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GENERATION MECHANISM AND FEATURES
OF PROPAGATION OF THE ULF PLANETARY-SCALE

We give some results of a theoretical investigation of the dynamics of generation and propagation of planetary
(with the wavelengths of 1000 km and more) ultra-low frequency (ULF) electromagnetic wave structures in
the dissipative ionosphere. It is established that inhomogeneity (latitude variation) of the geomagnetic field
and the Earth’s rotation generates fast and slow planetary ULF electromagnetic waves. The waves propagate
along the parallels to the east as well as to the west. In E-region the fast waves have phase velocities from 2
to 20 km/s and frequencies from 0.1 to 100 mHz; the slow waves propagate with local winds velocities and
have frequencies 1—100 ¢Hz. In F-region the fast ULF electromagnetic waves propagate with phase velocities
from several ten to several hundred kilometres per second and their frequencies are in the range of 10 to
0.001 Hz. The slow mode is produced by the dynamo electric field, it represents the generalization of the
ordinary Rossby type waves in the rotating ionosphere and is caused by the Hall effect in the E-layer. The
fast disturbances are new modes, which are associated with oscillations of the ionospheric electrons frozen in
the geomagnetic field and are connected with the large-scale internal vortical electric field generation in the
ionosphere. The large-scale waves are weakly damped. The features and the parameters of the theoretically
investigated electromagnetic wave structures agree with those of large-scale ULF midlatitude long-period
oscillations and magnetoionospheric wave perturbations, observed experimentally in the ionosphere. It is
established that because of relevance of the Coriolis and electromagnetic forces, generation of slow planetary
electromagnetic waves at the fixed latitude in the ionosphere can give rise to the reverse of local wind
structures and to the direction change of general ionospheric circulation. It is considered one more class of
the waves, called as slow magnetohydrodynamic waves, on which inhomogeneity of the Coriolis and Ampere
forces do not influence. These waves appear as an admixture of the slow Alfven and whistler type
perturbations. The waves generate the geomagnetic field from several ten to several hundred nanotesla and
more. Nonlinear interaction of the waves under consideration with the local ionospheric zonal shear winds is
studied. It is established that planetary ULF electromagnetic waves, at their interaction with the local shear
winds, can self-localize in the form of nonlinear solitary vortices moving along the latitude circles westward as
well as eastward with velocity different from phase velocity of corresponding linear waves. The vortices are
weakly damped and long-lived. They cause geomagnetic pulsations stronger than the linear waves. The vortex
structures transfer trapped particles of medium and also energy and heat. That is why such nonlinear vortex
structures can be structural elements of strong macroturbulence of the ionosphere.
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ELECTROMAGNETIC WAVY STRUCTURES IN THE IONOSPHERE

1. INTRODUCTION

Increasing interest in large-scale planetary ultra-low
frequency (ULF) wave perturbations is caused by the
fact that ionospheric phenomena like superrotation of
the Earth’s atmosphere [45], ionospheric precursors
of natural processes [24, 25], ionospheric response to
the anthropogenic activity [42, 46] fall into the range
of these waves. Large-scale wave structures play an
important role in the processes of general energy
balance and circulation of the atmosphere and ocean.
It was supposed that in natural conditions planetary
waves are generated in the tropo-stratosphere and
reach the ionospheric altitudes. However, theoretical
investigation of the wave processes, as the basis for
energy transfer from the lower atmosphere to the
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upper one, shows that the system of the stable zonal
winds screens (especially in summer) the upper
atmosphere from the influence of large-scale planetary
waves generated in the tropo-stratosphere [15, 18].
Conditions, most favourable to upward propagation of
only very long planetary waves (with a wavenumber
of 1 and 2), are created during equinoxes when the
zonal winds change their direction [19]. Nevertheless,
a great body of observational data has been stored up
till now [7, 9, 13, 14, 37, 47—49, 56]. These data
verify the permanent existence of ULF electromag-
netic planetary-scale perturbations in E- and F-
regions of the ionosphere. Among them, a special
attention must be paid to large-scale zonal fast and
slow wave perturbations propagating on a fixed lati-
tude along the parallels around the Earth.
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In midlatitude E-region of the ionosphere, the slow
long-period planetary waves have phase velocity of
order of local winds velocity 1—100 m/s, wavelength
is equal to 1000 km and more, period varies from
several days to tenth of a day, as it is obvious from
observations carried out for many years [14, 37, 48,
56]; the fast waves propagate on the latitude circles
along the Earth’s surface with a velocity of order of 2
to 20 km/s, their periods vary from unit to several
tenth of a minute and a few hours; their wavelength
is of the order of 1000 km and more. They are
revealed in the observations as midlatitude long-
period oscillations (MLO) [7, 9, 47, 50]. Their phase
velocities are different by one order in daily and
nightly conditions in the ionosphere.

In F-region of the ionosphere in middle latitudes,
the fast planetary electromagnetic wave perturbations
are experimentally observed [9, 47, 49]. They propa-
gate along the latitude circles with phase velocity from
several ten to several hundred kilometres per second,
with periods from a second to several minutes and
with wavelengths of 1000 km and more. They are
called as magnetoionospheric wave perturbations
(MIWP) [47, 49]. Phase velocities of the fast MIWP
have no important daily variations, but they depend
on magnetospheric activity of the Sun.

Large phase velocities and their strong variations
from day to night (in E-region) make it impossible to
identify these perturbations with the ordinary mag-
netohydrodynamic (MHD) and gyrotropic waves.
Amplitude of the geomagnetic pulsations in the waves
mentioned above can vary from unit to several ten or
several hundred nanotesla.

The ionospheric observations reveal one more class
of the electromagnetic perturbations in E- and F-
regions, called as the slow MHD waves [28, 50].
These waves (Alfven and whistler type) are insen-
sitive to spatial inhomogeneities of the Coriolis and
Ampere forces and are propagated in the ionospheric
medium more slowly than the ordinary MHD waves.

In natural conditions, these perturbations are re-
vealed as background oscillations. The forced oscilla-
tions of this kind, as can be seen from observations,
are generated by impulse action on the ionosphere
from above, during magnetic storms [24], or from
below, as a result of earthquakes, volcanic eruption or
artificial explosions [42, 46]. In the last case the
perturbations are revealed as the solitary vortex
structures.

It follows from the above discussion that the source
of the background wave perturbations must exist in E-
and F-regions of the ionosphere. There is a need to
reveal the factors guaranteeing generation of such
perturbations. Therefore, for adequate description and
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comprehension of the dynamic processes taking place
in the ionospheric medium during formation and
propagation of the waves, it is necessary to explore
the nonlinear effects taking into account dispersion
and dissipation of medium. Further, it is necessary to
investigate the interaction of generated electromag-
netic ULF waves with the medium, the possibility of
generation of the exceeding winds and nonlinear
solitary vortical structures on these modes.

This paper is devoted to an investigation of these
phenomena.

2. MODEL OF THE MEDIUM AND BASIC EQUATIONS

Ionosphere represents partially ionized triple compo-
nent plasma. To describe it, we take quasi-hydro-
dynamic equations which differ from hydrodynamic
equations by the presence of «friction force» caused by
collision of different particles [17, 28, 29]. Quasi-
hydrodynamic equations describe the flows, electro-
magnetic currents and diffusive processes in the
ionospheric plasma. However, the diffusive processes,
compressibility and inhomogeneity of the atmosphere
are of secondary importance for the large-scale iono-
spheric perturbations under consideration (wave-
lengths 4 = 1000 km). Thus, we can substantially
simplify these equations and obtain the following set
of equations [17, 20, 28, 29, 31]:

dv,
Pa dl‘n = Fl‘l - inm(Vn - Vl) - peven(vn - Ve)’ (D
dv,
Pe dl‘e - FE_ peven(ve_ Vn) - pevei(ve_ Vl) -
- eNE — eNV,XB, 2
dv,
Pi dar F—ppin(Vi = Vo) —pva(Vi = Vo) —
— eNE — eNV,xB, &)
V'Vn=0’v've=0’v'vi=0’ (4)

where indices n, e, and i denote molecules (neutral
particles), electrons, and ions; d/dt = d/dt + (VV),
V is hydrodynamic velocity of corresponding sorts of
particles; p, = N.M, p, = Nm, p, = NM are densities;
m and M are masses of electrons and ions (mo-
lecules), respectively; N, and N denote concentrations
of the neutral particles and charged particles; v,;, v
v,, denote frequencies of collision of electrons with
ions and molecules, of ions with molecules, respecti-
vely; E is the strength of the induced electric field;
B = B, + b, B is the geomagnetic field, b denotes the
perturbation of the geomagnetic field; F,, F,, F,

en?
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denote the nonelectromagnetic forces, containing gra-
dients of impulse flux density tensor in general case;
V = (d/dx, d/dy, a/9z) is the nabla operator.

The equations (1)—(4), state and thermal equa-
tions and Maxwell’s equations form the close system
for each component. For simplification of these equa-
tions, we take into account the results of experimental
observations of the dynamical processes.

In the ionosphere at heights of 80 to 500 km (y =
N/N, ~ 10°—10* < 1) non-electromagnetic forces
F,, F,, and F, are proportional to the densities of
medium components and, hence, # <1, IF,| < |F,|
< |F,l. So, F, and F, cannot induce high currents.
The inertia of electrons and ions can be neglected
comparing with the inertia of neutral particles. Taking
into account all these circumstances in Eqs (1)—(4),
we derive the equation of ionospheric medium motion:

Pn%Vn=Fn+jXB, (&)

where | =
current.

Let us mention that at heights of E-region and
higher the conductivity o,, along the geomagnetic
force lines substantially exceeds the transversal o,
and Hall’s oy conductivities, i. e., 0,, >0, 0. Thus,
the component of the electric field E,, along the
geomagnetic force lines usually is less than the
component E, of the electric field across the geo-
magnetic field, i. e., 1E, || < |E | [12]. Taking into
account this circumstance and low-frequencity of con-
sidered perturbations (w <w, ), Eqs (2) and (3) may
be rewritten as

Ven Vei
- w_e(ve - V) - w_e(ve — V) +Vpxn,=V,xn,, (6

eN(V,—V,) is the density of electric

v, Ve,
- a);[:(v.l -V - a)_eel(vi — V) +Vixn,=Vpxn,, ()

where w, = eBy/m and w, = eB,/M denote cyclotron
frequencies of electrons and ions, respectively; e is
elementary charge; V, = ExB,/B; is the electron drift
velocity; n, = B,/ B, is a unit vector along the strength of
the geomagnetic field. In the ionosphere, w, = 10" s,
w, = 150—300 s, the collision frequency reaches its
maximal value v,, = 10 kHz, v,, = 10 kHz, v_, = 100
kHz at heights of 80 to 500 km in the lower layer of
the ionosphere and quickly decreases in proportion to
height. Thus, we can conclude that v, /w, <1, v, /0w, <1
in E- and F-layers of the ionosphere. This means that
electron component of the ionospheric plasma is
always magnetized in this region of the upper atmo-
sphere. Taking into account these inequalities, Eqs
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(6) and (7) can be reduced to the following form:

Vpxn, =V, Xn,>V,=V,=> E=-V,XB,, (8

V, =V, + jxB,/(pv,), v, = Nv,,/ N,. 9)

Therefore, in E- and F-layers of the ionosphere,
the electron component of the ionospheric plasma is
always magnetized, moves with electron drift velocity
(V, = V) and the electrons are frozen into the
geomagnetic field B, (9b/dt = VXV, XB)). As for ion
equation (9), for E-region of the ionosphere (altitudes
are 80—150 km), we have w,/v, ~ 0.0l <1, the
second term in the right-hand side can be neglected
in comparison with the first one and we have V, =
=V,. This means that in E-region of the ionosphere
the neutral winds entrain ion components completely.

