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Abstract. A numerical model of the high-latitude iono-
sphere, which takes into account the convection of the
ionospheric plasma, has been developed and utilized to
simulate the F-layer response at auroral latitudes to high-
power radio waves. The model produces the time vari-
ations of the electron density, positive ion velocity, and
ion and electron temperature profiles within a magnetic
field tube carried over an ionospheric heater by the con-
vection electric field. The simulations have been per-
formed for the point with the geographic coordinates of
the ionospheric HF heating facility near Tromso, Norway,
when it is located near the midnight magnetic meridian.
The calculations have been made for equinox, at high-
solar-activity, and low-geomagnetic-activity conditions.
The results indicate that significant variations of the elec-
tron temperature, positive ion velocity, and electron den-
sity profiles can be produced by HF heating in the
convecting high-latitude F layer.

1 Introduction

The modification of the D and E regions of the auroral
ionosphere by HF heating has been extensively studied in
recent years both experimentally (Kapustin et al., 1977;
Stubbe et al., 1981; Barr et al., 1986; Rictveld et al., 1989)
and theoretically (Stubbe and Kopka, 1977, Barr and
Stubbe, 1984), and these studies have been a great success.
Many interesting results concerning the auroral lower-
ionosphere modification by a powerful HF wave were
obtained. The ionospheric HF heating facility near
Tromso, Norway is successfully utilized now for these
experimental studies.

Nevertheless, the studies just mentioned deal with the
lower ionosphere (D and lower E regions) only. The ma-
jority of theoretical and numerical investigations of the
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F region have been mainly directed to study the mid-
latitude ionosphere (Gurevich, 1967; Meltz and LeLevier,
1970; Savelev and Ivanov, 1976; Perkins and Roble, 1978;
Mantas et al., 1981; Bernhardt and Duncan, 1982; Mul-
drew, 1986; Newman et al., 1988; Blaunshtein et al., 1992;
Vas’kov et al., 1993). This is essentially because of the
location of the earlier experimental facilities in the mid-
latitudes, for example, Platteville, Arecibo, Gorky.

However, it is known that the high-latitude ionosphere
possesses some specific features which are unusual for the
mid-latitude ionosphere. In particular, the ionospheric
plasma at F-layer altitudes convects at high latitudes. The
plasma convection in the polar ionosphere is mainly in-
duced by magnetospheric electric fields. The convection
flow over the polar region can differ considerably from the
ionospheric plasma flow at mid-latitudes. The latter flow
has a strong tendency to corotate with the earth. There-
fore, at mid-latitudes a ground-based ionospheric heater
can affect a heated plasma volume for very long time. On
the other hand, at high latitudes a restriction of the dura-
tion of a powerful HF wave effect on a heated plasma
volume does exist. The attainable duration depends on
heater parameters and geophysical conditions. For
example, for the Tromso heating facility, the half-power
heated-plasma-volume diameter is 75 km at an altitude of
300 km. The available drift velocity of the ionospheric
plasma at F2-layer altitudes is about 500 m/s. Hence, the
maximum duration of a powerful HF wave effect is about
150 s near the F2-layer peak, and thus the ionospheric
heater cannot affect the same heated plasma volume dur-
ing a time longer than the magnitude pointed out. This is
the principal distinction between mid- and high-latitude
ionospheres with respect to the F-layer modification by
a powerful HF wave.

Many details of the response of the high-latitude
F layer to high-power radio waves have the potential to be
investigated by using numerical models. To date there
have been very few numerical studies of the high-latitude
F-layer modification by a powerful HF wave. The numer-
ical model of the polar ionosphere F region heated by
high-power, high-frequency waves has been developed by
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Shoucri et al. (1984); this paper also presented the results
of simulation of the modifications produced by a powerful
HF wave in the F region of a quiet (low solar cycle) polar
ionosphere. The model of Shoucri et al. (1984) contains
some simplifications and restrictions; in particular, an
idealized vertical magnetic field parallel to the ionospheric
density gradient is used. Moreover, the model does not
take into consideration the convection of the ionospheric
plasma. Nevertheless, this model has been used to study
the time evolution of the density depressions formed at the
reflection height of HF waves propagating in a daytime
ionosphere (Hansen et al., 1989).

The purpose of the present study is to develop an
alternative numerical model of the high-latitude F layer
which takes into account the geomagnetic field declina-
tion and the convection of the ionospheric plasma. More-
over, we make an attempt to predict the time variations of
the electron density, positive ion velocity, and ion and
electron temperature profiles during the disturbance
caused by HF heating for one case eventual for the iono-
spheric heater near Tromso, Norway.

