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Abstract

Physical mechanism of generation of slow and fast planetary waves of electromag-
netic type in dissipative E— region of the ionosphere is suggested. The waves are
caused by a constantly acting factor - a latitude variation of geomagnetic field. It is
shown that slow waves are generated by the dynamo field in the ionosphere and fast
waves - by vortical electric field. Slow electromagnetic wave is analogous to the Rossby
planetary wave, fast one is a new mode of proper oscillation of E—layer. Linear waves
propagate both to the east and west directions in dynamo region of the ionosphere
along parallel against a background of the mean zonal flow.

Nonlinear theory of fast and slow planetary electromagnetic waves in E— region
of the ionosphere is developed for the first time in this paper. It was established
that these perturbations are self-localized in the form of nonlinear solitary vortical
structures in dynamo-region of the ionosphere and they move to the east (slow) and
west (fast) directions against a background of the mean zonal flow. Nonlinear structure
consists of a couple of cyclone-anticyclone type vortices, which rotate in the opposite
directions and transfer trapped particles of the medium. Energy and enstrophy of
large-scale vortices attenuate weakly and are long-lived. Vortical structures generate
magnetic fields greater by an order of magnitude than the corresponding linear waves.
The features and parameters of the theoretically investigated electromagnetic wave
structures are in conformity with the features and parameters of the experimentally
observed large-scale ultralow frequent wave perturbations in the ionosphere.

Key words and phrases: Planetary waves, Nonlinear vortex, Geomagnetic field,
lonosphere.
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1. Introduction

There exists an increasing interest in the problems related to the large-scale
wave perturbations, since many ionospheric phenomena, such as superrota-
tion of the Earth’s atmosphere [22], ionospheric precursors of natural pro-
cesses [18,19,32], ionospheric response on anthropogenic action [37,38,40],
fall in the range of such waves.

It is supposed now, that the Earth’s atmosphere is a united dynamic
system in which a close connection occurs between the processes at different
altitudes by means of atmospheric planetary waves. Moreover, connection
between litosphere-ionosphere-magnetosphere can be successfully realized
by means of wave processes of different scales if neutral components of the
medium are essentially participating in the process [31]. It is supposed that
in the natural conditions planetary waves are generated in the troposphere-
stratosphere and penetrate to ionospheric altitudes. However, theoretical
investigations of wave processes as bases of energy transformation from
a lower atmosphere to the upper one point out that the system of sta-
ble zonal winds reliably shields (especially in summer) upper atmosphere
from influence of large-scale planetary waves generated in the troposphere-
stratosphere [25,27]. In the period of equinox, when zonal winds reverse
their directions, more favorable conditions for penetration the ionosphere
appear only for very long planetary waves (wave number 1-2) [25].

Nevertheless, a great number of experimental data confirm an existence
of slow (long-period) planetary waves with wave number 2-10 (phase veloc-
ity is close to the local wind’s velocity - 20 +200 m-s~!, wavelength-103km
and more, period-a few days) in E—region of the ionosphere [7,41,42] in any
season of the year. Unlike the ordinary planetary Rossby waves they cause
substantial perturbation of geomagnetic field ( from few to several tens
nanotesla (nT")), that points out electromagnetic nature of these waves.
Experimental observations of the ionospheric perturbations convincingly
indicate [43,44,45] that fast large-scale perturbations are generated at mid-
dle and high latitudes of E—region of the ionosphere, which move along
the Earth’s surface with the velocities of order 2 + 20 km - s~! [44]. Their
periods range from one to a few tens minutes, wavelength is of order 103km
and more, amplitude is from tens to hundreds nT'. Phase velocity of these
perturbations differs almost by an order of magnitude for day and night
conditions in E—region of the ionosphere. Big phase velocities and high
variations from day to night eliminate a possibility to identify these per-
turbations with magnetohydrodynamic waves. They show themselves as
background vibrations in the natural conditions. Observations show that
the forced oscillations of such type arise at pulse action on the ionosphere
either due to magnetic storm [18], or due to earthquake, volcanic eruption
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or artificial explosion [8,14,44]. In the last case perturbations are revealed
as solitary wave structures, which are registered by observatories remote
from each other by thousand kilometers with retardation in time, that in-
dicates their motion. In this connection it is necessary to investigate a
possibility of generation of planetary electromagnetic waves in the thermo-
sphere. At the same time, for proper comprehension of the processes taking
place in the ionosphere medium during the formation and propagation of
the waves, it is necessary to investigate nonlinear effects taking into account
the dispersion and dissipation of the medium.

In this paper we investigate a possibility of generation and propagation
of slow and fast planetary (linear and nonlinear) waves of electromagnetic
type in dynamo region of the ionosphere on the bases of nonlinear dynamic
equations for wave perturbations in EF— region of the ionosphere taking
into account the latitude gradient of the geomagnetic field.

2.  Model dynamical equations for large-scale perturba-
tions

In the investigation of large-scale processes in the conductive atmosphere
(ionosphere) it is necessary to select Magnetohydrodynamic (MHD) (Alfven
and magneto-acoustical) waves as well as small-scale waves. From the anal-
ysis of the system of MHD equations it follows that MHD oscillations are
possible if the effective magnetic Reynolds number is Re,, = 4noepfV L /
C? > 1. Here oefy is effective conductivity of the ionosphere; L and V
are characteristic linear size and velocity of perturbations, respectively; C
is a light speed. At the same time lines of magnetic force are as if stuck
to the substance and inductive magnetic field ﬁ, as well as an external
geomagnetic field ﬁo, plays an important role in liquid motion [6,11]. At
Remn < 1 the inductive field is negligible and the influence of quasi-elastic
magnetic forces may be neglected. In this case, magnetic field is considered
as predetermined and equal to the external geomagnetic field ﬁo. Its
influence on liquid motion is reduced to inductive braking and gyroscopic
Hall effect similarly to action of Coriolis force [13,20,24].