Multiplying Eq. (8) by B,, we derive the important
equality E-B, =0, = E LB, i. e., internal electric field
generated in E- and F-layers of the ionosphere is
always perpendicular to the geomagnetic field B,

Using Maxwell’s equations, we get the close system
of equations (5), (8), and (9):

d 1

—B = -VXE, j=-—VXB,
Ho

10
= (10

where y, is the permeability of free space. Excluding
E and j with the use of Eq. (10) and taking into
account that for considered wavy processes F,/p =
= —VP'/p + g+ Vx2Q,, dropping index n for velocity
and density of the neutral particles, we obtain the
system of nonlinear magneto-hydrodynamic equations
for E- and F-layers of the ionosphere:

d,_ 1 1.
V=" 5VP H g+ VX204 VXBXB, (D
%B=VXVE><B=V><V><B —/%VXVXBXB+

0

+

lv.VxVxBxBxB, 12)
where Hall’s parameter o in general case is a =
= 1/(Boy), 0y = &Nl /(m(w; +v9) = o,/ (M(w; +
+v2))] is Hall’s conductivity; P is the perturbation of
gas-kinematics pressure; v, = vy + Vo3 ¥V, = #V,,; £ 1S
the free fall acceleration; €2, is angular velocity of the
rotation of the Earth. For E-region of the ionosphere,
we have w, >v,, o, <v, and a = 1/(eN) (Hall’s
conductivity is disappeared higher than 150 km,
oy = 0.

It is obvious from equations (5) and (11) that the
clectromagnetic Ampere force F,, acting on a unit
mass of medium, is determined by the expression:
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F
—A=lj><130 =Lv><b><130 ~
p P Mo

= VX2Q, — Vpx2Q,=ux2Q,, (13)

where 2Q, = neB,/M = nw; u =V — V,. From Eq.
(13) it follows that the Ampere electromagnetic force
F, acting on an unit mass of the medium (or
acceleration), F,/p = ux2Q,, has the same structure
as the Coriolis acceleration Vx2€},. Therefore, the
Ampere force must act on atmospheric-ionospheric
medium similar to the Coriolis force. Similarity of the
Ampere and Coriolis forces means that new modes of
the large-scale electromagnetic oscillations must be
generated duc to inhomogeneity of the geomagnetic
field B, as well as Rossby-type usual planetary waves
are generated due to inhomogeneity of angular ve-
locity of the Earth’s rotation €2,. In this case, as it
will be shown below, the first term of the electro-
magnetic force F, (13) caused by velocity of medium
motion (dynamo ficld E, = VXB,) generates the slow
Rossby-type electromagnetic waves; the second term
of the electromagnetic force in (13) is appeared due
to the vortex electric field E, = V,XB, and generates
the fast electromagnetic waves.

Large-scale (planetary) waves are slightly damped
due to turbulent and molecular viscosity and thermal
conductivity, since the Reynolds number is large for
such motions. Indeed, some estimations show that, for
planetary-scale (L ~ 1000—10000 km) perturbations
in E-region of the ionosphere, magnetic Reynolds
number (R, = wL’*/v, ~ 1/a, where L and w are
characteristic linear scale and frequency of the pertur-
bations, v, = 1/(u0y)) reaches a rather small value
(R, ~ 1) [20, 28, 31]. Therefore, it is necessary to
preserve Hall’s term (« ) in the induction equation
(12), but the last one can be neglected due to the

condition o » o, = ouw/v,, (where o, is the
transversal conductivity). Moreover, the large-scale
ion motion velocity V, = V_  in E-region of the

ionosphere, i. e., neutrals completely entrain ions.
Correspondingly, the effect of ion drag on the large-
scale motion in the ionospheric E-region can be
neglected (. e., the last term in (12)). In F-region of
the ionosphere, where the Hall effect is not important,
the last term in Eq. (12) also can be neglected for
planetary-scale perturbations in the first approxi-

mation as far as Reynolds number R, = wL’/v & =

=1/, ) is of the order of 100 [20, 28, 31].
Really, it can be concluded from observations that the
planetary waves propagate over great distances in the
ionosphere without substantial changes [9, 13, 14, 47,
48].

KOCMIYHA HAVKA I TEXHOJIOTITSL.—2004.—10, Ne 5/6

It is known that planetary Rossby waves are
damped only due to the drag friction against the
Earth’s surface [23, 26]. Therefore, some authors
suppose that it will be useful for qualitative under-
standing of the role of internal dissipation for large-
scale flows to model the dissipative force in the form
of the Reyleigh friction force, proportional to the
velocity F, = —AYV, in the equation of motion [19,
23]. Here, A is the constant coefficient of surface
friction of atmospheric layers, which reaches 10° s
at the ionospheric altitudes.

Hence, for E- and F-layers of the ionosphere,
magnetohydrodynamic Egs (11) and (12) may be
written in the following form:

Ly lyp, g+ Vx2Q, +—LyxpxB - AV, (14)
dt P HaP
d a
—7b=(B-V)V — (V-V)B, -, ~VXVxbxB, (L5
? Ho
V:-V=0,V-b=0,VxB,=0,V-B,=0. (16)
Here B = B, + b, B = Bye, + Bye,, By, = —B,sinf’,

B, = —-2B,cost’, B, = 32 uT is the value of
geomagnetic field induction on the equator; 2, =
=2Q.e + 2Q.e, 29, = 2Q;sinf, 2Q, = 29 cosb,
Q, =17310° s'; 6 =a/2 - ¢', ¢' is geomagnetic
latitude; € = /2 — ¢, ¢ is geographical latitude; e,, e,
e, denote unit vectors along x, y, z axes, respectively.

The close system of nonlinecar Egs (14) and (15)
contains six scalar equations and gives the possibility
to calculate six unknown quantities: V., V., V, b,, b,
b,. On determining the values V and b, pressure P will
be determined from Eq. (11) in quadrature (as far as
p = const); current density j and electric field are
calculated from Maxwell’s equations (10); electron
velocity is determined from the expression V, = V,
and ion velocity is determined from the formula (9).
Thus, the initial-boundary problem of large-scale
dynamics of triple component plasma for E- and
F-layers of the ionosphere is solved completely.

The planetary wavy perturbations discussed have
wavelength of order of the Earth’s radius R. There-
fore, it is naturally to consider the creation of
large-scale perturbations in the Earth’s atmosphere in
spherical coordinate system [4]. However, some ma-
thematical difficulties arising from theoretical investi-
gation of equations obtained oblige us to consider the
problem in «standard» coordinate system [21, 23, 26,
40]. In this system, x-axis is directed to the east
towards the parallels, y-axis is directed to the north
along meridian, z-axis is directed vertically up (local
Cartesian coordinate system). Length elements dx,
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dy, dz are connected with the parameters of the
spherical coordinate system A, 0, r by the following
approached formulas: dx = RsinfdA, dy = —Rd0, dz =
= dr. The velocities are: V =V, =V =V, V, =V.
Here, A is the longitude, R is the Earth’s radius, r is
the distance from the Earth’s centre along its radius.
This system is not equivalent to the ordinary Carte-
sian frame of reference as far as directions of the axes
vary with the atmospheric particle motion from one
point to the other one. However, for the large-scale
processes, the terms related with spatial variations of
coordinate axes, in equations of thermo-hydrody-
namic atmosphere may be dropped in the first appro-
ximation [26, 40, 52]. Therefore, equation of motion
in spherical coordinate system (taking into account
relations between coordinates, mentioned above) has
the same form as in the Cartesian frame of reference.
This procedure simplifies the problem and inves-
tigation of dynamics of the large-scale processes in
the atmosphere [21, 23, 26, 31, 40, 52] and there-
fore, it will be used also for magnetoactive ionospheric
medium.

The method of «frozen-in» coefficients in dynamic
equations will be also used below. This method is
known as f-approximation (8-plane) [21, 23, 26, 40,
52] in spherical hydrodynamics and meteorology. In
this approximation the parameters €2,(0), VQ.(©),
B,(0"), and VB(¢") are constant during integration of
dynamical equations, in view of 0 = 6,, 0" = 0'.
Medium motion is considered near 6, and &', i. e.,
average values of adjunction of the geographical ¢,
and the geomagnetic ¢', latitudes, respectively. In this
case, dynamical equations transform into equations
with constant coefficients, which may be investigated
by plane wave method. Application of S-approximation
(or S-plane) leads to simple results, which gives the
possibility to reveal more important features of motion
on a rotating sphere, which differs from motion on a
rotating plane. Further we assume that geographical
latitude ¢ coincides with geomagnetic latitude ¢, i.
0=0,0,=0,.

According to the experimental data on ionospheric
E- and F-regions [13, 21, 23, 26, 31, 40, 43], the
ratio of the characteristic vertical velocity V' to the
horizontal one V: V,/V, < L,/L, < 0.01, where L,
and L, are the characteristic vertical and horizontal
size of disturbances, respectively. Thus, the large-
scale motions in the ionosphere are mainly two-
dimensional and quasi-horizontal. Thus, velocity
vector has two nonzero components V = (V, V., 0).
In these conditions, one can easily obtain two scalar
equations for ¥V _and V, from Eq. (14):
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Oy Dy 0\, LaP_ Bu(ib, ok

[8t+VX8x+Vy8y)VX__pax_,u(p[ax_82)

B

B0 90 Loy b abx _ab,)

pp | ox — ay HoP 0x
an

b, ab _ab,
HoP ay

B
[a+yi+yi)v_ 1 oP Oz[abz a_bz)_

ot %9 7 dy P oy Uy dz
b, ab ab
-2Q.V, - AV +—- - -
HaP ady

(18)

_ b, (dab, ab,
HoP 8 az
Analogously, from induction equation (135), one can

derive three scalar equations for the components of
perturbed magnetic field b:

d d d d
S ovov )nn(g s n it

a(. 3 o\ (3b, ab,
-=|B, — - - +
i [BOyay+B°Z az) [ay 82)

[b _+bya_y+bZ£)V -

d ab ab
Iuo[b—-i-bya bza—z) [a—y az)'f‘

al(ib, _ab) o (b b\,
Hol \ Oy dz | ax oz ax ay
0x ay ) a9z | ®

[a iV i+v—)b—[ 2. a)v—

(19

ot X 9x Y dy 0y ay Bo dz

— BV, + [b —+by5+b —)V -
a J a\ (0b, b, ab,  ab,
770“30@*%@7) [a—z ox ) ﬁm[az ax)
s a_bz_ab
Bl ox y ,U
[abx abz) ] [a ab) }
+ — —+
Jz ax ox
a P P ab.  ab
e == z 20
(bx + b +bzaz)[az 8x)’ Q20

Uy 0x 7y
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d d d
[—+V 8_ Vya) —ﬂBIV -
9 b, ab,
— —= |+
Yy Ozaz ax dy
_g (90
B21 ax
K 8_bX ab,
8 Zaz ax ay
o [(ab, ab) o _(ab, 3b) 4
+ = == -+ —-+
w3y "9z ax |2z ox) By

(232

0x dy | dz| *
Here the parameters f, , = dB,,,/dy characterize the
spatial (latitudinal) inhomogenelty of the geomagnetic
field.