2 The model of the heated F layer

Over the last year we have been developing a numerical
model of the high-latitude F region which can be affected
by a powerful HF wave. The model allows us to study
changes of ionospheric quantities produced by HF heat-
ing at F-layer altitudes.

2.1 Basic principles

Our model employs the idea put forward by Knudsen
(1974) which was then pursued quantitatively by Knudsen
et al. (1977). The ionospheric plasma at F-layer altitudes
may be considered attached to the magnetic field lines,
which are convecting over the polar region. A plasma
transport along a magnetic field line may be rather arbi-
trary. A perpendicular (to the magnetic field) plasma flow
is strongly controlled by the convection electric field. In
general, the ionospheric plasma motion at F-layer alti-
tudes may be separated into two flows: first, the plasma
motion parallel to the magnetic field; second, the plasma
drift in the direction orthogonal to the magnetic field. The
latter drift may be easily obtained by using the model of
the convection electric field. To describe the parallel
plasma transport it is convenient to consider a magnetic
field tube of the F-layer plasma carried around the polar
region by the convection electric field.

The basic principles described above are utilized by our
numerical model of the heated F layer. In the present
study we consider a part of a magnetic field tube of
ionospheric plasma at distances from the earth along the
magnetic field line between 100 and 700 km. The point of
view taken, is that the part of the magnetic field tube of
plasma is carried over an ionospheric heater by the con-
vection electric field.

At the present time, there are several theoretical and
empirical models that describe the plasma convection in

the high-latitude ionosphere (Sojka et al., 1986, and refer-
ences therein). The plasma convection pattern varies
markedly with the interplanetary magnetic field (IMF).
For southward IMF, the pattern has two vortex cells with
antisunward flow over the polar cap and return flow
equatorward of the auroral oval. The results of the simula-
tion to be presented in this paper were obtained for
southward IMF by using pattern B of the empirical con-
vection models of Heppner (1977), which is the steady
nonsubstorm convection pattern. It is known that the flow
paths (or the convection trajectories), around which the
magnetic field lines are carried over the polar region, are
closed for a steady convection pattern. From the plasma
convection pattern used, we obtain the convection traject-
ory, which intersects the F-layer volume illuminated
by the heating facility at Ramfjordmoen near Tromso,
Norway, when it is located near the midnight magnetic
meridian, and calculate the plasma drift velocity along the
convection trajectory.

In the model calculations of the F-layer modification
by a powerful HF wave, the temporal history of the
plasma in the given magnetic field tube is traced during its
movement along the considered convection trajectory not
far from the ionospheric heater. For the considered con-
vection trajectory, we obtain variations of ionospheric
quantities with time (along the trajectory), with the rela-
tion between the distance along the trajectory and time
containing the calculated plasma drift velocity. The part
of the considered convection trajectory, around which the
plasma tube was carried in the numerical simulation, is
shown in Fig. 1.

2.2 Transport equations

We consider a relative frame of reference moving together
with the plasma tube along the convection trajectory. It is
supposed that the origin of coordinates moves so that it is
retained on the earth’s surface, and one of the axes (axis h)
of the reference frame is directed upwards along the mag-
netic field line. As pointed out previously, the ionospheric
plasma at F-layer altitudes is attached to the magnetic
field line. Therefore, the movement of plasma in a direc-
tion perpendicular to the axis h is absent at F-layer alti-
tudes. This detail provides the simplifications of transport
equations of ionospheric plasma in the relative frame of
reference.

The model F-layer plasma is assumed to consist of
electrons and positively, singly charged atomic oxygen
ions; other ionic species are neglected. It is well known
that the positive O™ ions are dominant above approxi-
mately 200 km in the polar ionosphere. The behaviour of
the ionospheric plasma in the part of the magnetic field
tube, moving along a convection trajectory through a neu-
tral atmosphere, may be described by transport equations.
Our model allows us to simulate the temporal history
of both the dynamics and the temperature regime of
ion and electron gases in the magnetic field tube. The
profiles, against distance from the earth along the
geomagnetic field line of ionospheric quantities, are ob-
tained by solving the appropriate system of transport
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equations of ionospheric plasma. This system consists of
the continuity equation, the equation of motion for the
ion gas, and the heat-conduction equations for ion and
electron gases.