For the processes with the characteristic period of several hours and
more in the Earth’s atmosphere Coriolis force (and geomagnetic field ﬁo)
has an importance. In this case, as it is well known, so called long waves or
Rossby waves may be generated in the atmosphere taking into account spa-
tial variations of the angular velocity of the Earth’s rotation. Wavelengths
of these waves reaches 10%km and the velocities of their propagation do not
exceed typical values of the local wind velocities, the pressure amplitude

reaches 100mb [24,35].
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In E - region of the ionosphere, where wy; < v, (where @Wp; =
eﬁo/M C' is the ion cyclotron frequency; v4, is the collision frequency
between ions and neutral particles; M - mass of ions or neutral compo-
nent) Ampere electromagnetic force acting on a neutral component be-

comes equal to F 4 = [7, ﬁ,} (see Section 5). Here W =V — Vi V
is a vector of perturbation of hydrodynamic velocity of neutral particles,
V>D =C [ﬁ, ﬁ} JH? - electric drift velocity, "= ﬁ(ﬁ—ﬁ; E - tension of

electric field, Q—; = NWpi/Ny; N and N,- concentration of ionospheric
plasma and neutral particles. Similarity of Ampere’s force ol A with the
Coriolis force ?C = [7, 7}} (where 7) = 260; ﬁo is the angular velocity
of the Earth rotation) and equality €; ~ f in E— region point to the fact
that new branches of large-scale electromagnetic oscillations must generate
in the ionospheric medium due to inhomogeneity of geomagnetic field ﬁo,
as ordinary planetary Rossby waves generate due to inhomogeneity of the
angular velocity (1 of the Earth’s rotation [17,24].

Large-scale (planetary) waves are weakly fading due to turbulent, molec-
ular viscosity and heat conductivity, since for such motions Reynolds num-
ber is too big Re = V.L/v > 1 (where v is a kinematic typical value of
viscosity or temperature conductivity). Besides, the ion velocity of large-
scale motion V; coincides with the velocity of the neutral component V; = V;
i.e. full entrainment of ions by neutral particles takes place in the lower
E— region of the ionosphere or dynamo region (the range of the altitudes
is (90 + 130) km). Accordingly, the influence of ion friction on large-scale
motion in dynamo-region of the ionosphere can also be neglected [17,24]
(we must emphasize that the role of ion friction becomes more noticeable
only at heights more than 140km).

Rossby waves, as it is well known, strongly attenuate only due to friction
on the Earth’s surface [16,17]. Therefore for large-scale flows many authors
thought it useful to substitute the term with turbulent friction in the mo-
tion equation by Rayleigh friction, which is proportional to the velocity
F =-AV [12,17], where A is a constant coefficient of surface friction of
atmospheric layers which reaches the value of 1075s~! at a height of E—
region [28].

Further we shall be interested in large-scale flows in EF— region of the
ionosphere with the horizontal spatial scale L of order of magnitude 103km
and more. Vertical scale D is of order of the scale of altitudes of homo-
geneous atmosphere, temporal scale is of order of ten minutes, few hours
and more. Exactly such perturbations are related with global distributions
of the ionosphere and its large-scale variations - diurnal, seasonal and etc.
In accordance with the experimental data [24] at a height of 100 < 150km
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the ratio of characteristic vertical velocity of the wind V,, to horizontal one
Vi, is V,/Viy < D/L 1072, Thus large-scale motions in dynamo region of
the ionosphere are quasi-horizontal on the whole and hence in this approxi-
mation the principal theoretical problem is the determination of horizontal
components of ionospheric parameters .

Electric currents that cause variations of the tension of geomagnetic field
are located in a comparatively narrow strip - dynamo layer of E— region of
the ionosphere, where Hall electric conductivity oy has the maximum value
oy ~ 400p (where op = 4,5 105 s7! is Pedersen conductivity) [13,39].
In this region the effective electric conductivity is determined by Cowling
conductivity o¢ = 0epf = op —i—(r%{ Jop ~ 109s~!. Magnetic Reynolds num-
ber is big Ren, > 10% for these processes (having characteristic spatial scale
L ~ 2000km and more, period 7" — few tens minutes and more) in the

ionosphere. From nondimensional Maxwell equation Rem, 7: rot ﬁ(bar
points to non-dimensionality of variables and operator) it follows that in
the ionosphere induced magnetic field 7 must play an important role even
at infinitesimal CurrentST. In this case the problem of dynamic large-scale
low-frequent ionospheric perturbations of electromagnetic type could be
solved on the basis of equations of magnetic hydrodynamics of the iono-
sphere.

Now we investigate a possibility of generation of planetary waves in
dynamo layer of the ionosphere, where Hall-conductivity is dominant due
to constantly acting factors such as the latitude gradient of geomagnetic
field and angular velocity of the Earth’s rotation. Using magnetohydro-
dynamic equations for the ionosphere and generalized Ohm law for E—
region, after eliminating the acoustic-gravitational and MHD waves and
taking into account that large-scale flows almost do not perturb density
and concentration of medium component particles [17,24], we can write a
set of equations:

—

88—? —rot [7 (260 + ﬁ))} - %prot [rotﬁ, ﬁ} +AQ = 0, (2.1)

36_? + <7V) H - <7V) V o+ 471'iNTOt [rotﬁ, ﬁ} =0, (2.2)
where O = rotV), H = ﬁo + 7, p = MN,, is the density of neutral
particles.