The system of equations (17)—(21), in corres-
ponding initial and boundary conditions, describes
nonlinear evolution of the spatial three-dimensional
large-scale electromagnetic perturbations in noncom-
presible ionospheric E- and F-regions.

Further, only for simplicity, we shall neglect the
dependence of the perturbed (wavy) quantities on the
coordinate axis z. Moreover, for considered large-scale
zonal wavy perturbations (as it will be shown below)
dependence on axis z is not substantial and, con-
sequenily, it can be assumed that §/dz = 0. In
general case d/dz can be conserved, but in the
dynamical equations (17)—(21) it can be integrated
according to vertical conductive layer (according to
axis z) in corresponding boundary conditions on the
Earth’s surface and in magnetosphere. Herewith,
submitting the tensor components of conductivity,
integrated with respect to height, the results will be
identical to that for d/0z =~ 0, and only some
constants will be changed by the order of unit.

Then, substituting z component of vector potential
A of the magnetic field by formula (VXb), = —V° 4,
and by the condition of noncompressibility of medium
(4), we represent the velocity component in the form
V,=—0¥/dy, V, = a¥/dox, where ¥ is the stream
function. Then, operating on (17) by operator /3y,
on (18) by operator 4/dx and subtracting the second
equation from the first one, we obtain:

2B
Ho

2D

J 2
[at—i-A V‘P+ﬁ

1 ab, d
Iu(p {ﬁm ox [ﬁBZ + BOy 5) ViA
1

=J(V'W, ¥) + WJ(A, V> A),

(22)
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where the parameter § characterizes the value of
gradient of the angular velocity of the Earth’s rotation

B8 = 02Q,,/dy or Rossby parameter.

Analogously, from equations (19)—(21) we get:
d d 2 d 2
[5—CBI pre )v A+ By Vi

2 2
~fns [387 - a—zj D=J(VIA, ) +I(4, Vi) +

ay
dA 0D aA 9D

d W o« d
[at+CB18 )b T [ﬂ“ ()ya_y)vzf1=

=J(b,¥) - P%J(A, V2 A). (24)
0
Here, we used the abbreviations: Cy,
2= A =0 axt + 3 oyd =
= da/dx-ab/ay — da/dy-db/ax.
From the set of Eqs (22)—(24) we can determine
the temporal evolution of energy E:

= aﬁBI,Z//uO’
Y + ab,/uandJ (a, b)

dE a1 _
E=5{Ef P(V W) + 41, (V. A) + bf)]dxdy} -
= — pA[(V, W) dxdy, (25)
and the potential enstrophy Q of wave perturbations:
99 _

- { > 1A, W)+, ((ALA>2+<VLbZ>2>1dxdy}=

= —pA[(A W)’ dxdy. (20)

Energy E and entropy Q of the waves are conserved
in the nondissipative case (A = 0).

The close system of nonlinear equations in partial
derivations (22)—(26) describes the nonlinear dyna-
mics of the planetary low-frequency electromagnetic
wave perturbations in the ionospheric medium.

3. IONOSPHERIC PLANETARY ELECTROMAGNETIC
LINEAR WAVY PERTURBATIONS IN THE FRAMEWORK
OF -PLANE

Let us begin an analysis of the system of dynamic
equations (22)—(24) for the planetary-scale small-
amplitude perturbations, for which these equations
can be linearized.

As it was mentioned above, we consider a motion in
neighbourhood of a fixed latitude ¢ = ¢ (0 = 6.
Then, all the coefficients in equations (22)—(24)
became constant and the solutions can be sought in
the form of the plane waves: exp{i(kx + ky — wt)},
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where k = = (k,, k,, 0) is wavy vector, w is frequency
of the perturbations. In these conditions, we get the
following dispersion equation from Eqs (22)—(24):

k, .
pa’k’ |w + k—zﬁ + zAj [w® - (kiCzB + ol -

— k;Cpy + 2ik;Crok R1gh,)| = po(@ + k,Co)(kiCy +
+ Wy — koChy + 2ik.Cok R1gh,) =0, QD
which has the third order with respect to frequency
w. Here k> = k> + k; = k% Ci=Ci + Chy and wy is

frequence of the helicons (whistlers), i. e.,

w0, = %(k-BO), (28)

herewith, the parameters characterizing wavy pertur-
bations in (27) are determined by the expression:

e, N2, 29

=25 Ro6 =g 56> 0,
a 2aB, .
Cp; =,u_0'831 =— R sinf, <0,
—,832 —cos@ > 0; 29

they do not depend on the spatial coordinates and are
constants.

Cubic equation (27) has three classes of eigen
solutions. Let us carry out an analysis of these
solutions for different layers of the ionosphere.

3.1. Low-Frequency Long-Scale Electromagnetic
Waves in E-Layer
3.1.a. Slow MHD W aves

Let us begin investigation of the roots of equation
(27) for quasi-horizontal waves, characterized by
periods from several ten minutes to two hours, with
the wavelength from several hundred to several
thousand kilometres and propagating in the iono-
sphere with a velocity of 1—2 km/s. Contrary to the
classical MHD waves, these waves entrain into collec-
tive motion not only ionized but also neutral compo-
nents of the ionospheric plasma. This process leads to
decrease of the phase velocity of the waves by the
factor n = N/N, (y is plasma ionization rate). That is
why they are called as slow MHD waves [28, 50].

The slow MHD waves are insensitive to the Coriolis
force as well as to the latitudinal inhomogeneity of the
geomagnetic field. Therefore, in this limiting case
dispersion relation (27) is reduced to

(w + iA)(w* — o) — w; o =0, 30

where w., is the square of the slow modified Alfven
frequency,
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k'B
%{% kY ausiny, V= W. (31)
Representing perturbation frequency w by the sum
of real w, (the eigen frequency) and imaginary y
(decrement) parts:
w=w, + iy Iyl <),
we obtain from (30):

2 2 2
wo(wy — wy — Wiy) =0,

—wiy)=— Alw; — wp). (32)

From the first equation (32) we have following three
eigen frequencies for considered perturbations:

2 2.1/2
(Wo)1p = E(wym + W) "% (We);=0

Trivial solution (w,), (corresponding to the stationary
state of medium /a7 = 0) also has a physical meaning
(we shall consider this in the end of the next section).

Correspondingly, from the second equation (32),
decrement can be determined:

y(3w; — wy

(33

Dxm
= A
2w;

34

In the long wavelength limit, when p,/p > k’c’/w,
(here c is the light speed, w, = (Ne'/e,M)"/* is the ion
plasma frequency, ¢, = l/ptoc is the permittivity of
free space), the waves propagate along the meridians
to the north as well as to the south as slow modified
Alfven waves:

Wy = * Wy = Tyf;msmeo, y=— %, (35

and exhibiting a weak damping due to Rayleigh
friction.

In the short wavelength limit, when p,/p <k’c*/w;,
it follows from equations (32) and (33) that in E-layer
of the ionosphere the helicons (whistlers) are propa-
gated, i. e.,

_ _ kk,By, pw? A
Wy = Twy==L N, 4 ) 36)

which are damped very weakly.

The existence of slow MHD waves with speeds of
the order of 1—2 km/s in E-region [50] can not be
explained in terms of ordinary atmospheric gravity
waves (AGW), since their typical speeds at iono-
spheric altitudes do not exceed 700 m/s. Although
these speeds are larger than those for AGW’s in the
ionosphere, they are still small for ordinary MHD
type waves. The physical reason for such properties of
the MHD perturbations in the ionosphere is that the
plasma in E-region is not completely frozen into the
magnetic field. Due to the fact that the ions are
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completely dragged by the neutral particles (V =V)),
any perturbation arising in the ionized component
immediately exchanges energy with the neutral com-
ponent and thus it starts to propagate with the Alfven
speed, that is loaded by the heavy and dense neutral
population, i. e., with the speed B,/ (u0)"?. The
value of that decelerated Alfven speed is apparently
much smaller than that for the plasma (ion) compo-
nent, which is Boy/(,uopi)l/z. In the E-layer p,/p =
~ N/N, = 10°*—10° and owing to this fact the
loading effect is quite substantial.

As can be seen from (33), the phase velocity of the
modified Alfven wave is V,, = w,/k, = Boy/(,uop)l/z. For
typical values of the neutral particle number density
in the ionospheric E-layer, N, = 10"*—10" m™, and
B, = 30 4T at middle latitudes, we obtain V , =
= 1 km/s. The corresponding wavelength of the wave
A=V, T (where T is the period of oscillations) has
the characteristic value A ~ 1000 km. Thus, the slow
MHD waves with a phase velocity of 1 to 2 km/s [28,
50] can be identified with the slow modified Alfven
waves, which smoothly are converted into helicons
governed by the neutral component of E-layer. Accor-
ding to (35), they propagate northwards or southward
along the meridian and are induced by the y-
component of the geomagnetic field.

As it follows from (27), a weak dispersion of the
modified Alfven waves is caused by the spatial inho-
mogeneity of the Coriolis force, i. e., by the g-effect:
* 8 37
k2

A value of the geomagnetic pulsations generated by
the waves under consideration can be estimated with
the help of the equation (15) and we can obtain the
formula b, = B,V /V ,, where V is characteristic
amplitude of local wind velocity in E-region of the
ionosphere and V , is phase velocity of the waves. For
typical values of amplitude of the wind velocity V in
E-region of the ionosphere, V ~ 5 m/s, and
Vo~ 1 km/s, B, ~ 30 uT, we have b, = 150 nT.

W, = iC()AM -

3.1.b. Fast and Slow Planetary Electromagnetic
Modes

For planetary-scale waves, we can not neglect the
latitude variations of angular velocity of the Earth’s
rotation €2,(0) and the geomagnetic field B,(¢). In the
present paper we use the term «planetary waves» in
reference to the class of large-scale perturbations
(with wavelengths of the order of the Earth’s radius
and more) having periods of order of a few seconds,
a few hours and more, propagating along the latitude
circles (along x-axis), i. e., they are zonal waves.
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These zonal waves are horizontal-transversal, i. e.,
these particles oscillate along y-axis, but the waves
propagate along x-axis. Exactly such waves are obser-
ved in above-mentioned experimental works [7, 9, 14,
37, 47—49, 56]. Naturally, for such waves the
solution of initial dynamic equations (22)—(24) can
be sought in the form exp{ilkx — wf]}, at which
(k-B,)) = 0 and according to (31) and (28) the slow
MHD waves, helicon and Alfven type waves will be
filtered out. This is equal to the assumption
k,Righ, <1 or k, > 0 in general dispersion equation
(27). The last condition means that the oscillations do
not propagate along y-axis, i. e., the waves do not
propagate along y-axis and in this direction only the
particles will oscillate.

Thus, for planetary zonal wave perturbations, the
dispersion equation (27) reduces to the following
form:

wlw(w — wy) — w5l +iA(w® — K2C3) + wiw'y =0, (38)
where w, = —f/k_ is frequency of the Rossby waves,
w'y=—81k, B =+ eNfy /p is magnetic analog of
the Rossby parameter, w} = kXC5, wi = kXCh, '} =
= (k2 + ko)Cy = K°Cy, ko = po/ (op) = Nwg/(N,c).