The system of transport equations of ionospheric
plasma in the reference frame convecting together with
a field tube of plasma, whose axis h is directed upwards
along the magnetic field line, may be written in the follow-
ing form:

ON 0
E‘f‘%(NV)ZQ"quJ’_Qp_I’ (1)
oV ov 40 oV d
mlN<§ + VE) — 5@(#%) + % [Nk(Tl + Te)]
. 1

+mNgsinl =mN Y —(U, — V), (2
6Ti 1 a @Tl aTl
il P PR B it
ot M oh oh oh

y—1/0N ON 1
+ T(W —+ VE) Ti + M(Pie +;Pin>> (3)

oT. 10, aT.\ aT.
o - Mon\"on )" on

y—1/0N 0N 1
N+ (P +Y P
TN <0z+vah S +Z en

+Q¢+Q5+Qp+Qf_Lr_Lv_Le_Lf>s (4)

where N is the O ion number density (which is supposed
to be equal to electron concentration N, at the F-layer
altitudes); V is the parallel (to the magnetic field) compo-
nent of the positive ion velocity; g is the photoionization
rate; g. is the production rate due to auroral electron
bombardment; ¢, is the production rate due to auroral
proton bombardment; [ is the positive-ion loss rate (taking
into account the chemical reactions O* + O, » O + O,
O"+N,->NO" +N, Oy +e—->0+0, and NO* +
e —» N + O); m; is the positive ion mass; k is Boltzmann’s
constant; T; and T are the ion and electron temperatures,
respectively, g is the acceleration due to the gravity; I is the
magnetic field dip angle; 1/7;, is the collision frequency
between ion and neutral particles of type n; U, is the
parallel component of velocity of neutral particles of type
n; M =3/2kN; y=5/3; v is the parallel component of
electron velocity (which is determined from the equation
for parallel current); u is the ion viscosity coefficient;
A; and A, are the ion and electron thermal conductivity
coefficients, respectively; Q,, Q., Q,, and Q¢ are the elec-
tron heat rates due to photoionization, auroral electron
bombardment, auroral proton bombardment, and HF
heating, respectively; and L,, L,, L., and L; are the elec-
tron cooling rates due to rotational excitation of mole-
cules O, and N,, vibrational excitation of molecules
O, and N,, electronic excitation of atoms O, and fine

structure excitation of atoms O, respectively. The quantit-
ies on the right-hand sides of Eqs. 3 and 4, denoted by P,
describe the rates of change of energy of particles of type
o as a result of elastic collisions with particles of type f.
These quantities contain the terms proportional to the
species-flow velocity differences squared which describe
the frictional heating of ionospheric plasma due to both
the convection electric field and the neutral wind.

2.3 Model parameters

Concrete expressions must be given to a number of param-
eters that appear in the equation system of Egs. 1-4, for
the model fulfilment. Expressions of plasma parameters,
such as viscosity coefficient, thermal-conductivity coeffi-
cients, collision frequencies, and ion and electron rates of
change of energy due to elastic collisions, are well known;
they are the same as in our previous models (Mingaleva
et al., 1982a; Mingaleva et al., 1982b; Mingalev et al., 1984;
Mingalev et al., 1988), and very similar to those utilized by
models of Stubbe (1970), Schunk and Sojka (1982), and
Schunk et al. (1986).

As was noted earlier, the results of calculations to be
presented in this paper were obtained for nighttime. Gen-
erally, our model allows us to simulate changes of the
ionospheric F layer produced by HF heating for arbitrary
time. Therefore, the photoionization sources included in
the model are solar EUV photons, both direct and reso-
nantly scattered. The total photoionization rates from
both the direct and the resonantly scattered photons are
calculated by the method analogous to that utilized by
Knudsen et al. (1977). Also, ionization sources included in
the model are soft electron and proton precipitations. The
production rate due to soft electron bombardment as
a function of height is calculated by the method analogous
to the semiempirical method of Rees (1963). Altitude
profiles of the production rate due to soft proton
bombardment are calculated after the method given by
Chamberlain (1961) and developed by Eather and
Burrows (1966).