Now we consider horizontal incompressible flow in a spherical coordi-
nate system related to rotating Earth. Let us denote an addition to the
latitude by ¢ (9 =7/2— go”) ,to the longitude - by A, a distance from the
center of the Earth - by r. We consider velocity component on r axis equal
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to zero V, = 0. Vp (6, \,t) is a velocity component directed along merid-
ian (it is positive if the velocity is directed to the north), V) (6, %) - a
velocity component along the circle of latitude (it is positive if the velocity
is directed to the east). Let, for simplicity, geomagnetic field have only a
vertical component H,. = —H,cosf, i.e. we consider moderate and high
latitudes, where H, = 5 - 10*nT is the tension of geomagnetic field near
Pole. Accordingly, the perturbed geomagnetic field has only vertical com-
ponent h, (6, A\, t). We choose the direction of the angular velocity as the
vertical axis 7 €, = Qqcos 0.

Besides, we take into account that in the Earth’s atmosphere there
always exists east-west zonal motion along latitude circles V' (6) (atmo-
sphere as if outdistances the Earth at West-East rotation) [29] beginning
from some altitude. Thus the motion consists of basic, stationary, pure
zonal east-west flow V) (6), on which non-zonal perturbations Vy (6, A, t)
are applied. Hence we have

Ve=Vi (008, Vi=Va(6)+Vi(B.\0). (2.3)

We suppose that zonal wind is determined by a well-known expression
obtained from experiments V), = arsinf, where a is a constant angular
velocity of zonal rotation of the atmosphere (so called circulation index).
« varies from season to season: in winter a = 0,05}, in summer a =
0,025€. Stream function is submitted in the form ¥ = () + ¥ (0, \, 1) .
We shall determine the velocity components as a stream function from
continuity equation due to absence of V,. and condition of incompressibility

, 1 0w L 10v
_ a _1o¥ 2.4
Vo rsinf O\’ Vi r ON’ (24)
T () = —ar?cosh. (2.5)

Using these expressions, eqns (2.1) and (2.2) may be rewritten in the
form

0NV ov [oJAN Oh 1

—+2 Qo) =— — AN = — U AT
gr T2t ) Gy raTg Tangy ama” p 25)
oh ov oh 1
— —Qpg— — U, h
gt~ gy Tl an) 53 = g (W) (2.7)
Here, for simplicity, we do not write prime for ¥ function and introduce
designations:
Cy C 1 0Hy, CHjsin0
= Rme M7 IneN R 00 ireNR (28)
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g, N _ e OHy N eH, h_NeRQh
H='N MCsin6 00 N, MC’ N, MC'
1 [0 ) 1 92 da Ob  Oa Ob
A: —_— 1 9— _— b = - —
im0 |20 ™%0) T amaane | T @Y = 599x ~ 9x o0

In our problem r exists parametrically and therefore, taking into account
the thinness of atmospheric layer, we replace r by the Earth’s radius R in
the eqns (2.6)-(2.8). Further for investigation of dynamics of large-scale
(planetary) zonal flows in dynamo region of the ionosphere we shall use a
set of nonlinear eqns (2.6) and (2.7) .

3. Linear planetary electromagnetic waves

We begin an investigation of eqns (2.6) and (2.7) from the analysis of motion
with the small amplitude. It is expedient to analyze a necessary group
of solutions of linear dynamic equations on the sphere at investigation of
planetary waves, which have a horizontal spatial scale of order of Earth’s
radius L ~ R. Therefore, in linear approximation we seek the solution of
evolution equations in the form ¥, h = f (0)exp (im\ — iwt), where m is a
whole number; w— frequency of perturbations and f(6) is an unknown
function of 6 . For such a solution eqns (2.6) and (2.7) give us the following

equation defining f
1 0,. df

sin@%(s do
m? 2(a+ Qo)m agQgm?

+ |- + + f=0.

sin?0  am—w—iA  ((a—ag)m—w)(lam —w —il)
(3.1)

We obtain the equation for associated Legendre polynomial. At the
same time this is a unique possibility for everywhere bounded solution if a
sum of last two terms in square brackets is equal to n(n + 1), where n is a
whole number. Hence, the dispersion equation may be written in the form

2(a+ Qo)m agQgm?
am—w—1iA  ((a—ag)m—w)(am —w —iA)

=nn+1). (32

Solving this equation with respect to the frequency w = wgy + iy, we
obtain two branches of the wave

wi:ozm

_agm oR +iA B 4(or —om +iA) v
2 <1+ agm ){1i[1 aHm(1+(aR+iA)/(aHm))2] }’
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whereog =2 (a+ Q)m/n(n+1),04 =Qgm/n(n+1);n=m,m+1..
The ” + 7 sign corresponds to fast waves, ” —” - to slow waves. Now we
estimate all the parameters in eqn (3.3): taking into account that Qg = 7, 3-
1072571, Earth’s radius R ~ 6,4 -10%n, a ~ 0,040 ~ 3-107%s~, H, =
5-107°T, for moderate latitudes at a height of 120km N ~ 1019m =3
at night and N ~ 10"m=3 in the day-time; hence, Cy ~ 2 + 20km -
s ag =~ 1073 = 107471, 2Qy ~ 1074 = 107%s7!, A = 10755~ . From
these estimations it follows that agm > or, o, A and if these correlations
are fulfilled for fast wave, from the eqn (3.3) we have
i A[4(a+Qo)—QH}

+ _— _ — _
Wy = —@Hgm, Y n (TL + 1) apg ’ (33)

for the slow wave we obtain

2(a+ ) — Qu|m
n(n+1)

We must emphasize that an existence of linear large-scale electromag-
netic slow waves in the ionosphere was theoretically predicted using plane
geometry for the first time in [23,46] and an existence of fast linear waves in
[26,28]. Introducing the angular velocity of wave motion d\™/dt = wat/m
and using eqns (3.4) and (3.5), it is possible to determine linear (phase)
velocities of wave motion along latitude circles Vf = V;}i = Rsin0d\*/dt.