Similar to the previous section, decomposing the
frequency into its real and imaginary parts, we find
from (38):

W [wo(w, — wg) — w,ZB] == wéw,R’

2 2
Wy, — Wy

re- 3wi — 2w, — w's A ©

In the high-frequency band when the conditions
w, ~ Wy ~ W'y Pwy, w'y are satisfied (or in the short
wavelength limit when Kk, »f'/C, and k2 > B/Cy),
from (39) one finds dispersions for the fast planetary
electromagnetic modes:

0y = *0'y = (k] + k) *Cy =

_ B, (1+ 3Sin290)1/2, 2 2\1/2
N R K2+ k52,
Sao kA (40)
K+ k22

The fast mode (40) is an additional new mode of
own oscillations of E-region of the ionosphere. Wave
has the electromagnetic origin and can exist only in
the presence of the latitudinal gradient of the equilib-
rium magnetic field, which is inevitably inherent in a
dipole type magnetic configuration such as that of the
Earth’s ionosphere-magnetosphere. The linear fast
waves (40) can propagate along the latitude circles to
the west as well as to the east. Herewith, the waves
propagate virtually without damping (y <A, as well as
for characteristic parameters in E-region we have:
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k, >k, ~ 10° m"). Numerical calculations of the
parameters of planetary waves (40) were carried out
using models of the ionosphere and the neutral
atmosphere [27] for low and high solar activity.
Numerical calculations show that at 6, = 45° in the
interval of heights from 90 to 150 km phase velocity
of waves C, = w'y/k, = (K> +k)"*BVT + 3sin°f, x
x(eNu.k R)™' vary from 4 to 1.4 km/s at night and
from 400 to 800 m/s by day. Periods Ty = 1;/Cg,
where wavelength 1, = 2z/k_at A, = 2000 km are in
the range of 1.5 to 6 hours by day and from 4 to 12
minutes at night. Perturbation of the geomagnetic
field of these waves b, = B.VI + 3sin’0,&,/R (where
&, is the electron displacement) is 8 and 80 nT at &, =
= 0.1 km and &, = 1 km. The influence of exosphere
temperature on Cp and T, is insignificant but is
important for the magnetic field perturbations. The
C; and T, values are substantially different in day-
time and at night as far as electron concentration in
E-region of the ionosphere varies by one order of
magnitude during a day. From the equation for C,
and T one can see that, for measured values of Cg
and T, height profiles of the electron concentrations
in Hall’s layer of ionosphere may be built exactly.

Parameters of C, waves correlate well with para-
meters of MLO, which were observed experimentally
[7, 9, 47, 49] at middle latitudes of E-region of the
ionosphere and were extracted as middle-latitude
long-period oscillations (MLO). But it is evident from
Eq. (40) that there are not any restrictions for the
existence of these perturbations at both high and low
latitudes. They are revealed especially by world-wide
network of ionospheric and magnetospheric obser-
vatories during earthquakes, magnetic storms and
artificial explosions [8, 24, 25].

In the low-frequency band w, < wy ~ w'y < wg,
@'y, or in the long wavelength limit when k> <8/C,
and Kk, < f'/C,, dispersion equation (39) has the
solution in the form of frequency of the slow (Rossby
type) modes:

CUS — _ kX ﬁ/ S _ ki A (41)
TR VT T e
which is damping substantially ¢ = —A as well as

k. » k,); but for more large-scale waves the damping
can be weak.

Some calculations show that the phase velocities of
these Rossby type waves (41) C'y = wi/k, =
= — '’/ [4n*(1 + k;/k2)] are in the range of -2 to
+80 m/s in daytime, at heights of 90 to 150 km,
T,.. = 600 K and A = 2n/k, = 2000 km. For 4 =

= 20000 km phase velocities vary from —41 m/s to
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+1.8 km/s in daytime and from —41 to —11 m/s at
night. Velocities change from -3 m/s to +60 m/s in
daytime and from -2 m/s to —1.3 m/s at night, T', . .=
= 2600 K and 4 = 2000 km. In this case sign «»
points to the direction of phase velocity from the east
to the west and sign «+» from the west to the east.
Calculations show that 8’ = (Q, — Nw',/N,)2sinf,/R
(here w', = eB,/M) tends to zero and C'; = 0 in
daytime at a height of 115 km. The parameter §’
tends to zero also at a height of 150 km of nightly
ionosphere. Hence, ordinary slow planetary Rossby
waves, moving from the west to the east direction in
daytime, prevail in the lower E-region at heights of 90
to 115 km; but higher than the critical height they are
prevailed by the planetary waves having
electromagnetic nature and moving from the west to
the cast directions which, at increase of the height,
can not be called as slow waves as well as the
velocities of these waves at a height of 150 km in the
daytime can reach a value of 1 km/s and more at low
solar activity (T, = 600 K). The Hall region is
completely occupied by the slow Rossby waves at
nightly ionosphere. Hence, magnetic control of
planetary waves in the ionosphere depends on critical
altitude where the condition ' = 0 is fulfilled.
Experimentally, these altitudes may be revealed from
detection of planetary waves jointly at both
ionospheric and magnetospheric observatories. It can
be seen from calculations that periods T = 27/ w;, are
in the range from 14 days to 8 hours at heights from
90 to 150 km, T, . = 600 K, 1 = 2000 km. T’ vary
from 14 days to 2 hours at T, = 2600 K. Depend-
ence of C'; on the exosphere temperature is
conditioned by the fact that S’ parameter of the
electromagnetic planetary waves includes the
ionization level #, which leads us to the conclusion on
increasing of phase velocities C', with height increa-
sing. Perturbation of the geomagnetic field can be
determined from the Maxwell equations b, =
=~ lu,eNC'g£| and it reaches a few tens of nanotesla
(here & is the ion (neutral) displacement). The
solution (41) practically coincides with the frequency
of so-called magnetohydrodynamic gradient (MHG)
modes revealed in the investigations [30, 53].

In the critical layers where §° = 0, the reverse of
the local winds’ directions takes place (. e., the winds
change their directions) and the superrotation of the
Earth’s upper atmosphere can arise [45]. Phase
velocity of the wave (a wind) propagation, as it was
mentioned above, is of order of C', = —41...+100 m/s
and it covers the values of superrotation velocity of the
upper atmosphere (of order of 55 m/s) observed from
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satellites [45]. Thus, the slow planetary waves C'y
can be a reason of the superrotation of the Earth’s
upper atmosphere at different latitudes.

Parameters of C'y-waves correlate well with observ-
able parameters of planetary electromagnetic waves in
E-region of the ionosphere at the middle latitudes
during any season of a year [13, 14, 37, 48, 56].

3.2. Planetary-Scale Electromagnetic Waves
in F-Layer

It was already mentioned in the section 2 that in
F-region of the ionosphere the Hall effect, causing an
additional electromagnetic gyroscopic action on me-
dium, is lacked (¢ = 0). Here, transversal conduc-
tivity prevails, which causes negligibly weak damping
of the considered perturbations (see sec. 2). In this
case, general dispersion equation (27) reduces to the
following form:

wlw® — w(w, — iA)—w: +

+why — Way — 2w,k Righy] =0, 42)
where
w. = 1 E(ﬂZ +ﬂ2 )1/2=
n (//L(f))”z kL BI B2
B, k(1 + 3sin’0,)"*
= (luop)l/z E R >

k

Wpp = Wﬁﬁm =

3.2.a. Slow Alfven Waves
Taking into account (as in the previous section) that

inhomogeneities of the angular velocity of the Earth’s
rotation and the geomagnetic field practically do not
affect on the dynamics of the slow MHD waves, so for
eigen frequency w, and for decrement of damping y of
the slow waves we get the following solution from the
equation (42):

(00); 2= *Wyy = =V, = kY, sind,,

43

B, Kk, cost,
(lqu)I/Z kL R

_ A (44)
V= 27
(@), =0. (45)

Here, non-dimensional parameter # = N/N, denotes
the degree of plasma ionization and w, =
= (k'By)/Vu,NM is the ordinary Alfven frequency.
Dispersion equation (44) has two roots for positive
and negative propagation directions. Group velocity of
these perturbations is directed along the force lines of
the geomagnetic field B,. The electromagnetic pertur-
bations with the frequency (41) are modified, or slow
Alfven waves. Modified Alfven waves are slow waves
as far as parameter # varies in the range of 107 to
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10° for F-region of the ionosphere at heights from
200 to 500 km. They can propagate in F-region of the
ionosphere along the meridian to the north as well as
to the south and are weakly damped by Raileigh
friction. For typical value of particle density in
F-region of the ionosphere, p ~ 5-10"" kg/m>, it
follows from (44) that phase velocity of the slow
Alfven waves reaches the value V , = w,/k, = 4 km/s.
The wavelength is of the order of 4 =V, T ~ 1000—
10000 km, frequency occupies the range from 0.01 to
0.001 Hz. The waves generate geomagnetic pulsations
of the order of » = BV /V ,, ~ 1 uT. Consequently,
in F-region of the ionosphere the observed large-scale
electromagnetic perturbations, propagating along the
meridians to the north or to the south with a velocity
more than 2.5 km/s [22, 50], can be identified with
the slow Alfven waves. The features of the solution
(45) will be discussed in the end of the section.

3.2.b. Fast Planetary Electromagnetic Modes
Similarly to the item 3.1.b., from Eq. (42) we obtain
the following dispersion equation describing frequency
characteristics of the zonal perturbations propagated
along the latitude circles (along x-axis directing
towards parallel) for large-scale processes in F-region
of the ionosphere, when latitudinal inhomogeneity of
geomagnetic field B, is not negligible:

W A
20, — wp
Taking into account that the penetration of the
ordinary Rossby waves to the heights of F-region of
the ionosphere is difficult [15, 18] and with w, <w,,
from (46) we obtain following three solutions:

(46)

2 2
Wy lwy — wwy — w;1=0,y=—

B, (1 + 3sin’9,)"?
(w0)1,2=iwn=iﬁ \//’LOMN R . ’
Lo A 47)
n—_ 2 ’
(wy);=0.

The solution (47) characterizes only the oscillating
regime of the zonal perturbations and represents
standing waves around the parallels as it takes place
for the Langmuir waves in completely ionized plasma
[33]. As the height increases, the neutral concen-
tration in F-region of the ionosphere and higher varies
in a wide range (by several orders); the eigen-
frequency of the zonal oscillations w, (47) caused by
permanently acting factor, which is global for the
ionosphere (latitudinal inhomogeneity of the geo-
magnetic field), varies in a wide range of frequencies
as well. At the magnetic equator (¢ = 90°), the
frequency w, will be twice as large as that at the
magnetic pole ¢ = 0).
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The large-scale electromagnetic perturbation with
frequency (47) is a new eigen mode for F-region of
the ionosphere.

