refractive index has a
real and a complex component as

n2 = (µ + i χ)2 =

and northward in the Northern hemisphere, respectively.

M + iN .

B = Bx ax + By ay + Bz az
with components Bx = B cos I sin d, By = B cos I cos d
and Bz = −B sin I . Also I and d are the magnetic dip

teristics of the absorption, while real component denes

and declination angles.

netic noise of the radio wave energy through interactions

The geomagnetic eld is

In a Cartesian coordinate sys-

(3)
current density and

σ

is the ionospheric

conductivity tensor. From Maxwell's equations the following wave equation can be obtained [16]:

in



iσ
2
E=0
n E − n(n · E) − I +
ε0 ω
with n = kc/ω,
which I is unit matrix and n is the

properties of dispersion and breaking of the media. The
absorption part transformed into heat and electromagbetween ionospheric electrons and neutral atmosphere.

tem, the solution of Eq. (1) can be written as

J = σE,
where J is the

The complex component denes the charac-

Most of the absorption occurs in the ionospheric D-region
which reaches the maximum of the electron density production and electron collision frequency. In this case, the
complex component of the refractive index is given by

χ2 =

i
1/2
1h
M2 + N2
−M .
2

(10)

(4)

Using the ideal gas approach to electron gas, the elec-

refractive index.

tron temperature change based on the absorption is de-

By using the geometry and solving Eq. (4), we can obtain

ned by the following nonlinear dierential Eq. (9):
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dTe
2
2ωS
=
−χ
−L ,
(11)
dt
3kB Ne
c
in which kB is the Boltzmann constant, S is the energy
ux of the HF radio wave and L denes sum of the en-

sity were taken from the IRI-2007 model; neutral atmosphere parameters were taken from MSISE-90 model [20].
In the equilibrium case, the electron temperature in a
desired height is calculated with the equalization to zero

ergy losses as a result of the electron collision processes.

of the dierence between energy transfer and loss to the

The energy ux is determined as

media. The integral in Eq. (12) was calculated with steps



S(z) =

ω
ERP
exp −2
4πz 2
c

Z

z

of 100 meters according to the trapezoidal method and



χ(z 0 ) dz 0 ,

(12)

0
where ERP is the eective radiation power of the trans-

the roots of Eq. (12) were found by the bisection method.

4. Results

mitter [2, 10].

L values are taken as follows [19]:
Lelast (e, N2 ) = 1.89 × 10−44 Ne NN2

× 1 − 1.21 × 10−4 Te Te (Te − Tn ),

Also,

To investigate the eect of the HF radio wave of the
electron temperature at the subionosphere, appropriate
(13)

Lelast (e, O2 ) = 1.29 × 10 Ne NO2
 1

1
× 1 + 3.6 × 10−2 Te2 Te2 (Te − Tn ),
Lrot (e, N2 ) = 4.65 × 10−39 Ne NN2

values are selected to the EISCAT transmitter such as

f = 2.8

−43

ERP = 200 MW. Magnetic eld has
B0 = 4 × 10−5 T. All parameters are calculated
39◦ 410 N, 38◦ 140 E and I = 55◦ , d = 3◦ . Year,
MHz and

taken as
(14)

Te − Tn

day and time are taken as 2009, equinox, local time, re-

!
,

1
2

for the

(15)

spectively.

Te
Lrot (e, O2 ) = 1.11 × 10

−38

Te − Tn

!

, (16)
1
Te2


Te − 2000
−37
Lvib (e, N2 ) = 4.79 × 10 Ne NN2 exp f1
2000Te




Te − Tn
× exp −g
−1 ,
(17)
Te Tn
Ne NO2

f1 = 1.06 × 104 + 7.51 × 103

× tanh 11 × 10−4 (Te − 1800) ,
g = 3300 + 1.233 (Te − 1000)
−2.056 × 10−4 (Te − 1000) (Te − 4000) ,


Te − 700
Lvib (e, O2 ) = 8.32 × 10−38 Ne NNO2 exp f2
700Te




Te − Tn
× exp −2770
−1 ,
(18)
Te Tn

f2 = 3300 − 839 sin 1.91 × 10−5 (Te − 2700) .

Fig. 2. The eect of the dierent modes of the HF radio wave over the electron temperature for the sunrise
times.

3. The calculation algorithm

Typically, the electron temperature in the ionosphere
responds rapidly (a few seconds) to changing conditions
and, therefore, the electron temperature is generally in
a quasi-steady state (∂/∂t

→ 0).

Furthermore, at low

altitudes, thermal conduction is not important because
the neutrals are eective in inhibiting the ow of heat.
Under these circumstances, the electron temperature is
determined by a balance between local heating and cool-

dTe
dt = 0
and Eq. (11) can be solved as a function of Te [10]. The
needed parameters for this calculation are ω , Ne , B , [N2 ],
ing processes [20].