, v =—A. (3.4)

wy = am —

Consequently, for fast and slow waves we obtain

[2 (a + ) — Qn]
n(n+1)

Vi=Vi=-Cu V,=V, = {a— }Rsine. (3.5)

It is evident that in the high-latitude E—region of the ionosphere linear
fast wave of electromagnetic nature together with zonal flow V) (6) will
move from the east to the west (V7 < 0,ay > 0) weakly attenuating
(Jy"| ~ 0,08A < A), though, taking into account vertical Hp, and horizon-
tal Hgg components of geomagnetic field, fast waves can move both to the
west and east directions [28]. Since the phase velocity of fast waves Cpy
is inversely proportional to the concentration of charged particles, phase
velocity of these waves Vp",; at night side will exceed phase velocity at daily
side by an order of 10 + 102. Period of fast waves T = 27 /w, varies from
10 to 50 minutes at night and from 2 to 8 hours in the day-time, when
wavelength varies from 103%km (m = 10) to 10*%km (m = 2) and the
waves have the phase velocity of propagation Cy = 2 + 20km - s~ ! along
latitude circles. So, fast waves of electromagnetic type, generated in the
ionosphere due to constantly acting factor (such as a gradient of geomag-
netic field), are a new branch of the ionosphere’s proper oscillations [26].
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They are weakly fading at high-latitude F'— region of the ionosphere and
ionospheric and magnetic observatories remote by thousand kilometers can
register them with retardation in time, that points to their motion. The
features and parameters of these waves are in conformity with experimental
data [43,44,45] for fast large-scale electromagnetic perturbations in dynamo
region of the ionosphere.

Formulae (3.5) and (3.6) have large meteorological application. In par-
ticular, they show that slow electromagnetic wave ( wave of Rossby-type
forming the weather) together with the mean zonal flow V) (§) moves
along the latitude circles with the velocity (from ten to a few hundred
m - s~1 which is typical for zonal winds) depending on circulation index
and wavelength (on m and n characterizing this wave). Period of this wave
T~ =271 /w, varies from 2 to 10 days (at variation of the wavelength from
103km to 10*km). Dispersion of these waves occurs due to both gradient
of the angular velocity of the Earth’s rotation and gradient of geomagnetic
field ( Qg ~ 0Hqr/0r; so-called gradient hydromagnetic waves [23,46]). In
accordance with (3.5) and (3.6) slow waves corresponding to big n (per-
turbations having small spatial scales) will move from the west to the east
(Vx> 0); at small n waves will move opposite to the zonal flow direction.
These waves strongly damp in E— region of the ionosphere due to Rayleigh
friction (Jy 7| = A ~107°s1). Attenuation will be weaker for waves with
the big wavelength (greater than 10* km) and large periods (a week and
more). Parameters of slow waves coincide with the parameters presented
in the experimental works [7,41,42] about planetary electromagnetic waves.

4. Nonlinear large-scale wave structures

It was shown in the previous section that fast large-scale w0+ and slow
w; electromagnetic waves in E—region of the ionosphere have dispersion
(dependence on the direction of propagation of there frequency). It is
well-known from the general theory of nonlinear waves [36,47] that a com-
petition between dispersion and non-linearity may lead to the creation
of non-harmonic (solitary) regular profiles propagating without changing
forms, which is impossible in both linear and non-dispersive nonlinear cases.
Moreover, numerous experiments and observations show [10,21,34,36] that
nonlinear solitary vortex structures may be generated at different layers
of the Earth’s atmosphere. Captured rotating particles are transferred by
these structures. Ratio of characteristic velocity U, of rotation of these
particles to the vortex motion velocity U satisfies the following condition
U./U > 1.

Designate temporal and spatial scales by L and T'. In accordance with

9
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(2.4), from eqn (2.6) we have J (¥, AW) /OAV/0t ~ VT/L? ~ U,/U, as
U.~V/L, U ~ L/T. Hence, non-linearity is important for wave processes
satisfying the condition U, > U [33]. After all characteristic features of
both large-scale waves and medium are taken into account in eqns (2.6)
and (2.7), with the purpose to simplify the analysis of dynamics of wave
structures in a nonlinear regime we shall suppose further that motion occurs
in the neighbourhood of the latitude ¢g = 7/2 — 0. It is convenient
to introduce new latitude and longitude coordinates x = ARsinfy, y =
— (0 —0p) R, that allows us to keep the variable coefficients in eqns (2.6)
and (2.7) and reduce them to the following form:

d oV OA | T oh B
EAJ_\IJ—FOQ%—FOQ o +043%—AAJ_\I/— J(\I/,AJ_\I/), (41)
oh oV oh
o " Yg T (ag — azR?) e J (¥, h), (4.2)

where positive coefficients «; (i = 1,2, 3,4) are equal to ag = 2 (o + ) sin 6y / R,
g = OéRSiIlgo, a3 = g Sineo/R , Q4 = QHRSingo, AL = 82/8m2+82/8y2
is Laplacian along horizontal surface of the Earth.

From the set of eqns (4.1) and (4.2) follows the law of evolution of
energy conservation

OE 0 (1 [ L ’ 2

(AL D)2+

and potential enstrophy of wave perturbations.