In the presence of the planetary Rossby waves in
F-region of the ionosphere (to which a favourable
condition takes place during equinoxes) [15, 18, 19],
it follows from equation (46) that the considered
perturbations already propagate along the latitude

circles, i. e., they became waves and acquire the
dispersion:
2
VZ — Cn
P ] — e/’

where C, = w,/k,, V , = w/k, is the phase velocity of
the wave propagation. These waves also can propagate
in F-region of the ionosphere and also cause an
interaction with a zonal wind V. Indeed, taking into
account the zonal winds w, = k. V, + w,, we obtain for
phase velocity: vV, = w/k, = V, + C,. The group
velocity of the wave C,, = dw/dk will coincide with
zonal wind velocity C, = V, in F-region of the
ionosphere. Thus, measuring the group velocity of
these electromagnetic perturbations on the basis of the
data derived at the ionospheric and magnetospheric
observatories gives the possibility to determine zonal
wind velocity in F-region of the ionosphere, for
measurements of which an effective experimental
method has yet to be developed.

For F-region of the ionosphere, these waves were
detected experimentally in [6, 9, 47, 49] as magneto-
ionospheric wave perturbations (MIWP).

It can be seen from the calculations that the phase
velocity of these waves C, = w,/k_is in the range of
20 to 1400 km/s at heights of 200 to 500 km
(wavelength is A, = 2000 km, 0 = 45°, exosphere
temperature is 7, = 600 K) and 10—350 km/s at
T...s = 2600 K. Period of these waves T, = 27/w, does
not depend on the wavelength and is in the range of
3—105sat T, =600 K and of 40—210s at T, =
= 2600 K. Magnetic pulsations induced by these waves
are of the same order of magnitude as Cy-waves, b, =
= b;. The strong dependence of the parameters C, and
T, on the exosphere temperature can be explained by
«swelling» of atmosphere and lifting of heavy particles
from lower layers of ionosphere. General increasing of
phase velocities C, with height and latitude ¢
increasing is a result of equation (47) for w,. The
waves are weakly damped with the decrement |yl =
= 0.5A = 10° s'. The periods, phase velocities, and
amplitudes of geomagnetic pulsations for C,-waves in
the middle-latitude ionosphere are in good agreement
with observational data on both middle-latitude and
large-scale electromagnetic perturbations generated in
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F-region of the ionosphere during powerful earth-
quakes and magnetic storms [24, 25]. This is a new
fast mode of own oscillations of F-region of the
ionosphere.

3.3. Stationary State of the Considered Medium

Let us mention that in the general case from the
initial system of equations (14) and (15) it follows the
dispersion equation of the sixth order according to the
frequency w. From them in E-region of the ionosphere
there exist four types of eigen oscillations: the slow
Alfven waves (33) and the atmospheric whistles (the
helicons) (36); the planetary fast electromagnetic
waves (40) and the slow Rossby type electromagnetic
waves (41). In F-region there also exist four types of
the eigen oscillations: two modified slow Alfven waves
(propagating along the meridians to the north and to
the south) (44) and two fast large-scale electro-
magnetic waves (47). Two frequencies (out of six
frequencies mentioned above) are equal to zero
(@/9t = 0, wss = 0) and they also have a physical
meaning corresponding to the hydrodynamic and
electromagnetic equilibrium in the main state of the
ionosphere.

Indeed, in order to determine equilibrium (statio-
nary) state in initial system of equations (14) and
(15), it is necessary to assume 9/d¢ = 0. Since in
equilibrium state the geomagnetic field B = B, (. e.,
b = 0) has nonvorticity (dipole) character VXB; = 0,
the electromagnetic Ampere force becomes mainly
equal to zero F, = VxB,XB,/(4np) = 0. Then, from
the equations (14) and (15) (at /67 = 0) we obtain:

V,x2Q, = — %VPO +g— AV, (48)

VX(V,XxB,) = — VXE=0. 49

Writing equation (48) with respect to components, we
get the condition of quasistaticity ¢P,/dz = —pg and
gradientity of the wind

Vo= = (AP dx +Q,0P,/ 9y)/ [p(A* + 4201,
Vo=~ (AdPy/dy— 40P,/ 9x)/ lo(A* +49Q0)],

which in those regions of the ionosphere where the
Raileigh friction can be neglected (A = 0) transits into
condition of gquasigeostrophicity V, = V, =
= [e VP1/(2w,,p) of the atmosphere. Here, P, is
equilibrium pressure, g is gravity acceleration, V, is
geostrophic wind velocity. Correspondingly, from
equation (49) it follows that in equilibrium state the
electric field of polarization E has the electrostatic
character (VXE = 0) and it will be generated in the
upper atmosphere by the wind V. Indeed, integrating
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(49), we get E = —Vp = -V ,xB,. Thus, zero
frequencies also have some physical meanings and
represent the known stationary solutions of the
equations of magnetohydrodynamics of the ionosphere
and correspond to quasistatic, quasigeostrophic, and
electromagnetic equilibrium.

4. NONLINEAR INTERACTION OF PLANETARY
ELECTROMAGNETIC WAVES WITH SHEAR ZONAL
WINDS IN THE IONOSPHERE

It is shown in the previous section that large-scale
modified slow MHD, planetary fast and slow electro-
magnetic linear waves propagate in E- and F-regions
(direction of propagation depends on the frequency).
Now we consider the influence of the nonlinear effects
on the dynamics of linear eigenwaves of the iono-
spheric medium, which are discussed in the previous
sections. Experimental data and observations show
[16, 39, 41] that the nonlinear solitary vortex struc-
tures may exist in the different layers of the Earth’s
atmosphere. These structures carry away the trapped
circulating particles. The ratio of the particle rota-
tional velocity U and the vortex displacement velocity
U satisfies the following condition:

U.Ju = 1.

Let us define T and L as the characteristic temporal
and spatial scales. According to the formula V' « d¥W/dy,
we have the expressions: U, « W/L, U « L/T. On
introducing (22), we get: J(¥, AY)/0AW/ot o« WT/L*
« U./U. Hence, nonlinearity is very important for the
wave processes satisfying the condition U, = U.
Thus, these estimations show that the nonlinear
effects can play a substantial role in the case of the
large-scale low-frequency electromagnetic waves
studied in the linear stage in the previous sections.
The inequality U. = U coincides with antitwisting
condition, only at which the corresponding system of
the nonlinear dynamic equations can have a solitary
vortex solution [55].

From the general theory of nonlinear waves it is
known [38, 54] that if in the system the nonlinear
effects are sufficient, superposition principle can not
be used and solution can not be given in a form of a
plane wave. Nonlinearity destroys the wave profile
and a waveform differs from sinusoid. If in the
nonlinear system dispersion is lacked (or f-effect,
inhomogeneity of the equilibrium parameters of the
medium), then all the small-amplitude waves with the
different wave numbers « are propagated with equal
velocities and can interact with each other for a long
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time. Thus, a small nonlinearity also leads to the
accumulation of distortions. Such nonlinearity dis-
tortion, as a rule, leads to an increase of the wave front
curvature and its upset or to a shock-wave formation. In
the presence even a small dispersion (or S-effect, and so
on) the phase velocities of the waves with different &k are
not equal, the wave packet has a tendency to a
spreading and, because of this, at not so large wave
amplitude the dispersion can compete with nonlinearity.
Consequently, the waves can be decayed into different
nonlinear wave structures before its upset and the
shock-wave will not be formed. In the real atmosphere,
the shock-wave actually will not be formed itself (spon-
taneously, without external influence). First of all, this
shows that in the atmospheric-ionospheric medium the
dispersion effect (or equivalent to it S-effect, inhomo-
geneity of the equilibrium parameters of the medium,
and so on) is strongly expressed and successfully
competes with the nonlinear distortion. If nonlinear
increase of the wave front curvature is compensated by
their dispersion spreading, there can be existed the
stationary waves, i. €., the solitary waves propagating
without changing their shapes.

Results of ground-based and satellite observations
bring out clearly that at different layers of the
ionosphere there permanently exist zonal winds
(flows) having inhomogeneous velocity along the
meridians [20, 23, 28, 31]. Because of this, we take
further into account interaction of the considered
waves with an inhomogeneous (shear) wind (a flow).
It will be shown that when there is a velocity
inhomogeneity in the zonal flow, the wave
perturbations can acquire an additional dispersion at
interaction with it and the nonlinear effects will be
appeared in their dynamics. Thus, the ionospheric
medium creates a condition which is favourable to
formation of the nonlinear stationary solitary wave
structures.

Thus, we will seek the solution of the full system of
nonlinear dynamic equations (22)—(24) (in non-
dissipative stage, A = 0) in the form ¥ = ¥(y, y), A=
= A(y, ), b,= by, y), where n = x — Ut, i. e., in the
form of stationary solitary waves propagating along
x-axis (along the parallels) with velocity U = const
without changing its shape. To avoid confusion, let us
notice that by a nonlinear solitary wave is here meant
a perturbation localized even if for one coordinate. We
will consider also that waves are propagated on
background of the mean horizontal wind with zonal
shear of velocity V (y). Stream function ¥ in this case
is equal to

y JR—
V=y— [ V(ydy, (50)

73



G. D. Aburjania, J. G. Lominadze, A. G. Khantadze, O. A. Kharshiladze ...

GENERATION MECHANISM AND FEATURES ...

where v is the deviation of stream function from
average value.

To simplify further investigation, we will seek a
class of solutions for which ¥ = —ab,/u, and V> A =
= db/dx — 9b/dy = f(y), where f is an arbitrary
function of its argument; further it will be assumed
decreasing fastly at infinity. Then, substituting the

expression (50) into system (22)—(24), on simple
transformations we obtain:
= v
J[w—fV(y)derUy, w——y+
3

+ [ﬁ’ +£LTOU)y) =0,

where J(a, b) = da/dx-db/dy — daldy-db/ax is the
Jacobian.

Let us mention that the linear electromagnetic
waves investigated in the section 3 are basically zonal,
i. e., for them the direction along a parallel (on the
axis x) is primary. Therefore, for perturbations of
such polarization, it is more adequate to consider
nonlinear wave structures which are longer on the axis
x, 1. e., the scale on the axis x is much greater than
the scale on the axis y.

Let us consider in more detail the construction of
long-wave (on the axis x), solitary spatially two-
dimensional solution of equation (51). We will show that
in this case equation (51) can be reduced to stationary
equation of Korteveg — de Vries (KDV) for the zonal
component of motion [11, 36, 44]. In this section the
results of these works will be generalized on the basis
of the general equation of the planetary electromagnetic
waves — vortices (531) describing propagation of statio-
nary nonlinear wave structures.