Energy-dependent rate coefficients for chemical reac-
tions included in the model were taken from Timothy
et al. (1972) and St.-Maurice and Torr (1978). The electron
heat rate due to photoionization Q,, is assumed to be the
product of the photoionization rate ¢ and a heating effi-
ciency parameter ¢

Qq) =é+q, (5)

with heating efficiencies, both local and nonlocal, having
been taken into account. Altitudinal dependences of these
heating efficiencies were taken from Stubbe (1970) and
Hanson and Johnson (1961). By analogy with Eq. 5, the
electron heat rates due to auroral electron and proton
bombardments are calculated, and appropriate heating-
efficiency parameters are utilized which are taken from
our previous model (Mingaleva et al., 1982b). The expres-
sions of the electron cooling rates due to inelastic colli-
sions with neutral molecules and atoms were taken from
Stubbe and Varnum (1972).
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2.4 Source of HF heating

The electron heat rate due to HF heating, Q; used in Eq. 4,
is given by Eq. 7 in Blaunshtein et al. (1992),

Qf=Q?en{}—V<5%%§k>}, ©)

where Qf" is the maximum value of the electron heat rate
due to HF heating, parameter b characterizes the “half-
width” of the source function, and Ny is the electron
hybrid resonance value of electron concentration.

From Eq. 6 it follows that the electron heat rate Q; de-
pends nonlinearly on the incident wave frequency f,, and
achieves the maximum value when the wave frequency
fo 1s equal to the frequency of the electron hybrid reso-
nance, namely,

Jo= R+, ()

where fy is the plasma frequency, given by the well-known
formula,

1 [ Ne*\'?
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fu 1s the electron cyclotron frequency, namely,
1 eB

fa= 5 ©)

Here e and m, are, respectively, the charge and mass of
electron, B is the magnitude of magnetic field, ¢, is the
dielectric constant of free space. The electron hybrid reso-
nance value of electron concentration Ny may be obtained
from Eq. 7 by using the relation given by Eq. 8. It follows
that

2 &oIM,

Ng = 4n (f3—1h). (10)

eZ

It can be seen from relation in Eq. 10 that Ny is less
than the value of electron concentration corresponding to
the plasma resonance, which can be expressed by the
relation

2 EoMe

Ny =4n f3. (11)

eZ
Therefore, the electron hybrid resonance height is less
than the plasma resonance height in the regular F layer.
Hence, the maximum energy absorption from the power-
ful HF wave, described by Eq. 6, is to occur at a
lower height than the expected reflection height of the
HF wave.

It should be emphasized that the electron heating,
described by Eq. 6, is possible when the transmitter oper-
ates at a frequency which is greater than the F-layer
critical frequency. Indeed, the maximum value of the
plasma frequency fy, present in the relation given in Eq. 7,
coincides with the F-layer critical frequency. Due to pres-
ence of f§ in Eq. 7, the maximum value of the wave
frequency f,, at which the transmitter operates, is greater
than the F-layer critical frequency.

2.5 Model inputs

In general, our model can be employed for the simulation
of the ionospheric plasma changes produced by powerful
HF waves for an arbitrary location of an ionospheric
heater. Besides, in the model calculations a magnetic field
tube moving along a convection trajectory can be dis-
placed for a rather long distance during a considered time.
Therefore, some of the input parameters of the model
must be given as global inputs. These global input param-
eters can be distinct in various modeled situations. The
results of calculations in what follows were obtained for
one set of global input parameters.

The neutral atmosphere was assumed to consist of the
species O, O,, and N,. The concentrations of the neutral
species and the neutral-gas temperature were calculated
from the empirical model of Jacchia (1977).

Our neutral-wind pattern is a combination of theoret-
ical and empirical models. Altitudinal dependences of
zonal and meridional components of the neutral wind
were derived from model simulations performed by Min-
galev (1979). These dependences were approximated by
analytical expressions which contain the magnitudes of
zonal and meridional components of the neutral wind at
fixed altitude. The latter two magnitudes as functions of
latitude and longitude were taken from an empirical
model of the neutral wind. In the simulations of the
present paper, the horizontal distribution of the neutral
wind at 300 km is taken from Meriwether et al. (1973). In
the model simulation, the horizontal components of vel-
ocity of neutral particles are assumed to be identical for
various neutral species. The vertical motion of neutral gas
is supposed to be absent. The quantity on the right-hand
side of Eq. 2, denoted by U, is the parallel (to the mag-
netic field) component of the neutral wind in the moving
frame of reference.

Our model takes into consideration both electron and
proton precipitations which act as an ionization source
and as a source of heating for the electron gas. Spatial
configurations of electron and proton precipitation zones
and intensities, and average energies of precipitating elec-
trons and protons were chosen as consistent with the
statistical model of Hardy et al. (1989).

