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Abstract

Possibility of generation of large-scale sheared zonal flow and magnetic field by coupled under the
typical ionospheric conditions short-scale planetary low-frequency waves is shown. Propagation
of coupled internal-gravity-Alfven, Rossby-Khantadze, Rossby-Alfven-Khantadze and collision-less
electron skin depth order drift-Alfven waves is revealed and investigated in detail. To describe the
nonlinear interaction of such coupled waves with sheared zonal flow the corresponding nonlinear
equations are deduced. The instability mechanism is based on the nonlinear parametric triple in-
teraction of the finite amplitude short-scale planetary waves leading to the inverse energy cascade
toward the longer wavelengths. It is shown that under such interaction intense sheared magnetic
fields can be generated. Appropriate growth rates are discussed in detail.
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1. Introduction

Numerous ground-based and satellite experiments justify permanent existence of zonal flows in different layers
of the Earth’s atmosphere [1] [2]. Such sheared flows have inhomogeneous velocity along the meridians and as
a rule are accompanied by ultra-low-frequency (ULF) planetary-scale perturbations in the different layers of the
Earth’s ionosphere [2]-[6]. Due to the decisive influence on the global atmospheric circulation Rossby-type per-
turbations attract the special attention [7] [8]. Interaction of the sheared zonal flow with the nonlinear vortical
formations having the different geophysical applications has been studied in [9]. Dynamical interaction of the
sheared zonal flow with Rossby solitary vortical formations in the Earth’s atmosphere and ionosphere have been
studied both analytically and numerically in [10] [11]. Such investigation shows that the zonal flow energy ac-
cumulates into the vortical structures leading to partitioning into several pieces composing a turbulent state.
Latitudinal inhomogeneity of both the Coriolis parameter and the geomagnetic field, and also caused by the
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gravitation so called stratification under the ionospheric conditions lead to the coupling of different electromag-
netic (EM) planetary waves such as coupled Rosssby-Khantadze (CRK) [12] [13], Internal-Gravity-Alfven
(CIGA) [14], Rosshy-Alfven-Khantadze modes (CRAK) [15] [16] and drift-Alfven modes (CDA) [17] [18].

According to the nowadays presentations sheared zonal flows are created by the nonhomogeneous heating of
the atmospheric layers by solar radiation. But during the last decade a great amount of publications revealed
different nonlinear mechanisms leading to the generation of sheared zonal flow. Namely the excitation of zonal
flow based on the triple planetary waves nonlinear parametric instability in the Earth’s ionospheric medium was
widely investigated (see [14] [16]-[30] and references cited in).

In the given paper we review the possibility of generation of zonal flow and magnetic field by different
coupled EM ULF waves in the weakly ionized Earth’s ionosphere. The local Cartesian system of coordinates
(x,y,z) is used, where x-axis is directed from the west to the east, the y-axis is directed from the south to the
north and the z-axis coincides with the local vertical direction. We show that the turbulence of such short-wa-
velength coupled waves may be unstable with the excitation of low-frequency and large-scale perturbation of the
sheared zonal flow and sheared magnetic field. The nonlinear mechanism of the instability is driven by the ad-
vection of vorticity and is based on the parametric excitation of zonal flow by three finite-amplitude coupled
modes leading to the inverse energy cascade toward the longer wavelength. The corresponding driving forces
are stipulated by the Reynolds and Maxwell’s stresses.

2. Generation by CDA Waves

The generation of large-scale zonal flows and magnetic fields due to small-scale drift-Alfven turbulence in the
ionospheric plasma medium is investigated (see details in [18]). System of two nonlinear 3D equations deter-
mining electrostatic and vector potentials describing the dynamics of the wave structures with finite ion Larmor
radius is obtained. Note that they are valid for the structures till the skin scale. The optimal growth rate of the
zonal modes y ~cqZE/k.B,, where E is generated electric field stress, B, is the value of the Earth’s geo-
magnetic field, g, is the zonal flow wave number, k, is the pumping wave number , such that q, /k, «1.
For the characteristic ionospheric parameters E ~102 v/im, B, ~3x10° T, g, ~0.01k,,sowe get y ~10°s™.
Thus, the considered parametric instability pumps the energy of initial CDA waves into the energy of large-scale
zonal flow and EM fields in 10°s.

3. Generation by CRK Waves

It is shown that in the Earth’s E-layer under the prevalent Hall conductivity due to the latitudinal non-homo-
geneity of geomagnetic field, slow and fast waves can couple and form EM CRK waves (see details in [12] [13]
[26] [27] [29] [30]). A linear dispersion relation for the CRK waves is obtained. A simplified set of 2D nonlinear
equations describing the dynamics of CRK modes is deduced. For zonal flows as well as magnetic field nonli-
near generation problem, a modified parametric technique is used and primary mode spectrum assumed to be
arbitrary. It is shown that driven by the EM CRK turbulence, zonal flows propagate along the geographical par-
allels. The corresponding flow velocity depends only on meridional y-coordinates. It is found that the maximum
zonal growth rate is achieved when wave number k, =0. Under the E-layer conditions the following zonal
growth rate numerical value y ~107"s™ is obtained. For CRK pumping waves the mean magnetic field is of
the order of q§ with respect to excited mean zonal flow and is caused through the latitudinal non-homogeneity
of the Earth’s stationary magnetic field. The excited magnetic field is in local vertical z-direction whereas zonal
flow is sheared in the meridional y-direction. The maximum numerical value for generated mean magnetic field
is ~10°nT .