Let us pass to non-dimensional variations in the
equation S1): v =y'VL,V =V'w,L, U =U'w,L, §’
= (") w,L, n =#u'L/0 =u'L, y=yL, where L and
L, are spatial scales of a vortex according meridian
and zonal directions, V is characteristic velocity of
medium particles, and w, is eigenfrequency of one of
the considered linear electromagnetic waves, we get:

35-][7)/),8777{)2) sj[w,a;,ﬁj“‘

+[%U’+(ﬂ')’—ﬁj%

37
LoV - U)M’ - U’)aazw =0, (52)
where ¢ = V/(a)L) <1, 6 =L/L <1, a, =

= uoL*/a’p = Nw.L*/N,¢* (further we will not use the
primes on the non-dimensional values). We are
interested in the waves, for which nonlinearity and
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dispersion are of the same order. Assuming that 6° = ¢

in (52), we get:
— a3w v a_w

2
f|(V - )k 1/» + J[w, w” ¢ J[w, 7;/’) =0. (53)
We will seek the solution in the form:
%=1 + ey + e, +
U=U,+eU, +U,+

54

Substituting (54) into (33) and equalizing to zero
the components of the same order of smallness, we get
a linear equation in zero approximation:

oY w
[aOU +p —a—yzj 8—770 v —Uo) o - —0 (35
with boundary conditions (7, 0) = %(77, =20

corresponding to the flows bounded along the meri-

dians (let us mention that in the case of infinite

region this condition leads to equality of the stream

function to zero at infinity: yp - 0 at y = =),

Separating the variations vy, = F(y) - ®(y), we obtain

standard problem of Sturm — Liouville:
'

o7 T EWP=0,20) =2(3)=0, O
1 v
G(y)—V U, [aOU +4 - e j,
where y; and y, are coordinates of the zonal flow

edges.
For definition, let us consider the case where a
zonal wind has a weak shear and its velocity harmo-
nically varies in the meridian direction:
V =V, + asin(ey], a, <1. (57
Then, the general solution (56) takes the form:
m*(V, = B'/m")

e P
m +a,

® = Osin(nmy), U, = (58)
where &, is an arbitrary constant amplitude, m = nz.

The next approximation includes the effects of
dispersion and nonlinearity:

0 7>/f1 +G(y) L Py _ 83% o aUy awo
ay’on on on V-u, 877
R R U

V- U, ay aytany V- U, m 9y
+_L% (59)
v —u, Yo
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Here vy, satisfies the same boundary conditions as .
Assuming ¢, = F(n) ®(y), multiplying (59 by ¢ and
integrating transverse to the flows, we get:
2 2
d %
anl |7t G(y)@j dy=
1
aF aF &F

y2
IW-i-azF——i-asa—ng.

=aq,U 57 60

It is clear that, according to (56), the left-hand side
of equation (60) is equal to zero. Consequently, the
function F(») must satisfy the stationary KDV

equation:

oF a, _oF a3 O°F
—t+—2F -+ =0, (Y
an U, o aqU, ag®
where
2 (I)Z
a =~ [ (a,+Gy)——dy,
1 V - UO
2 3 2
D G
a2=f — a—ydy, a; = —f <I>2dy
¥1 V — UO 1

In accordance with integration constants, the solu-
tion of KDV equation represents either the solitary
wave (the vortex) or the periodic (cnoidal) wave. We
are interested in solutions of the soliton form:

F(n) = sgn(a,a;)Asech’(kn), (62)
where A is an arbitrary constant amplitude of soliton,
k' = d is characteristic spatial width of soliton.

Substituting (62) into (61), we get the following
expressions for U, and «:

a
U, = — sgn(a,a,) 3—;1A,

a
/<2=L—2A.

63)

Let us mention that expression (38) fixes the
velocity U, for every ecigen function & and that
amplitude A is a unique arbitrary constant. For the
existence of a solution of KDV equation, it is ne-
cessary that the value V — U, should not become zero
in the interval y;, < y < y,. This condition and the
expression ¢ = % are unique restrictions on amplitude
of the nonlinear vortex structures.

Correspondingly, the stream function can be deter-
mined by integration of expression (50) taking into
account (57) and (38) at smallness of the parameter
of velocity shear (q, <1):

Y=—V,y+ ysin(nwy)sech’(kn). (64)

Here, vy = D,Asgn(a,a;) and in accordance with
(63) we determine the characteristic scale of the
nonlinear vortex:
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k'=d=
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_ wgVanlcgrmUnznz-i- /cé) [1—(—1)"cosk,] -1z
8(V, — Uy (n*n" — k))(9n° " — «}) '

It is obvious that the characteristic size of the vortex
is inversely proportional to the amplitude of the
structure @py), as it must be for the nonlinear soliton
structures [54], it depends on the amplitude of the
wind velocity V,,, and on the velocity U, of the vortex
motion as well.

Analogously, for full velocity of movement of the
nonlinear vortical structures we get:

m2 ﬁ/
U=— [Vo - _2) +
m-+a, m
lageina(Tn’a® + i) (4n’n’ — )%

WV
M)

x[1 — (—1)"cosky/ [(n*n* — k3)(On°n” — Kj)x

x[(eU + ') (An"n" — kg) +

+4a,V jeon' (1 — COSKO)]]}, (66)

It is obvious that velocity of movement of the
nonlinear vortical structures along the parallel
depends on the wind velocity V,, inhomogeneities of
the geomagnetic field and angular velocity of the
Earth’s rotation (8'), and also on amplitude of the
structures (A, wg), as it is peculiar for nonlinear
solitary formation [38, 54]. The expression (66)
shows that velocity of movement of the vortex can
become zero, i. e., standing structures can be formed.
Moving vortices can exist on the background of both
western (V, > 0) and eastern (V; < 0) winds.

For these wave perturbations, velocity vortex is
distinct from zero, VXV = V>We, = 0. Consequently,

they are vortical formations carrying trapped-rotating
particles.

According to the formula (64), the current lines, the
level lines and spatial relief of the vortex structures in
the moving coordinate system (y, y) can be built. For
definiteness, as linear scale in the zonal direction, the
Earth’s radius is chosen, L_~ 1000 km; a, ~ ¢ ~ 6* ~
0.01; accordingly, the scale of length to the meridian
direction is L = 0.1L,. The time scale is determined
by the characteristic period of the wave perturbations.
For characteristic value of the zonal wind amplitude,
the value V, = 100 km/s is chosen. Fig. 1 shows the
stream lines for the characteristic values of the
parameters of medium and motion: V, = 0.1, ¥, =
=0.25, a, = 0.01, o, = 0.2, 8 =0.01, x,=0.9, n =1,
with formation of the anticyclone vortex structure
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0

Fig. 1. The isolines of non-dimensional stream function ¥ = —Vyy +
lPgsechz(my) = const (the current lines) in the system of coordinates
1, ¥, moving together with the wave structure: ¥, = 0.1, 1118 =0.25,
ag =0.01, ag = 0.2, B’ =0.01, k5 = 0.9, n =1 (anticyclone)
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Fig. 2. The level lines of the stream function and the relief of
two-dimensional vortex solution in the moving system of coordinates
at Vo =— 0.1, ¥9 = 0.25, @y = 0.01, ap = 0.2, B’ = 0.01, x5 = 0.5,
n =1 (cyclone)

near the southern boundary of the zonal wind flow in
the ionosphere. At ¥V, < 0 it generates the cyclone
vortex (see Fig. 2 where V, = -0.1, ¥, = 0.25, q, =
=0.01, ¢, = 0.2, 8’ = 0.01, «, = 0.5, n = 1) near the
northern boundary of the wind flow. It is obvious from
Figs 3 and 4 that at n = 2 in the wind flow of the
ionosphere the connected vortex structure will be
formed, consisting of cyclone and anticyclone of equal
intensity. At V, > 0 (see Fig. 3 where V, = 0.1, ¥) =
=0.25, ¢, =001, a¢,=0.2,8 =0.01,x,=09, n=2)
cyclone and anticyclone have the joint zone of maxi-
mal velocities (the jet flows). In the case of V, < 0
(see Fig. 4 where vV, = -0.1, ¥, = 0.25, g, = 0.01,
a,=0.2, 8 =0.01, k, = 0.6, n = 2) the interstructural
jet flow is absent and the nonlinear structure repre-
sents two-dimensional dipole vortex solution of cyclo-
ne-anticyclone character of type [34]. For n > 2 the
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Fig. 3. The current lines in the moving system of coordinates (i, y):
Vo=0.1, ¥ =025, ay = 0.01, oy = 0.2, ' = 0.01, k, = 0.9, nn =
2 (cyclone-jet-anticyclone)

Fig. 4. The level lines of the stream function and the relief of
two-dimensional vortex solution in the moving system of coordinates
at Vo =— 0.1, ¥9 = 0.25, @y = 0.01, ap = 0.2, B’ = 0.01, x5 = 0.6,
n = 2 (cyclone-anticyclone)

transversal vortex chains will be generated, which
consists of n alternating cyclone and anticyclone
structures and locating across to the zonal wind (flow)
(see Fig. 5).

It must be mentioned that equation (51) has also
the exact solution in the form of solitary two con-
nected dipole vortices of cyclonic-anticyclonic type of
equal intensity [2, 34] (see Fig. 4); in the form of a
regular vortical chain, «cat eyes» [23, 41], and also
in the form of the asymmetric solitary vortices at
which the stream function depends only on radial
coordinate [35]. But for the waves under investi-
gation, possessing zonal asymmetry, as it was already
mentioned, more probable is generation of nonlinear
vortical structures of considered type (64).

In the dissipative ionosphere (A # 0), the vortex is
not a stationary wave and, to study the dynamics of
the nonlinear structures, it is necessary to use the
appropriate equations of transfer. In this case the
integral properties of structures, namely, energy E
and enstrophy Q (25) and (26) are not conserved and
vary with respect to time due to dissipation. In
accordance to [3], solutions (64)—(66) can be placed
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Y

Fig. 5. The level lines of the stream function and the relief of
two-dimensional vortex solution in the moving system of coordinates
at Vo =— 0.1, ¥9 = 0.25, ay = 0.01, arp = 0.2, f’ = 0.01, x5 = 0.6,
n = 8 (transversal vortex chain)

in (25) and (26) within the parameters ng, U and «,
varying slowly with respect to time within the limits
of the weak dissipation. In order to analyse the
evolution of energy and enstrophy (25) and (26) in
the dissipative medium, we estimate the order of
integrals:

[V ) dxdy ~ d* [y*dxdy,
[(Viy)dxdy ~ d 7 [(V Y dxdy,

where d is the characteristic spatial scale of the
vortices. If we consider the small-scale vortical
structures d <k, ! the energy and enstrophy have the
same order of magnitude as the dissipative term, and
Eqgs (25) and (26) may be rewritten as

JE/ot = —2AE, 00Q/dt= —2AQ. 67

This means that the energy and the enstrophy of
these vortices damped exponentially. For the large-
scale vortices with d > k', dissipative term in transfer
equations (25) and (26) is less than energy and
enstrophy, so the relaxation of the vortices proceeds
more slowly.

Thus, the large-scale electromagnetic nonlinear vor-
tical structures are long-lived in the ionosphere and,
therefore, they can make an important contribution to
transfer processes of substance, heat, energy, and
formation of strong turbulent state of the medium [1].

5. DISCUSSION OF THE RESULTS AND CONCLUSION

It is shown on the basis of our investigation that in
dynamo-region (E-layer) of the ionosphere, with the
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S, currents, Hall conductivity, and wind system,
which are inherent in it, a wide class of large-scale,
low-frequency electromagnetic wave structures can be
generated. First of all, slow MHD waves must be
mentioned, on which dynamics of the inhomogeneity
of the Coriolis and Ampere forces, does basically not
influence. Besides, it is necessary to point out slow
Alfven waves which, in distinction to completely
ionized plasma, are decelerated in the ionosphere
because of involving neutral components of the me-
dium in fluctuations. And they are connected to the
effect of full entrainment of ion components by
neutrals in E-region (see the section 2), resulting in
transferring perturbations of charged particles to
neutral ones. In short-wave limit this wave conti-
nuously passes to the helicons. In E-region the slow
Alfven waves have typical periods of 0.5 to 2 hours,
wavelengths of the order of 1000 km and phase
velocities of the order from 1 to 2 km/s. The waves
generate geomagnetic pulsations about 150 nT. The
resulted characteristics of the waves well correlate with
properties of large-scale, low-frequency slow electro-
magnetic waves, revealed experimentally [28, 50].