2.6 Solution of equations

The transport equations (Egs. 1-4) form the system of four
coupled nonlinear partial differential equations whose
solution must be obtained numerically. To pose a rigor-
ous mathematical problem, a set of boundary conditions
must be formulated.

At the lower boundary (h = 100 km), the concentration
of positive ions is determined from the condition of the
chemical equilibrium; the positive-ion velocity is given as
a solution of the simplified momentum equation without
accelerational and viscous terms; ion and electron tem-
peratures are assumed to be equal to the neutral-gas
temperature. At the upper boundary (h = 700 km), the
concentration of positive ions is given at each time step, as
it is calculated from the continuity equation in which the
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time derivative is expressed in the finite difference form,
with other terms having been calculated using the value of
the positive-ion concentration from the previous time
step. Instead of V, T;, and T, the values of gradients
0V /oh, 0T,;/0h, and 0T /0h as a functions of time (along
the trajectory) are given at the upper boundary. Through-
out this paper, the latter gradients at the upper boundary
are assumed to remain unchanged, namely,
aov oT; 0T,
T 0, A 0.4 K/km. (12)
In our computations we reduce the nonlinear equa-
tions (1-4) to a system of linear partial differential equa-
tions, by calculating the coefficients of equations using the
values of unknown quantities from the previous time step.
The linear partial differential equations, obtained in such
a way, are expressed in the finite-differences form using
fully implicit methods. The resulting system of linear alge-
braic equations is solved at each time step, and profiles of
the unknown quantities are obtained.

3 Results and discussion

In the numerical simulation, a magnetic field tube of
plasma is tracked as it moves along a convection trajec-
tory through a moving neutral atmosphere. As was noted
in Sect. 2.5, a magnetic field tube of plasma can be dis-
placed for a rather long distance during a considered time.
Neutral atmosphere parameters and other inputs to the
model can be significantly different at distinct points of
a convection trajectory. Therefore, it may be expected that
ionospheric quantities, obtained by solving the system of
transport equations, vary along a convection trajectory
under natural conditions without a powerful HF wave
effect. Initially, we are interested in examining variations
of ionospheric quantities along the convection trajectory
caused by a natural spatial inhomogeneity of the iono-
sphere.

3.1 Unheated trajectory variations

As a field tube of plasma moves along a given convection
trajectory, it is subjected to different physical and chem-
ical processes at different times. Also, at a given time, the
plasma in the field tube can be influenced by different
chemical and transport processes at different altitudes. It
may be recalled that convection trajectories, around which
field tubes are carried over the polar region, are closed for
steady convection patterns to which the convection model
used belongs. For a closed convection trajectory, we solve
the transport equations (Eqgs. 1-4) successively at each
time step, and obtain variations of calculated profiles with
time (along the trajectory) until the profiles become re-
peatable. Usually, no more than two complete traversals
of a convection trajectory are necessary before calculated
profiles start to repeat. A repeatable profile variation is
assumed to be a steady distribution of ionospheric quan-
tities along a given convection trajectory at fixed universal
time (UT).

Our model can describe different combinations of solar
cycle, geomagnetic activity level, and season. For the
present study, the calculations were performed for equi-
nox (31 March) and high solar activity (Fo.» = 230) con-
ditions under low geomagnetic activity (K, =0). The
steady distribution of the ionospheric quantities, along the
part of the convection trajectory presented in Fig. 1, at
level h = 300 km is shown in Fig. 2. It can be seen that the
electron and ion temperatures and the electron concentra-
tion are considerably different in distinct points of the
convection trajectory under natural conditions without
a powerful HF wave effect. It may be expected that the
considered convection trajectory crosses the main iono-
spheric trough in the evening sector. It turns out that the
calculated electron concentration displays the deep min-
imum in this sector. The ion temperature known to be
mainly controlled by the convection electric field is en-
hanced in the region where the electron-concentration
minimum occurs. The minimal value of the electron tem-
perature lies near the point which is most distant from the
sun. Undoubtedly, the developed mathematical model
produces some high-latitude ionosphere features known
to be observed in the F layer under natural conditions
without a powerful HF wave effect.