OK o0 [1 [ (V1h)? B ' 2

E‘E{i/ dxdy _—A‘/ (AL )" dudy,
(4.3)

k3 R2
Here k% = Nw]%i (NnCQ), wgi = 4me?N/M, V is the two-dimensional
nabla operator. Energy E and enstrophy K of the waves are preserved in
a non-dissipative approximation (A = 0).

We seek the solution of nonlinear eqns (4.1) and (4.2) in the non-
dissipative approximation (A = 0) in the form of stationary regular waves
U =V (n,y), h="h(n,y) propagating along latitude circles x with the ve-
locity U = const without changing the shape, where n = x — Ut. It is easy
to show that eqns (4.1) and (4.2) are equivalent to the following equation
of variables 1 and y

ALY =BV = f (T + bry), (4.4)
where f is an arbitrary differentiable function of its own argument,

sin Oy [2 (04+Qo) (CR—CH— U) —I—CHQH}
R(Cr—Cn —1) ’

b1=Cr—U, [o=

10
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Cr = aRsin fj is the characteristic phase velocity of Rossby waves.
In accordance with [2,4] we introduce polar coordinates along the Earth’s

surface r = (772 + y2)1/2 , tgp = y/n and a circle with radius a. We demand
that functions ¥ (r, ¢) and h (7, ¢ )exponentially tend to zero at » — oo and
are twice continuously differentiable (including the circle r = a) with re-
spect to their arguments. Then the solution of (4.5) has the following form

_Cgp—-Cy—-U B .
\IJ (/’ﬂ?SO?t) - QHRS]HHO h(T7SO7t) - a’/@lF (/r) Sln@?
where
(p/%)2 J1 (ser) [ J1 (52a) — (%2 +p2) rlax?, at r<a,
F@ = 2k o) /50
1(pr) /K1 (pa), at r>a,

(4.5)
here J, is Bessel function of the first order; K, is McDonald function,
parameters p and s are connected by dispersion relation

Jy(2a) _ Ky(pa) 2

wha) -~ pEia) P T m " (46)

Total field ¥ consists of a given flow (2.5) and a stationary vortical
structure (4.6)

W (r,0,0,t) = —aR?cos by + ¥ (r, ¢, 1) . (4.7)

As we construct the perturbed solutions exponentially decreasing at
infinity, parameter p? must be positive. This condition imposes the restric-
tion on possible phase velocity U of nonlinear vortex structures. Phase
velocity U~ > Cg (N 10m - s’l) is positive for slow vortices (vortex of
Rossby type. i.e. Rossby type solitary electromagnetic waves can move
along latitude only to the east direction). Phase velocity of fast nonlinear
electromagnetic vortices —Cy < UT < —Cy[1—Qpy/ (2 (a+ Q)] and
exists in the interval |AU| = CuQu/ (2(a+ Qp)) (i.e. fast vortices can
move along latitude circles only to the west direction with the velocity of
|U*| 20,90y ~ 9km-s~1). Hence, the phase velocity of nonlinear vortical
structures takes the value outside this interval and inside it there are all the
possible phase velocities of appropriate linear periodic waves (see formulae
(3.6)).

Taking into account the dispersion eqn (4.8), the solution of eqn (4.6)
has two free parameters U and a (although U is defined by the inequality
above). As it follows from (4.6), perturbed solution has the asymptotic
W, h ~ r1/2exp (—pr) at r — oco. Hence, the wave is localized along the
Earth’s surface (n,y). Perturbed level lines of stream function have dipole
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form. Therefore, such structures represent a couple of vortices (cyclone-
anticyclone type) rotating in the opposite directions with the same intensity
and moving along latitude circles against a background of the mean pure
zonal west-east flow. The motion of particles in nonlinear vortical structures
(4.6)-(4.8) has nonzero vorticity rotV #0, i.e. particles rotate in a vortex.
Characteristic velocity of this rotation, as it follows from (2.4) and (4.6),
is proportional to U. ~ U. At the same time vortex traps a group of
particles (their number are of order of transient particles). While rotating,
the particles move with the vortical structure. Characteristic spatial scale
d of these vortices is equal to d ~ a ~ p ! ~ [UR/ (a + QO)]I/Q. For slow
vortices d~ > 10%km and for fast one dt > 10%km.

Now we determine the amplitude of magnetic field h,, generated by
vortical structures. Taking into account that a ~ d ~ [UR/ (o + €9)]Y/2,
U > Cg, from eqns (4.6) and (2.8) we obtain

hvr =

1/2
No U Qn v - H. (4.8)
N Cyg +Uwp; [R(a+ Q)

For estimation of the amplitude (4.10) we use the mean diurnal values of
medium parameters and geomagnetic field in F— region of the ionosphere
at a height of 100 = 200km [24,39]: N =~ 0,5-10"m=3, N, ~ 6 - 10"m=3,
Cy~10tm - s, a+Q ~ 7,6-10571, Qy ~ 2,7-10%s71, wy; ~
3-102s7 1. If we take into account that the phase velocity of fast nonlinear
vortices is equal to |[UT| ~ 0,9Cy = 9-103m - s71, from (4.10) we have
hi. ~ 0,2Hg = 10*nT. For slow vortices with mean phase velocity U~ ~
50m - s7! > Cpg, we obtain h,. ~ 1,6 -1073Hy = 10?nT. Hence, large-
scale electromagnetic vortices generate intensive magnetic fields in dynamo
region of the ionosphere. Such fields emerge on the Earth surface with a
value lower by an order of magnitude [15], but they may be easily registered
by the surface equipments.