4. Generation by CIGA Waves

The basic 2D nonlinear equations describing the dynamics of zonal flow generation and coupled internal-gravity
and Alfven wave propagation under the Boussinesq approximation are constructed (see details in [14] [22] [28]
[30]). Caused by the gravity force action altitude distribution of the equilibrium density and pressure of the me-
dium (so called stratification) is taken into account. A linear dispersion relation for the CIGA waves is obtained.
Taking into account the EM character of CIGA waves the existence of the new coupled waves propagating
along the parallels in the ionospheric E-layer is shown. This shows a mixture of ordinary internal-gravity waves
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and a new dispersive Alfven wave. It is shown that internal-gravity and Alfven waves can be coupled through
the z-component of the wavevector |k | @, /(BOZ ! 11,p(0)). For the ionospheric E-layer parameters
~0.5x10*T and mass density p = (10‘ —-10"°)kgm= we get that the squared Alfven velocity
= (10* —10°)m?s?; for the density scale height H =10km the Brunt-Vaisala frequency

o, =(g/H)"*~107s™. So numerlcally we get |k, |~10 m™. Typical values of phase velocities for the in-
ternal -gravity waves is (10 20) ms ! and 5 - 50 km is the typical values of the corresponding wavelengths.
Dealing with zonal flow excitation, we used the parametric approach allowing one to consider monochromatic
primary modes. The investigated sheared zonal flow propagates along the Earth’s parallels. The corresponding
velocity is only dependent on the vertical z-coordinate. Excited mean magnetic field is in local vertical straight
z-direction; the zonal flow is also sheared in this direction. The maximum growth rate for zonal flow is esti-
mated » ~10*s™. As to the excited magnetic field it is of 10°nT.

5. Generation by CRAK Waves

Nonlinear dynamics of CRAK EM planetary modes in the ionospheric E-layer is investigated (see details in [16]
[30]). It is shown that under the prevalent action of Hall conductivity, owing to the latitudinal non-homogeneity
of both the Coriolis parameter and stationary geomagnetic field, a new type of CRAK wave can propagate. In
contrast to CRK and CIGA investigations, the perturbed magnetic field of other polarization (with x- and
y-components) is considered. This makes the problem essentially spatially three-dimensional. As a result, owing
to the existence of magnetic field perturbations, Alfven waves also became incorporated. The action of these ef-
fects leads to the coupled propagation of EM CRAK modes. A simplified set of spatially 3D nonlinear equations
describing the dynamics of EM CRAK modes is obtained. The linear dispersion relation for the EM CRAK
mode is given. Under such coupling, a new type of dispersive Alfven waves is revealed. Using the modified pa-
rametric approach, the possibility of large-scale zonal flow and magnetic field generation by relatively short-
scale EM CRAK modes in the weakly ionized ionospheric E-layer gas is demonstrated. Nonlinear instability of
short-wavelength turbulence of CRAK EM planetary modes with respect to the excitation of low-frequency and
large-scale perturbations of sheared zonal flow and magnetic field is revealed. Generated by the EM CRAK
modes, zonal flows propagate along geographical parallels and the corresponding flow velocity depends only on
meridional y-coordinates. The maximum growth rate is achieved at k, =0, when the group velocity V, =0
and consequently the real part of the oscillations for zonal flow becomes zero. Here zonal flow is only contri-
buted by Rossby waves and the corresponding growth rate is obtained. The following zonal growth rate value
y~10"'s™ is obtained. Here the mean magnetic field excitation requires special attention. The generated mag-
netic f|eld is of the order of q2 with respect to the excited mean zonal flow and is caused only by the existence
of Alfven waves. The excited mean magnetic field has prevalent component 5B, and the zonal flow is sheared
in the meridional y-direction. Under the values of the ionospheric parameters numerlcally|5B |— (10 -10°)nT .

6. Conclusion

Possibility of the generation of sheared zonal flow and sheared magnetic field in the weakly ionized conductive
ionospheric gas is investigated. Propagation of electromagnetic coupled drift-Alfven (CDA), Rosshy-Khantadze
(CRK), Internal-gravity-Alfven (CIGA), and Rosshy-Alfven-Khantadze (CRAK) waves is analyzed. It is shown
that owing to the latitudinal nonhomogeneity of the geomagnetic field slow and fast waves can couple and form
CRK waves. It is shown that Internal-gravity and Alfven waves can be coupled through the z-component of wa-
vevector. In contrast to CRK and CIGA waves the perturbed magnetic field of other polarization (with x- and
y-components) is considered for CRAK and CDA waves. This makes the problem essentially three dimensional.
As a result, owing to the existence of the magnetic field perturbations, Alfven waves also became incorporated.
Action of these effects leads to the coupled propagation of EM coupled Rossby-Alfven-Khantadze and drift-
Alfven modes.

Simplified set of nonlinear equations describing the dynamics of mentioned coupled EM modes is obtained: 1)
spatially 2D equations in case of CRK and CIGA and 2) spatially 3D equations in case of CRAK and CDA
modes, respectively.

Nonlinear instability of short wavelength turbulence of mentioned CIGA, CRK, CRAK, and CDA EM plane-
tary modes with respect to the excitation of low-frequency and large-scale perturbations of sheared zonal flow
and magnetic field is revealed. The nonlinear mechanism of the instability is driven by the advection of vorticity

489



T. D. Kaladze et al.

and is based on the parametric excitation of zonal flow by three finite-amplitude coupled modes leading to the
inverse energy cascade toward the longer wavelength. The growth rates of the corresponding instability and the
conditions for driving them are determined. The possibility of generation of the intense mean magnetic field is
shown.

Obtained results can be used to elucidate different laboratory and space experiments.
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