23 00 01 MLT

Fig. 1. The part of the convection trajectory around which the
magnetic field tube of plasma is carried in the numerical simulation.
Arrows on the trajectory indicate the direction of the convection
flow. Locations of the plasma tube are labelled for 0, 20, and 1500 s
after turn on of a power HF wave
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Fig. 2. The variations along the part of the convection trajectory,
presented in Fig. 1, (top) of T. (solid line) and T; (dashed line) in
absolute degrees, and (bottom) of N in m~3 at level h = 300 km
under natural conditons without HF heating. Coordinates (mag-
netic colatitude 3 and MLT) for some locations on the convection
trajectory are pointed out near the horizontal axis
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It is obvious from results presented, that to obtain the
pure HF heating effect by solving the system of transport
equations, we must take into account the variations
caused by a natural spatial inhomogeneity of the iono-
sphere, which may be appreciable in the high-latitude
F region. The latter variations can not be produced by
numerical models, neglecting the convection of the iono-
spheric plasma, in particular, the model of Shoucri et al.
(1984).

3.2 Response to HF heating

In the present subsection we consider the variations of
ionospheric quantities produced by a powerful HF wave
along the chosen convection trajectory not far from the
ionospheric heater. The same geophysical conditions as in
previous subsection are considered. So far as geomagnetic
activity is assumed to be low (K, = 0), the electron and
proton precipitations, taken into account by our numer-
ical model, exist poleward of the location of the HF
heating facility imposed in this study. Hence, particle
precipitations are absent during the action of a powerful
HF wave on a magnetic field tube of plasma. The duration
of the latter action, as was evaluated in the introduction,
must be restricted. We therefore assume that the iono-
spheric HF heater is turned on, and operates for 20 s. We
suppose that a high-power HF wave is turned on when the

G. 1. Mingaleva et al.: Response of the convecting high-latitude F layer to a powerful HF wave

considered magnetic field tube is situated over the iono-
spheric heater. Thus, the time variations of the electron
density, positive-ion velocity, and ion and electron tem-
perature profiles in the high-latitude F layer following the
turning on of a powerful 20-s square HF pulse are
simulated. We consider the temporal history of the iono-
spheric plasma in the magnetic field tube during the peri-
od of 1500 s. This period is sufficient for the magnetic field
tube to be displaced for a distance of 630 km from the HF
heater. The displacement of the plasma tube correspond-
ing to the period pointed out is shown in Fig. 1 by a solid
line and in Fig. 2 by a thick line.

The effective radiated power (ERP) is connected with
the effective absorbed power (EAP) by the formula
EAP = nERP, (13)
where 1 is the coefficient characterizing the fraction of the
energy of the powerful HF wave deposited in the ambient
electron gas and lost for its heating. The maximum value
of the electron heat rate Qf" used in Eq. 6 depends on the
EAP, which is assumed to be 60 MW. We assume that the
ionospheric heater operates at the frequency f, = 5 MHz.

Figure 3 presents calculated profiles of electron con-
centration, the parallel component of the positive ion
velocity, and ion and electron temperatures at distinct
moments after the HF heater is turned on. From Fig. 3d
we see the great increase in T, near 300 km, when HF

700
a b /
] \ ] P
500 AN - \
€ AN , >
é T \ -4
-
300 -
NgNo
100 T T T T
0 100 200
700
c
500
E ]
= "~ Fig. 3a—d. Profiles versus distance from
‘\\\\s the earth, a along the geomagnetic field
300 e line of electron concentration, b parallel
component of the positive ion velocity,
¢ ion temperature, d electron
7 temperature, at four distinct moments
after turn on: 0 ( ), 10 (----), 20
100 T T T T T T T T T T T T T T (~—=—-),and 100 (— —)s
0 500 1000 1500 2000 0 2000 4000 6000 8000
T (K) T, (K)
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heating operates. The peak value of T is approximately
7300 K. After the HF heater is turned off, T. decreases
rapidly due to elastic and inelastic collisions between
electrons and other particles of ionospheric plasma which
are taken into account by the heat-conduction equation of
electron gas. The increase in T; is not considerable
(Fig. 3c); therefore, the positive ion loss rate I, which is
present in the continuity equation (1), does not change
essentially at the F2-layer level during the perturbation
caused by HF heating. The slight increase in T is condi-
tioned by two mechanisms. Firstly, T; increases due to the
frictional heating conditioned by the enhancement of the
difference between flow velocities of ions and the neutral
gas. In fact, from Fig. 3b we see the significant changes in
the positive-ion velocity profiles after the HF heater is
turned on. As a consequence of these changes, the fric-
tional heating, controlled by quantities proportional the
term (V — U,)?, occurs. Secondly, T; tends to rise due to
elastic collisions between ions and electrons which are
considerably heated by HF waves. However, it should be
emphasized that the latter mechanism is much more slight
than the former one. The fact is that the collision fre-
quency of ions with electrons is considerably less than the
collision frequency of ions with neutral particles at the F2
peak under the conditions of the present study. Conse-
quently, there is no time for the perceptible enhancement
of the ion gas temperature due to the second mechanism,
before the strong increase in the electron temperature has
ended. As a consequence of the great increase in T, the

upward and downward ionospheric plasma fluxes arise
from the level where the electron temperature peak is
located.