Vortex is not a stationary wave in the dissipative ionosphere (A # 0)
and it is necessary to use corresponding transfer equation for investigation
of dynamics of nonlinear structures. In this case integral characteristics of
structures, in particular, the energy F and enstrophy K are not preserved
in eqns (4.3) and (4.4) and change in time due to dissipation. Solutions
(4.6) - (4.8) may be inserted in (4.3) and (4.4) with the parameters U
and a changing slowly in time within the limits of small dissipation in
accordance with [1]. We estimate the order of integrals in these equa-
tions to analyze the evolution of energy and enstrophy (4.3) and (4.4) in
the dissipative medium: [ (V¥)*dzdy ~ d~2 [ ©2dedy, [ (AT)? dedy ~
d=2 [ (V®)? dady; where d ~ [UR/ (a + 00)]Y/? is a characteristic spatial
scale of the vortices. Taking into account that in dynamo region of the
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ionosphere d?/ [koR (Cyr + U) /Qp] ~ 1073 < 1, for structures of moderate
spatial scales (d ~ 103 km), energy and enstrophy are of order of magnitude
of the dissipative term and therefore eqns (4.3) and (4.4) may be rewritten
as

OE/0t = —2AE, 0K/t = —2AE. (4.9)

This means that energy and enstrophy of such vortices exponentially
attenuate. Dissipative term in the transfer eqns (4.3) and (4.4) is less than
energy and enstrophy for large-scale vortices (d > koR [(Cy + U) /Qpg]) and
relaxation of vortices occurs more slowly.

Thus, electromagnetic large-scale nonlinear vortical structures are long-
lived in dynamo region and therefore they can play an important role in
transfer processes of substance, heat and energy and formation of strong
turbulent state of the medium [3].

5. Discussion of the results and conclusion

It was established that large-scale (planetary) linear and nonlinear elec-
tromagnetic slow and fast wave structures might be generated in dynamo-
region of the ionosphere due to the constantly acting factor - the latitude
variation of geomagnetic field. For large-scale flows having a characteristic
spatial scale 10%km and more it is impossible to neglect a variation of geo-
magnetic field with latitude, as it is impossible to neglect latitude variations
of the angular velocity of the Earth’s rotation for planetary Rossby waves
(since ordinary Rossby parameter § = 92Q,,/00 and its magnetic analog
B = eN/ (pc) OH,r/00 have the same order 3 ~ By ~ 10~ Hm=1. s71)
[24].
The existence of these waves follows from general Ohm’s law [?ﬁ} /C =

eN (ﬁ + [?ﬁo} / C) for dynamo region of the ionosphere, where 7 is a
current density. Ampere force is
Fi=— 78] =[=0]~ X! 2v,m]+ 2 [vE]l. 6o
p C C
The expression (5.1) exactly coincides with Coriolis force Fc = [V}ﬂ

by appearance.. This similarity and also the condition €2; & f points out
that electromagnetic waves are generated in dynamo region due to inho-

mogeneous geomagnetic field (Vﬁo # O) in the same way as Rossby type
planetary waves are generated due to inhomogeneous angular velocity of the
Earth rotation (VQWO % 0). In this case the first part of electromagnetic
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force I 4 (5.1) caused by the vortical electric field E,=— [?Dﬁ} /C

(by electric drift velocity v p) generates a fast wave. The second part of
electromagnetic force F A caused by velocity of flow of the medium (by dy-

namo field ﬁd = {Vﬁ} /C) generates Rossby type slow electromagnetic
wave.

It is shown that slow linear electromagnetic waves are generated by a
gradient of the geomagnetic field, depend on the wavelength propagate in
E— region along latitude circles both to the west and east directions against
a background of a stationary pure zonal flow and are Rossby-type waves.
Frequency bandwidth of slow waves is 10741075571, wavelength is of order
of 103km and more, phase velocity of these waves is of order of magnitude of
local wind velocity (from several tens to a few hundreds meters per second).
Slow waves attenuate more strongly due to Rayleigh friction between the
layers of the local atmosphere with the decrement |[y~| = A ~ 1073571,
though large-scale waves (with wavelength 10*km and period from a few
week and more) attenuate weaker. Linear slow waves generate magnetic
field, which as it follows from the Maxwell’s equation and the expression

— —
(5.1) for the current j~ = eNV ™ has an order of h, = ‘47reNVp7L§ /C,

where £ is the transversal displacement of charged particles. If Vp?b =

50m -s71 ¢ = 1km , we obtain h, ~ 1 nT. This estimate increases up to
20nT if transversal displacement of the system is about ten kilometers and
phase velocity is Vpp ~ 10%m - s~1. Thus, linear slow electromagnetic waves
are accompanied by the noticeable micropulsation of geomagnetic field in
dynamo region and have a similar order of magnitude as the micropulsation
caused by currents S, in dynamo region.