With the decrease of frequencies of the waves the
effect of inhomogeneity of the Coriolis and Ampere
forces becomes essential. This effect leads to the
generation of the planetary, ULF electromagnetic fast
and slow modes.

The generation of the slow electromagnetic linear
waves, in the ionospheric E-region by the gradient of
both geomagnetic field and angular velocities of the
Earth’s rotation is shown. They propagate in E-region
along the latitudinal circles westward and eastward
against background of mean zonal wind and are the
waves of the Rossby type. The frequency of the slow
waves vary in the range of 1 to 100 xHz; period of
these waves vary in the range from 2 hours to 14
days; wavelength is about 1000 km and longer, the
phase velocity has the same order as the local winds,
namely, from a few metres per second to one hundred
metres per second (C', = V = 1—100 m/s). The slow
waves experience a strong attenuation by Rayleigh
friction between the layers of the local atmosphere
and the damping factor is 1y°1 = A ~ 10” s™. Though,
the attenuation would be weaker for longer large-scale
waves with a wavelength of about 10000 km and a
timescale of a week or longer. The linear slow waves
perturb the magnetic field which has the order of b=
= lu,eNC'g§l (& is transversal shift of the charged
particles). For the value of the phase velocity C'y =
=50 m/s and £ = 1 km, we have b, = 1 nT.
Perturbed magnetic field strength increases up to 20
nT, if transversal displacement of the system & = 10
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km and the phase velocity C', ~ 100 m/s. Thus, the
linear slow electromagnetic waves in the dynamo-
region are accompanied by the noticeable micro-pulses
of the geomagnetic field and have the same order as
the micro-pulses caused by S, currents in the same
region. The slow wavy structures (41) can cause
observed superrotation (SR) of the upper atmosphere
at different layers. These waves were observed in
some experiments [13, 14, 37, 48, 56].

The generation of linear fast planetary electro-
magnetic waves in the ionospheric E-region by the
gradient of geomagnetic field and the Hall effect is
established. These waves propagate along the latitude
against the background of the zonal-mean flow west-
ward and eastward at a speed of a few kilometres per
second (Cy; = 2—20 km/s) in the dynamo-region.
The waves have a frequency of the order of 0.1 to
100 mHz; periods are in the range from 4 minutes to
6 hours; wavelength is about 1000 km and longer.
They attenuate weakly and 1y'l ~ 0.08A ~ 10° s,
The essential micro-pulses of the geomagnetic field

caused by the fast waves equal b, = 12eNCA'l ~ 1 uT.

They could be assumed as a new mode of the own
oscillations in E-region of ionosphere. Frequencies
and phasec speeds of fast waves depend on density of
the charged particles. Therefore, the phase velocities
of fast disturbances in E-region of the ionosphere
differ almost by one order of magnitude for daytime
and nighttime conditions. High phase velocities as
well as their strong change for day and night pre-
cludes the identification of these disturbances with
MHD waves. The fast waves are caused by oscillations
of the electrons completely frozen in the geomagnetic
field (see Sect. 2, formulas (8)—10)), db/or =
VXV, xB,, for motionless ions and electrons, 1V, | >
IVl = IVI. As, thus V, = V, = —j/eN =
— Vxb/(eNu,), for linear waves induction equation
(equation of frozen-in) closes on itself and gets the
form: gb/dt = VXB,XVXxb/(eNu,). The Fourier trans-
formation of this equation recovers the dispersion
relation (40).

We investigated dynamics of the slow Alfven waves
in F-region of the ionosphere. It is shown that they
can be propagated along the meridian to the north or
to the south with phase velocity of order from 2 to
5 km/s. The waves have lengths of order from 1000
to 10000 km and periods in the range from 3 min to
1.5 h. They damp weakly enough with decrement
Iyl = 10° s' and generate magnetic pulsations of
about 1 4T. Some experimental observations of similar
waves are reported in [22, 28, 50].

It is established that, in the ionospheric F-region,
inhomogeneity of the geomagnetic field generates fast
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planetary electromagnetic waves, propagating along
the latitude circles to the east or to the west with
phase velocity vV, = C, = 20—1400 km/s. Frequency
of the waves is within limits from 0.001 to 10 Hz and
the waves are weakly damped with decrement |y, |
=~ 10° s'. The period of perturbations varies in the
range from 1 to 110 s. Amplitude of geomagnetic
micropulsations generated by these waves is about
b, = by = 1 uT. The C, waves are new modes of eigen
oscillations of F-region of the ionosphere. These
waves as magnetospheric wave perturbations (MIWP)
have been detected in experiments [6, 9, 48, 49].
Measurements of group velocity of these electro-
magnetic perturbations on the basis of observational
data from ionospheric and magnetospheric observa-
tories give the possibility of definition of the zonal
wind velocity in F-region of the ionosphere, for the
determination of which there not exist yet a direct
effective experimental method.

Two eigen-frequencies @ = 0 also have a physical
meaning and correspond to hydrodynamic and elect-
romagnetic equilibrium state of the ionospheric me-
dium in a background state where geostrophycal wind
velocity coincides with electric drift velocity.

In Table, spectra of investigated eigen planetary
electromagnetic oscillations of the ionosphere are
shown together with decrements of damping and the
condition of their existence.

Of special note is the fact that, up to now, in
physics of the ionosphere it was supposed that in the
ionosphere it can exist basically only the dynamo
electric field E, = VXB, caused by a local wind. Our
results show that the fast planetary electromagnetic
waves under investigation (C; and C, waves) can
generate intensive large-scale internal vortical electric
fields in E-and F-regions of the ionosphere. It is
possible to determine size of the field E, on the basis
of the equation (15):

(VXE), ~B (1 =V 0/V o)V, (68)
where foh is phase velocity of the fast planetary waves
(Cy or C, waves) and V ) is phase velocity of the slow
planetary waves C';. Taking into account that in
E-region of the ionosphere V,, = Cy, V3 = C'y, B/ ~
By~ By, /R and setting characteristic size of the
perturbations along the axis x, L = 1/2n, for the ratio
of the vortex E,  as well as considering that dynamo
fields is E, = —V B,,, we obtain from (68):

f
TE _LIVEl 4 1G 69
IE,, ] RV, ZZR1CgD
When C; = 20 km/s and 4 = 6000 km,

|E, |/1E, | = 30. The values of the dynamo field
E,, = V B, and internal vortical electric field E, , =
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Spectrum of the Large-scale Ultra-Low-Frequency Electromagnetic Waves in the Tonosphere

E-region F-region
Frequencies Conditions of the existence Dec(yjremepts of Frequencies Conditipns of Decremepts
amping the existence of damping
Slow MHD waves (A < 1000 km)
1. Slow Alfven waves 1. Slow Alfven waves
kyBsing kyBsing pilp > A
wi2==* and 22, 2 wi2==* yY=-%
1.2 (toMN)? pilp >k /o __A L2 (toMN)? K2t/ wd 2
, k. B B, BB1,2—>0) 2 (@, B,
@127 7y P12 0)
2. Slow helicons (whistlers) 29, 2 2
ekeyBoyy pilp <k“c“/wp V=_P_1‘2"%§
603,4=iT1u0 @B, P12 0) pkc® 2
Planetary hydromagnetic gradient waves (4 > 1000 km)
3. Fast waves ; 2. Fast waves
B, (1 + 3sin’9)!/? k2>B'/Cs, B/Cs i A Be
== ’ =-== =do = ————5
W2~ = eN/“O R kx Y k% 2 w12 Wy ([/lOMNn) o, ky, A
4. Slow waves ki <B'/Cs, B/Cs (1 + 3sin’0)!/2 wr >0 y=-=
w3 4= — 'k y=-A | = and 2
w£2=i¢17_2_ OC,ky—>0,
’ (1 —wr/wy) wr =0

V B ACy/(27RC'y) may also be estimated. For the
characteristic values of the E-region parameters, na-
mely, V, ~ 50 m/s, B, ~ 64 uT, 2 ~ 10000 km,
Cy~ 20 km/s, C'y ~ 50 m/s, we get E;, ~ 1.6 mV/m
and correspondingly, for strength of planetary inter-
nal vortical electric field we obtain E,, ~ 50 mV/m
(which coincides with the values measured experi-
mentally [10, 51]. Thus, the value of the long-scale
internal vortical electric field may be several times
greater than the dynamo-field generated in the same
ionospheric layer by local wind motion.

Existence of the large-scale fast waves C; (in
E-region), C, (in F-region) and slow Rossby-type
planetary waves C'y (in both E- and F-regions) are
caused by constantly affecting factor, fundamental for
ionosphere, namely, spatial inhomogeneity of the
geomagnetic field B,. The slow waves are generated
by the dynamo field of polarization (E, = VXB,) and
the fast waves are caused by vortex electric field E, =
VpXB,.

Dynamics of the slow planetary electromagnetic
waves in the ionosphere are studied experimentally,
more or less. Experimental investigation of features of
the fast large-scale electromagnetic waves must be
realized. Formulas (41) and (47) show that fast
electromagnetic large-scale (L ~ 1000—10000 km)
atmospheric waves both in E- and F-regions of the
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ionosphere have general-planetary character and
occupy latitudes from the pole (@ = 0) to the equator
© =xn/2).

The fast electromagnetic atmospheric waves at iono-
spheric altitudes can be experimentally revealed and
detected using their specific features:

1) a wide range of phase velocity dependence on the
latitude (phase velocities of the waves are increased
from the pole to the equator; they are doubled at the
equator).

2) a high variation (by magnitude) of electron
concentration N substantially increases phase velocity
of C; = wy/k, — waves in E-region of the ionosphere
in nightly conditions (from a few hundred metres per
second in daytime to a few ten kilometres per second
at night).

3) application of the well-known profiles N(h)
allows us to calculate uniquely height distribution of
the Cy-waves in E-region of the ionosphere and,
conversely, from the height distribution of Cy(h)-
waves we can plot the dependence of concentration
N(h) on altitude.

4) altitude variation of the neutral component
concentration N, (h) leads to strong increase of the
phase velocity of C,-waves (phase velocity of C -waves
at heights of 200 to 500 km is increased from a few
kilometres per second up to 1000 kilometres per
second) in F-region of the ionosphere.
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5) response of Cp- and C,-waves to earthquakes,
magnetic storms, artificial explosions and magnetic
activity of the Sun.

6) detection of electromagnetic and large-scale
(1000—10000 km) character of both Ci- and C,-
waves by world-wide network of ionospheric and
magnetospheric observatories.

The self-localization of the planetary electromag-
netic waves in the non-dissipative ionosphere is pro-
ved on the basis of the analytical solution of the
nonlinear dynamic equations (22)—(24). As follows
from (64), the solution has the asymptote ¥, b, ~
exp(—«lxl) at Ix|l = o, so the wave is localized along
the Earth’s surface (3, y).