From Fig. 3a we can see that the energy input from the
powerful HF wave results in visible changes of the elec-
tron-concentration profile. The remarkable feature is the
variation of the electron concentration, not only near the
level of maximum energy absorption from the powerful
HF wave, but also near the F-region peak. This is a conse-
quence of the specific ionospheric plasma fluxes caused by
the great increase in T..

The time variations of the computed ionospheric
quantities at levels of maximum energy input from the
powerful HF wave and of the F-layer peak are presented
in Figs. 4 and 5, respectively. It is seen from the results
presented that the disturbance caused by a powerful 20-s
HF pulse continues for about 5 min at the level of max-
imum energy absorption from the HF wave. The differ-
ence between heated quantities and unheated quantities
achieves a peak at t = 20 s, at level h = 316 km, when the
HF heater is turned off.

It should be emphasized that the disturbance caused
by a powerful 20-s HF pulse continues for about 20 min
at the level of the F-region peak. We can see that differ-
ences between the heated T; and T. and the unheated
values again have a maximum at ¢t =~ 20 s. However, the
difference between the heated and unheated electron con-
centrations is maximal at a much later time. The heated
electron concentration is less than the unheated one: their
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difference can be more than 5%. Thus, the character-
istic time for electron concentration changes caused
by HF heating is greater than the time constants for
ion and electron temperature changes near the F-region
peak.

As mentioned, the duration of the disturbance caused
by a powerful 20-s HF pulse continues for about 20 min at
the F2-layer levels. It is obvious that the duration of the
period of the ionospheric recovery after the HF heating
depends on the values of ionospheric and neutral-gas
quantities which take place along the convection trajec-
tory considered. The latter quantities, as is seen from
Fig. 2, may be significantly different in distinct sectors of
the polar region. Therefore, it may be expected that the
duration of the period of the ionospheric recovery after
a powerful HF pulse will be different for distinct locations
of an ionospheric heater and geophysical conditions un-
der consideration. However, we do not examine this ques-
tion in the present paper, the problem being the subject of
a future study.

From Eq. 6 it follows that the height of the maximum
value of the electron heat rate due to HF heating depends
on the electron concentration profile. As a consequence of
a visible decrease in the F-region-peak electron concentra-
tion after the HF heater is turned on, the height of the
maximum energy input from the powerful HF wave be-
gins to rise. Indeed, it is seen from Fig. 3a that the electron
concentration begins to drop after the turning on of the
HF heater above approximately 300 km at fixed altitudes.

Therefore, the height corresponding to the electron hybrid
resonance value of the electron concentration, denoted by
Ny, begins to rise. It is seen from results presented (Fig. 3a)
that the displacement of this height during the 20-s HF
pulse reaches nearly 20 km. The heights of electron tem-
perature peak at t = 10 and t = 20 s differ slightly for the
same reason (Fig. 3d).

It is now generally understood that the energy absorp-
tion of a powerful HF wave in the ionosphere can take
place due to various linear and nonlinear processes. These
processes include ohmic heating, excitation of plasma
waves and ion waves by ponderomotive forces, origin of
parametric and self-focusing instabilities, generation of
field-aligned irregularities, origin of fast electrons, and
others. A large fraction of the energy of the powerful HF
wave is absorbed by electron gas, ultimately, by various
heating channels [see Journal of Atmospheric and Terres-
trial Physics, 44(12), 1982; also Radio Science, 9(11), 1974].
It should be emphasized that the purpose of this study is
not to examine various electron heating channels, but
rather to investigate how the absorbed energy of HF wave
influences the behavior of the ionospheric quantities com-
puted by a mathematical model taking into account the
convection of the ionospheric plasma at high latitudes. In
the present paper we make use of the expression of the
electron heat rate due to HF heating, derived by Blaun-
shtein et al. (1992). We shall not repeat earlier substanti-
ations of its derivation (Blaunstein et al., 1992; Vas’kov
et al., 1993, and references therein).
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We make calculations for the case in which the effective
absorbed power is equal to 60 MW. One would think that
this magnitude is unattainable, but in fact the existing HF
heating facilities can have effective radiated powers which
are much greater than this magnitude. For example, the
ionospheric HF heating facility near Tromso may achieve
an effective radiated power up to 300 MW. Therefore, it
seems to us that the chosen magnitude (60 MW) may be
acceptable as an appropriate assumption of the effective
absorbed power. Moreover, magnitudes still greater than
ours have been used in simulations by other authors
(Blaunstein et al., 1992; Vas’kov et al., 1993). Thus, our
calculations may be considered as a prediction of the
behavior of the convecting high-latitude ionosphere modi-
fied by a high-power radio transmitter.