It is established that linear fast electromagnetic waves are caused by a
gradient of geomagnetic field and Hall effect and propagate along latitudes
in dynamo region of the ionosphere against a background of mean zonal
flow. They move both to the west and east directions with the velocities
of several km/s (V;L =Cyp~2+20 km- 571). Frequency bandwidth

is of order of magnitude 1072 + 10~%s~!, wavelength - 103km and more,

and the waves weakly fade |[yT| ~ 0.08A ~ 1076571, In accordance with

—
Maxwell’s equation and expression (5.1) for the current j* = eN v D, fast
waves cause substantial micropulsation of geomagnetic field and are equal to
hi ~ QeNVpTL)\Jr /C by the order of magnitude , where AT ~ 103km is the

wavelength of fast waves, so that h ~ 103 nT. They could be considered
as a new mode of proper oscillations of E— region of the ionosphere [26,28]

Now we explain a physical reason of emergence of nonlinear planetary
electromagnetic structures and generation of induced strong magnetic field
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7 in E— region of the ionosphere. Using the expression for Ampere’s
force (5.1) and Maxwell’s equation 8?/ ot = —Crot E , taking into account
the equation of motion dv/dt = ?A, it is easy to obtain a condition
when geomagnetic field ﬁo is partially frozen in the neutral component for
FE—region of the ionosphere

helm (rotv + ﬁeﬁo) =0. (5.2)

N, MC

Equality of operator helma = 9@ /0t + rot {77} + Vdiv@ to zero

for arbitrary vector field @ means a conservation (frozen condition) of force
lines @ and corresponding force tubes in the medium [24]. The expression
(5.2) at Q = rotV = 0 means a condition, when geomagnetic field is
fully frozen in the medium. From a conservation condition of the vertical
component (5.2) we have

N e
Q,4+———H,, = A = const. 5.3
N, MC T (5:3)
(On the hagic of thia eanatinn we chall invectiocate firat a hehgviour of
; Heorth .
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Fig.l. Generation of planstary waves m the west directed floer under
the actom of gecrmagnetic field and random external periizhation.

Let velocity U,of a particle moving in the west flow receive a north
component at some latitude g (arc ab) under the action of the external
perturbation. As soon as the particle starts moving to the pole, value of
H,, increases and (2, decreases and vortex 2, comes down to zero (trajec-
tory pass a flex point) at some latitude ¢ (point b). Then the velocity of
air particle acquires a south component (arc be) and €2, increases due to
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decreasing of H, until particle reaches the initial latitude ¢g(point ¢). West
stream directed from left to the right prevent formation of closed vortex and
therefore in the west flow there are created planetary-scale wave motions
under the action of an external perturbation (without formation of cyclones
and anticyclones). These perturbations are called the planetary waves of
Rossby type (which has been confirmed by observations [17,20,24,35]).
Now we consider a behaviour of an atmospheric particle under the action

of external perturbation in the predominant east-directed stream U, (Fig.
2).

West

Fig.2. Generationofthe vortical s buchares inthe east
directed flonar under the acton of
geomagnetc field and randcenly external perbarbation.

Let a velocity of the particle receive a north component under the action
of the external perturbation. As a result of (5.3) €2, decreases to zero (in
the flex point b). Then the air particle receives a velocity with the south
component and the vortex €1, increases. Wave motion does not take place in
this case as the predominant east-directed stream U prevents this process.
Trajectory of an air particle is locked under the action of east-directed
stream and a vortex is created (anti-cyclone). If the air particle receives
the south component of velocity, vortex ), increases due to decrease of
H.. Then it decreases after passing the flex point. East-directed stream
U prevents here creation of the waves. Trajectory of the particle is locked
under the action of east-directed stream and a closed vortex is created (a
cyclone). This also is confirmed by an observation [9,34,36].

Thus, due to conservation of an absolute vortex, the latitudinal change
of geomagnetic fields generates planetary-scale waves in the west flow and
solitary vortices (cyclone-anticyclone) in the east flow under the influence
of the external perturbation.

From Fig. 2 it also follows that if generation of cyclone and anticyclone
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has dipole character (i.e. if they are created simultaneously), then a strong
jet flow arises between cyclone and anticyclone and the velocity of the
predominant flow U, strongly increases. In accordance with Bernoulli’s
equation V2/2 + P/p = const (where P is the hydrostatic pressure), this
leads to decrease of pressure P in the regions of dipole vortices and hence,
surrounding atmospheric particles are drawn into the dipole structures (it
is also confirmed by nonlinear solution (4.6) mentioned above).

Moreover, equation (5.3) shows that a motion even linear at the initial
time point must become vortical under the action of inhomogeneous geo-
magnetic field. Actually, let at the initial time point 2, = thV’ =0, i.e.
we have uniform rectilinear motion of air particles from the north to the
south (to the direction of negative y; Fig. 3a).

! i
¥ ﬂ.)

Fig 3ab. Vortices (cyclone and anbi—cyelone) are created even
m & steaghtiorward (southy, north) flovwr due to mhomogensons
geomaznehe field.

From (5.3) it follows that eNH,,/ (N,MC) = Ag = const > 0. Since
H,, decreases with latitude while moving to the south, a positive vortex
rotzv > 0 with cyclonic rotation (counter-clockwise direction; see Fig.
3b) must be generated for conservation of Ag. H,, increases with lat-
itude while moving from the south to the north and a negative vortex
rot27 < 0 with anticyclone rotation must be generated for conservation
of Ag. Thus, the partially frozen inhomogeneous geomagnetic field nat-
urally leads to generation of large-scale vortical structures in E— region
of the ionosphere in the presence of meridional component of horizontal
wind in the ionosphere (large-scale condition follows from the estimate
eNH,,/ (N,MC) ~107% +107%s71).
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Let us consider the case when the vortex is formed and investigate its
dynamics (Fig. 4a,b).

Hezt he Hom-h,

(I A 2 4]
(2 S

Fiz d4ab. Dymane of vortees; wortex mbensification to the left
of mstantaneons center of rotation cansed by mhomogeneous geomagnetic field.