[O2 ], [O]

and

Tn .

In the equilibrium case is

In this study, the data of electron den-

Fig. 3. The eect of the dierent modes of the HF radio wave over the electron temperature for the 14.00 LT.
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ternoon. The maximum and minimum eects are at the
same modes.

LT is given in Fig. 2 and Fig. 3. The sunrise times are

The variations of the electron temperature of the dier-

05.17, 03.52, 05.00 and 06.34 for 21 March, 21 June,

ent modes are given in Fig. 4 and Fig. 5. HF radio wave

23 September and 21 December, respectively. HF radio

is at the

wave and magnetic eld is at the

z -direction.

z -direction and magnetic eld's real geometry is

used at the calculations.

Fig. 4. The eect of the dierent modes of the HF radio wave over the electron temperature for the sunrise
(magnetic eld real geometry).

Fig. 5. The eect of the dierent modes of the HF radio wave over the electron temperature for the 14.00 LT
(magnetic eld real geometry).

The maximum and minimum eects are seen at the
R-mode and L-mode for the sunrise and 14.00 LT, respec-

The maximum and minimum eects are opposite when

tively. The electron temperature is bigger than 2400 K

the magnetic eld real geometry is used. R- and L-mode

for R- and X-mode at the sunrise.

are exchanged. The maximum values of electron temper-

But, the electron

temperature decreases according to the sunrise at the af-

ature with height are given at Table.

TABLE

The maximum values of electron temperature and height.

sunrise
(B k k k z )
14.00 LT
(B k k k z )
sunrise
(k k z )
(B real)
14.00 LT
(k k z )
(B real)

R-mode
L-mode
O-mode
X-mode
R-mode
L-mode
O-mode
X-mode
R-mode
L-mode
O-mode
X-mode
R-mode
L-mode
O-mode
X-mode

Electron temperature [K]
21 March 21 June 23 Sept.
2552.6
2484.7
2548.2
2248.1
2205.8
2244.7
2399.1
2345.8
2395.1
2457.2
2401.6
2453.7
2274.8
2133.8
2203.5
2073.4
1974.9
2028.9
2179.3
2061.4
2122.6
2213.3
2083.1
2147.4
2274.7
2230.7
2271.2
2525.7
2460.6
2521.4
2399.1
2345.8
2395.1
2417.8
2363.3
2413.9
2092.7
1991.3
2046.3
2259.1
2123.6
2190.6
2179.3
2061.4
2122.6
2190.1
2068.4
2130.7

21 Dec.
2565.6
2257.8
2410.4
2467.2
2344.7
2119.7
2235.1
2276.9
2284.7
2538.4
2410.4
2428.7
2140.7
2326.5
2235.1
2249

21 March
80.7
79.4
80.1
81.3
78.5
77.5
78.1
79.2
79.5
80.5
80.1
80.5
77.6
78.5
78.1
78.5

Height [km]
21 June 23 Sept.
81.8
80.7
80.5
79.5
81.2
80.2
82.7
81.4
78.2
77.7
77.5
76.7
78.1
77.3
78.9
78.2
80.7
79.6
81.7
80.7
81.2
80.2
81.7
80.7
77.8
76.9
78.4
77.6
78.1
77.3
78.4
77.6

21 Dec.
80.3
79
79.7
81
78.9
77.5
78.3
79.6
79.1
80.2
79.7
80.1
77.7
78.8
78.3
78.7
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5. Conclusion

The ionosphere can be heated by powerful HF radio
wave.

The eect of the actual geometry of the mag-

netic eld on this heating has been investigated. In our
theoretical calculations a dierence was found between

Bkz

and

B -real

geometry. The collision frequency and

electron temperature (ve

∼ Te )

are high at the subiono-

sphere.
Figures 25 are showing the eect of the dierent
modes of the HF radio wave over the electron temperature for the sunrise, 14.00 LT and equinox days.

The

maximum and minimum eects are at R- and L-mode,
respectively, where the magnetic eld is at the

z -direction

in Figs. 2 and 3. When we add the real geometry of the
magnetic eld to our calculations, an opposite condition
occurs between these two modes as shown in Fig. 4 and 5.
The electron temperature decreases about 40 K at
X-mode between these two conditions. But, there is not
any change at O-mode because of the non-eect of the
magnetic eld (Eq. (8)).
The maximum values of electron temperature and
height for equinox days and dierent hours are given in
Table. Sunrise time electron temperature is nearly 200
300 K bigger than 14.00 LT for all modes, days.

Also,

the absorption height is decreasing with increase of the
electron density. The energy in the ionosphere is shared
between the existing electrons. The average kinetic energy of electrons is decreasing with the increase of the
electron density. So that, high-power radio wave energy
is absorbed at a lower height.
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