4 Conclusions

Principal distinctions between mid- and high-latitude
ionospheres, as for the F-layer modification by a powerful
HF wave, have been analyzed. It was established that the
taking into consideration of plasma convection ought to
result in some original features. First, the duration of
a powerful HF wave effect on a heated volume of plasma,
can not be unlimited. Second, the volume of plasma,
disturbed by a powerful HF wave, can abandon the region
illuminated by an ionospheric heater and be displaced for
a long distance from the HF heating transmitter. Third,
variations of ionospheric quantities produced by a power-
ful HF wave are added to those caused by a natural
spatial inhomogeneity of ionosphere. To obtain the pure
HF heating effect one must subtract natural variations
which may be significant in the high-latitude F region.
The original features pointed out must be taken into
account by numerical simulations of the high-latitude
ionosphere’s response to high-power radio waves.

A mathematical model of the high-latitude F layer,
which can be affected by a powerful HF wave, has been
developed. In the model calculations the temporal history
is traced of the ionospheric plasma in the part of the
magnetic field tube, moving along a convection trajectory
through a neutral atmosphere over an ionospheric heater.
The model is based on the numerical solution of the
appropriate system of transport equations for ionospheric
plasma. The equations provide for field-aligned ion trans-
port, EUV solar radiation, energy-dependent chemical
reactions, frictional force between ions and neutrals, accel-
erational and viscous forces of ion gas, thermal conduc-
tions of ion and electron gases, heating due to ion-neutral
friction, Joule heating due to solar EUV photons and
powerful HF wave, and electron energy losses due to
elastic and inelastic collisions. The geomagnetic-field de-
clination and the ionospheric plasma drift caused by the
convection electric field are taken into account, unlike in
the previous model of Shoucri et al. (1984).

The mathematical model developed has been utilized
to simulate the variations of ionospheric quantities under
natural conditions without a powerful HF wave effect.
The calculations have been made for equinox at high-
solar-activity and low-geomagnetic-activity conditions for

the convection trajectory which lies across the location of
the ionospheric heater near Tromso, Norway, when it is
situated near the midnight magnetic meridian. It was
found that considerable variations of the electron concen-
tration and the electron and ion temperatures may take
place in the polar ionosphere under natural conditions
without HF heating. Obtained spatial inhomogeneity of
the ionospheric F layer must be taken into account under
the simulation of the ionospheric variations, produced by
a powerful HF wave, and the periods of the ionospheric
recovery after the HF heating.

The effect of the heating of a powerful HF wave on the
ionospheric plasma at F-layer level has been investigated
using the developed mathematical model. Results have
been presented of simulation of the perturbation of the
nocturnal high-latitude F region following the turning on
of a powerful 20-s square HF pulse. From this investiga-
tion, it was found that the great energy input from the
powerful HF wave is to occur at a level of about 316 km
when the ionospheric heater operates at the frequency of
5 MHz. A pronounced peak ought to occur on the elec-
tron temperature profile. If the effective absorbed power is
60 MW, the electron temperature, at its peak, can increase
up to 7300 K during 20 s. The great increase in T, results
in visible electron concentration profile changes which are
determined by the specific ionospheric plasma fluxes. The
considered HF pulse ought to lead to a decrease of more
than 5% in electron concentration at the level of the
F-region peak. We have found the characteristic times for
changes of the calculated ionospheric quantities caused by
HF heating, and established that they depend on height.
The disturbance caused by a powerful 20-s square HF
pulse ought to continue for about 20 min at the F-region
peak level. During this period, the disturbed plasma vol-
ume was displaced for a distance of more than 500 km
from the HF heater.

Finally, the developed mathematical model has the
potential to be utilized for simulation of the F-layer response,
at high latitudes, to a powerful HF wave for different
locations of an ionospheric heater, distinct HF-heating-
transmitter parameters, and various geophysical conditions.
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