As it is shown on Fig.4a, the value of eN H,./ (N, MC') decreases to the
direction of negative y to the left of the instantaneous center of rotation and
hence, in accordance with (5.3), 2, must increase by an equal magnitude
to keep A unchanged. To the right of the instantaneous center of rotation
H,, increases and (), decreases while moving to the direction of positive
y (to the north). Thus, inhomogeneity of the geomagnetic field leads to
the intensification of the vortex to the left of the instantaneous center of
rotation, i.e. particles will rotate more rapidly to this side than to the right
one (Fig.4b). This effect is similar to the intensification mechanism of flows
at the west shores of ocean caused by Coriolis force [33]. It is easy to show
that if the basic vortex (Fig. 4a) rotates to the clockwise direction, then an
intensification of the vortex will be again to the left of the instantaneous
center of rotation.

Two important conclusions follow from this:

a) Atmospheric particles will rotate non-uniformly along circular orbits
(rapidly to the left and slowly to the right) in the vortex generated by the
inhomogeneous geomagnetic field. Taking into account the full drowning
of an ionospheric plasma into E — region, this must lead to generation of
law-frequent electromagnetic waves in F'— region of the ionosphere due to
an additional acceleration of particles in vortices of this type. Hence, F—
region (under the conditions of Hall effect) becomes a source of low-frequent
electromagnetic waves. Special publication will be devoted to more detailed
investigation of this problem.

b) Magnetic field h, induced by a vortex in the inhomogeneous rotating
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vortex will amplify to the left of instantaneous center of particles’ rotation
due to conservation of the condition Q,+eN (H,, + h;) / (NnMC) = const,
i.e., a direction of h, will coincide with the direction of equilibrium geo-
magnetic field H,,. As a result, lines of magnetic force will be compacted
to the left of center of rotation (Fig.4b). Induced magnetic field will be
directed opposite of equilibrium geomagnetic field to the right of center of
rotation and hence, the total magnetic field will be weakening (H,, — h,).

Thus, the inhomogeneity of geomagnetic field along latitude generates
an inhomogeneous vortex in FF— region of the ionosphere that is a source
of low-frequent electromagnetic radiation and the reason of amplification
or attenuation of induced geomagnetic field h, in corresponding regions.
Amplification of the total field (H,, + h;) may be easily observed experi-
mentally since an effect of weakening of the total magnetic field (H,, — h,)
will be veiled by basic (equilibrium) field.

Actually, it was shown on the basis of an analytical solution of the set
of nonlinear dynamic eqns (2.6), (2.7), that in non-dissipative E— region
of the ionosphere planetary electromagnetic waves self-localize as nonlinear
solitary vortical structures moving with a constant velocity along the lati-
tude circles without modification against a background of the mean zonal
flow. In addition, a motion velocity U of nonlinear structures does not co-
incide with the velocity of corresponding linear periodic waves. Hence, slow
vortices can move only to the east with the velocity U~ > Cp (in contrast
to linear periodic slow waves) and fast vortices move only to the west with
the velocity |[UT| ~ 0,9Cy < Cp . Nonlinear structure consists of a couple
of vortices rotating in the opposite directions of cyclone-anticyclone type
and it transfers the trapped medium particles. Characteristic spatial scale
of slow vortices is d~ > 10% km and of fast ones - d* > 10* km. Energy and
enstrophy of large-scale vortices weakly attenuate in the dissipative iono-
sphere, the structures are long-lived and they can be structural elements of
strong turbulence of F - region of the ionosphere.

Nonlinear large-scale vortex structures generate more powerful pulsa-
tions of geomagnetic field than corresponding linear waves. For exam-
ple, fast vortices generate geomagnetic fields hl. ~ 10*nT, slow ones -
hy,. =~ 10?nT. Generation of such intensive perturbations is likely connected
with specific features of low-frequent planetary structures. Actually, these
structures trap medium particles and the particles are partially frozen in a
geomagnetic field in the E— region of the ionosphere. Therefore, a creation
of such structures means a noticeable compaction of lines of magnetic force
and consequently, an amplification of perturbations of geomagnetic fields
in the place of their location. Since a number of trapped (by vortices) par-
ticles is of order of the number of transient particles, perturbation of the
geomagnetic field in stronger fast vortices will be of order of the background
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field. On the Earth surface, that is lower by distance Rg(~ 102km) then the
region of generation of these wave structures, a level of geomagnetic pulsa-
tions will be less by the factor exp (—Ro/Mog) (where \g is the characteris-
tic wavelength of electromagnetic perturbations). Magnetic effects on the
Earth will be weaker than in dynamo region as \g ~ (10 = 102) Ry >> Ry,
but they can also be easily observed.

A comparison of theoretical estimates of parameters of two waves in-
vestigated above and experimentally observed for slow and fast large-scale
electromagnetic perturbations [7,41,42,43,44,45] and their good agreement
point to an availability of the sources of proper (background) large-scale
wave structures of electromagnetic nature at a height of dynamo region
of the ionosphere, where Hall conductivity is dominant. We must note
that large-scale low-frequent wave structures fall into the frequency band
1072 +107%s~!. Electromagnetic perturbations of this frequency range are
biologically active [30] and, in particular, may play the role of a starting
mechanism of pathological complications in human bodies susceptible to
the hypertensional and other diseases. Therefore these wave structures are
worthy of attention also in ecological point of view as a source of electro-
magnetic pollution of the environment.

Since fast and slow electromagnetic planetary waves represent their own
degree of freedom in F— region of the ionosphere, then under the influence
on the ionosphere from above or from below (magnetic storm, earthquake,
artificial explosions and so on) these wave structures will be generated in
the first place on these modes (see, for example [5]). At the appointed
power of the source nonlinear vortical structures will be generated [4], that
is confirmed by observations [9,34,40]. Separate publication will be devoted
to more detailed investigation of the problem of forced generation of these
wave structures under the extraordinary (natural and artificial) influence
on the ionosphere.
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