The generated nonlinear vortex structures represent
a monopolistic (solitary) cyclone (Fig. 1) and/or
anticyclone (Fig. 2) or a cyclone — anticyclone pair,
connected in a certain manner (Fig. 3) and/or a pure
dipole cyclone — anticyclone structure of equal inten-
sity (Fig. 4), rotating in the opposite direction and
moving along the latitudinal circles (along the para-
llels) against the background of the mean zonal wind.

The nonlinear large-scale vortices generate stronger
pulses of the geomagnetic field than the corresponding
linecar waves. Thus, the fast vortices generate the
magnetic field 4, = 10 4T, and the slow vortices form
the magnetic field 4] = 100 nT. The formation of such
intensive perturbations can be related to specific
properties of the low-frequency planetary structures
under consideration. Indeed, they trap environmental
particles, and charged particles in E- and F-regions of
the ionosphere are completely or partially frozen into
the geomagnetic field. That is why the formation of
the structures is indicative of the significant densifi-
cation of the magnetic force lines and, respectively,
the intensification of the disturbances of the geo-
magnetic field in their location. Since the number of
captured particles is of the order of the number of
passed-by (transient) ones, the perturbation of the
magnetic field in the stronger faster vortices would be
the same order as of the background field. On the
Earth’s surface, located R, (~ 100—300 km) below
the region of the wave structure under consideration,
the level of the geomagnetic pulses would be less by
the factor exp(—R,/1,, here A, is the characteristic
length of the electromagnetic perturbations. Since 4,
~ (10—100)R, » R,, the magnetic effect on the
Earth’s surface is less then in E- and F-regions, but
in spite of this they are easily detected as well.

The motion of medium particles in the nonlinear
vortex structures (64) under study is characterized by
nonzero vorticity VXV # 0, i. e., the particle rotate
in vortices. The characteristic velocity of this rotation
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U, is of the same order as the vortex velocity
U, U, = U. In this case the vortex contains the group
of trapped particles (the number of these particles is
approximately the same as the number of transit
particles); rotating, these particles move simulta-
neously with the vortex structure. Therefore, being
long-lived objects, nonlinear planetary-scale electro-
magnetic vortex structures may play an important role
in transporting matter, heat, and energy, and also in
driving the macroturbulence of the ionosphere [1]. In
particular, the vortex structures that play the role of
«turbulent agents» can be treated as elements of the
horizontal macroscopic turbulent exchanges in global
circulation processes in the ionospheric E- and
F-layers. The coefficient of the horizontal turbulent
exchange can be estimated from the Obukhov formula
[26, 43]: K. = 0.014** m*/s. Thus, for vortices with
dimensions of about d ~ 1000 km at latitudes of about
¢ = 50°—355°, we obtain K, = 3-10° m®/s. This
estimate (which can be regarded as an upper one)
shows that, in the global exchange processes between
high and low latitudes, the meridional heat transport
from north to south in the ionospheric E- and
F-layers should be of macroturbulence nature (recall
that, in the ionosphere, the polar regions are warmer
than the equatorial region).

The frequencies of the waves under investigation
vary in the band w ~ 10—10° Hz and occupy both
infrasound and ULF bands. Wavelength is A ~ 1000—
10000 km, period of oscillation is T about of 0.1 s to
14 days. The electromagnetic perturbations from this
band are biological active [32]. Namely, they can play
an important role as a trigger mechanism of the
pathological complications in people having the ten-
dency to hypertensional and other diseases. Thus,
these waves deserve great attention, as they are a
significant source of the electromagnetic pollution of
environment.

The fast and slow electromagnetic planetary waves
are own degree of freedom of the E and F-regions of
the ionosphere. Thus, first of all, the impact on the
ionosphere from the top or the bottom (magnetic
storms, earthquakes, artificial explosions and so on)
induces (or intensifies) the wave structures of these
modes [5]. At the certain strength of the source, the
nonlinear solitary vortices would be generated [2],
which is proved by the observations [16, 39, 46].
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MEXAHI3M TEHEPAIIT TA XAPAKTEPUCTHUKH
MNOMINPEHHY CTPYKTYP YVJIBbTPAHU3SBKOYACTOTHUX
IOHOCOEPHUX EJEKTPOMATHITHUX XBWJIb
IIJTAHETAPHOI'O MACIIITABY

I. O. AGypmxanis, O, T. Jlominagse, A. I'. Xanranse,
0. A. Xapmuaanse

Haseaeno pesysabTaTé TEOPETHUUHOTO JOCIIMPKEHHS TeHepanii Ta
MOIIMUPEHHY €JEKTPOMAarHiTHUX Y HUY-XBUJIb IJIAHETAPHOTO MACILTA-
6y (4 > 1000 kM) y aucunarusuiit ionocdepi. YcranosneHo, mo
BOHU TEHEPYIOTbCS HEONHOPigHOCTIMU (IIMPOTHMMHU Bapiarismmy)

reoMar”iTHOro mosig B ioHocdepi ta oGepramHaM 3emui. XsuJi
MOMIMPIOIOTHCS B3TIOBX Mapajeseii B 000x manpamkax. ¥ E-obnacri
mBuaKi xBuai MaroTh Gasosi mBuakocti 2—20 kM/c i wacTtoTH
0.1—100 wmI'u; mnOBiNBHI XBUJII TOHIMPIOIOTBCY 31 HMIBUAKOCTSIMM
JIOKANBHUX BiTPiB i MawTth uactotu 1—100 mxln. V¥V F-o6nacri
MBUAKI XBUJI MarOTh (HasoBi MIBUAKOCTI Bif AECATKIB M0 KiTBKOX
coTeHb KijjomerpiB 3a cexyHay i uacrotu 10—0.001 T'u. IlosinbHa
MOJIa YTBOPKETBCH JUHAMO €JIEKTPUYHOTO I0JISl; BOHA € y3araJbHEH-
HIM TUIOBMX XBWJIB Pocchi B ionocdepi, gka obepraerbcd, i
symossiena edpexkrom Xosuia B E-mapi. IIsuaki 36ypenns — 1€ HOBi
MO, §IKi ACOIUIOIOTHCS 3 OCHWJIAIiIMU 10HOCHEPHUX EJEKTPOHIB,
BMEP3JIUX Y TEOMArHiTHE TOJIe, i TOB’I3aHi 3 BUHMKHEHHSM BEJIUKO-
MacIITaGHOTO BHYTPILIHBOTO BUXPOBOTO EJEKTPHUUHOTO TOJSL B i0HO-
cepi. Beaukomacmrabui xBuii satyxaiote cnabo. Teoperuuni xa-
PAKTEPUCTUKU Y3TOJKYIOTBCS i3 CIIOCTEPEAKYBAHUMU XaPAKTEPUCTU-
kaMu BesmkoMmaciitabuux YHUY-ocumdniil i marmiroionocdepuux
XBWJILOBUX 30ypeHb. YCTaHOBAEHO, M0 3aBagku cuii Kopiogica i
€JICKTPOMATHITHIM Cwili reHepalid NOBUIbHUX IUIAHETAPHUX EJIEKTPO-
MarHiTHUX XBWJIb Ha IEBHIM mmpoTi B ioHOChepi MOXe BHUKIMKATH
3MiHy HAIpsMKiB JIOKAJbHUX BIiTPiB i 3MiHy HanpsMy 3arajbHOI
ionocdeproi 1upkysiii. PO3MISHYTO 1€ OJUH TUIl XBWJb, HA3BA-
HUX MOBIJIPHUMHM MAaTHIiTOTiJPOJMHAMIUHMMHM XBWJISIMU, Ha §Ki He
BILIMBAE HeomHOpinHicTs cvn Kopionica ¥t Amnepa. 1Ii xBwii BUHU-
KaOTh 9K CyMIll MOBUIBHUX AJbBEHIBCBKUX MepTypodartiii i mepryp-
Gariit Ty BiCcTIEpA 1 MOPOMKYIOTH TEOMATHITHE TOJE MOPSIAKY
10—100 uTxn i Ginpme. Ycramopaeno, mo YHU-xpwri mig wac
B3aEMOJil 3 JIOKAJbHMMU 30HAJIBHUMM BIiTPAMU MOXYTb JIOKAJIi3y-
BaTHUCY Y BUIGALI HEJIHIMHMX OAMHOYHMX BUXOPIB, IO MEpeMinry-
IOTbCY B30BXK KiJl IMPOTU 9K y 3axiflHOMy, Tak i y cxigHOMY
HATPpsaMi 3i MBUAKICTIO, BiAMIHHOIO Bi (ha30BOI MIBUAKOCTI BifMOBI-
HUX JIiHINHUX XBWJIb. BUXOpHU 3aTyXarOTh MOBIbHO I MAKOTh JOBIUM
TepMiH iCHyBaHHS. BOHM 3yMOBJIIOIOTH TEOMATHITHI IyJbCallii, Ha
nopanok Gibini, HiX JiHiMHI XBUi. BUXPOBI CTPYKTYpU NEPEHOCATD
3aXOIUICHI YaCTKY HABKOJIMIITHBOTO CEPEJOBUINA, a TAKOXK EHEPriio i
TEIUIOTY, i TOMY MOXYTh OYTH €JEMEHTAMM CHJIBHOI MakpoTyply-
seHnii ioHocdepwu.
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TuctuTyt Kocmiunmx pocaimxens HAH i HKA Vkpainu, Kuis

BAJIIOHHBIE MO/Jibl BO BHYTPEHHEI1 MATHUTOC®EPE
3EMJIM C YYETOM KOHEYHOM MPOBOJAMMOCTU MOHOC®EPHI

Tocaimkyetsest npobiema renepauii BaacHux MIJI-36ypens GajOHHOrO THUI y BHYTpilmHil Mmarnitocdepi
3emii y AMNOABHIM reoMeTpil reOMarHiTHOTO HOJIg 3 ypaxyBaHHSM IPAaHUUHMX YMOB Ha ioHocdepi. Ocranus
POBLIISIAETHCS K TOHKME mAp 3i CKiHUEHHOK mpoBiaHicTi0. OCHOBHA yBara y po0oTi MpUIiJIeHA BUBYEHHIO
BIUIMBY TPOBiAHOCTI ioHocdepu Ha cCridikicth Bkaszaunux 30ypenb. [Tokazano, mo y HaGAMOKEHH] i30J1H010UOi
ionocdepu y mMaraitocdepHili masmi 30yKyIOThCS K0J00KOBI 30yPEHHS, IS 9KUX OTPUMAHUN AHAJITUUHUI
KPUTEPi CrifikocTi. ¥ BUMAAKY ifeasbHOl mpoBigHoCTi ionocdepu ocHOBHUM Jkepesnom Hectidikux MITI-36y-
penb € GasoHui MoaM, yMOBAa 30Y/DKEHHS 9KUX € XKOPCTKIIIOW, HiXX yMOBa 30Y/KEHHS XOJOOKOBUX MO[.
TTokazano, mo CTifiki TOPOinaibHi aJbBEHIBCHKI XBUII CJ1a00 3aTYXalOTh 34 PAXYHOK CKIHUEHHOI TPOBiHOCTI

ioHocepu.

NCXOOHbIE YPABHEHUSA

Pamee B paGorax [1, 3] Ge10 mokasaHo, uto GasuioH-
HbIC BO3MYINCHUSA SBJSIOTCS €CTECTBCHHBIM BHIOM
MT'J-Bo3MylneHuii BHYTPEHHEW MarHutochepHon
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