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Abstract

The paper is motivated by our recent results of observation on the satellites Cosmos-900, Aureol-3 and Intercosmos-24, which
are presented in this issue (Molchanov et al.). We try to show that a drift mode leading to the ionospheric turbulence (IT) is
sustained by wind of the neutral particles, that a source of the IT is energy flux from the atmospheric gravity waves (AGW) to the
long scales of IT, and that IT develops to smaller scales as in the classic Kolmogorov’s turbulence. Then the earthquake influence
observed can be explained by redistribution of the AGW pumping during periods of seismic activity.

© 2004 Published by Elsevier Ltd.

1. Introduction

Oscillating irregularities of the plasma density (6n =
n(r,t) —ng) and fluctuations of the electric field (e =
E(r,¢) — Ey) (where ny and E, are the averaged values)
are observed in the ionosphere, using both traditional
ionospheric sounding (so-called F-spread effect) or scin-
tillation technique or radars from the ground and rocket
or satellite recordings (Kelley, 1989; Basu et al., 1981;
Fejer, 1997; Hysell, 2000, see also a review by Molchanov
et al., 2002). We are mainly interested in such events at
low- and mid-latitude ionosphere. Spatial scales L of the
density irregularities are distributed in a wide range from
a tenths of meter to hundreds kilometers. Kelley (1985)
states that there are several spatial regimes: long (L > 20
km), intermediate (L =20 km-100 m), transitional
(L =100-10 m), and short (L from 10 up to 0.1 m).

Interpretation of these phenomena is usually pro-
duced in terms of one or other type of plasma instability.
For example, the long ionospheric plasma perturbations
which can be large (so-called bubbles, n/ny ~ 1), are
explained by gravitational Rayleigh-Taylor (RT) insta-
bility. Its linear growth rate 7y, is positive when the
density gradient Vn is perpendicular to the direction of
magnetic field (VnB = 0) and both the directions of Va
and gravitational force are opposite (Ossakow, 1981).
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When assuming a conventional vertically dependent
ionospheric profile (Vn = Vn;,), the above condition is
satisfied only in a region near the magnetic equator
below F-layer maximum (height z< 350 km). Such an
analysis shows only a possibility of vertical plasma
oscillation. For wave-like propagation of these oscilla-
tions we need to define their horizontal scale, i.e. to
suppose some external wave influence. There is a com-
mon consensus that this wave is atmospheric gravity
wave (AGW) from the underlying atmosphere (Kelley
et al., 1981; Kelley, 1989). That is why Huang and
Kelley (1996a,b) performed non-linear computations of
the bubble development and its upwelling from the
lower into the middle ionosphere on the supposition of
AGW as a “seeding” wave. Generation of large-scale
irregularities in the mid-latitude ionosphere is usually
explained in terms of the generalised Rayleigh-Taylor
instability (GRT), whose growth rate y, depends not
only on Vu, but also on the value and direction of quasi-
steady electric field E,. Initiation by AGW should also
be supposed in this case (Huang et al., 1998). Special
attention was paid to the dependence of resultant power
density variation on wave number k (k ~ 1/L) in a form
~ kb, Keskinen et al. (1981) and Keskinen and Ossa-
kow (1982) found 1.7<b<2.5 both in the equatorial
and polar ionospheres.

Efficiency of both the RT and GRT instabilities
seems to decrease in the range of intermediate scale due
to the diffusion of plasma perpendicular to B direction.
A general approach is to introduce gradient-driven
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instabilities, which are lumped under the generic name
“drift waves” (Kelley, 1989). The driven mechanism of
the intermediate scale irregularities is thought to be the
GRT instability, which involves driving agencies such
as gravity, electric fields, zonal winds in the presence of
tilted ionosphere and vertical winds (Sekar and Kelley,
1998). The smaller scale disturbances are cither the
drift modes, which are produced in the steep density
gradient regions set up by the GRT instability (Ossa-
kow, 1981), or damped modes coupled to large-scale
disturbances through a three-wave process (Hysell,
2000). Sudan and Keskinen (1984) and LaBelle et al.
(1986) consider non-linear stabilization of the gradient-
driven instability and they found spectral indices
b~ 8/3.

The drift instability can be extended up to small
scales of the order of ion Larmor radius p;. Costa and
Kelley (1978) found that the steep gradients are unstable
to drift waves which have a peak growth rate of y ~ 1
s~! at k; p, ~ 1.5. Huba and Ossakow (1979, 1981) and
Sperling and Goldman (1980) extended the theory so
as to include collisions and shorter-wavelength lower
hybrid drift (LHR) modes.

With exception of exotic case of the classic RT
instability there is close coupling of the density and
electric field variations. They are usually represented by
a set of plane waves ~ exp(—iwt + ikr + ;) (k is wave
number) and if the phase ¥, is a random value, then
such a wvariation is called as turbulence. General
properties of the turbulence were intensively considered
by laboratory plasma specialists in relation to the
problem of controlled nuclear reaction (Kadomtsev,
1964; Tsitovich, 1967). It was found that in a case of
weak turbulence there is the same dispersion relation-
ship w = w;(k) as for small signals (j is the number of
eigenmode). In the usual scenario growth of the tur-
bulence leads to some instability of slow quasi-
electrostatic modes, in which the group velocity
V,=0w/0k =~ 0 and stabilization of well-developed
turbulence is due to inter-mode or intra-mode non-linear
energy transfer. It is similar to the above-mentioned
papers on the ionospheric plasma density—electric field
variations.

We try to develop a little bit different concept and
show that the drift mode leading to the IT is sustained
by wind of the neutral particles (Section 2), that a source
of the IT is energy flux from AGW to the long scales of
IT (Section 3), and that IT develops to smaller scales as
in the classic Kolmogorov’s turbulence if the condition
of equivalent Reynolds number is valid (Section 4). We
have made such an approach, being motivated by recent
results which are presented in the companion papers by
Molchanov et al. (2003) and by Hobara et al. (in press).
Using the data from satellites Cosmos-900, Aureol-3
and Intercosmos-24 they show that k-distribution of the
ionospheric density turbulence is nearly the same in a

large range of spatial scales from hundreds km to a few
meters and that the turbulence intensity correlates defi-
nitely with appearance of the electron density Equatorial
Anomaly (EA).

2. Eigenmodes in the ionosphere with wind

From the turbulence definition we have (6n,) = (¢) =
0, (m is an index of charged particles) and only power
intensity of the electric field variation E; or &n2/ng,
have a meaning. In particular:

~—

() = /E(w,k)dwdk: Z /Ejk(wj(k))dk (1

We assume the followings:

Al. The external magnetic field By is directed along the
axis z and magnetic field turbulence is negligible,
' <« B.

A2. Stable wind of the neutrals with velocity V,, is direc-
ted along the axis y, i.e. (V,By) =0 and there is a
slow variation F,(x) with large scale Lo =
(@In¥,/ox) " = 1.

A3. Three particle species: electrons (m =e), ions
(m =1i) and neutrals (m = n), are considered with
single charge (charge ¢; = —¢. = ¢). Furthermore
we consider low frequencies (w < w; (ion cyclotron
frequency)), i.e. we suppose quasi-neutrality of the
charged particles:

Ne=ni =n (2)

A4. Turbulent variations of the density and electric field
are smaller than the quasi-stationary variations
(e.g., n=ny+0on, v,=V,+0v, and so on,
on < ny, dv, < V), that allows us to linearize the

equations.

AS5. Plasma is homogeneous along the y, and so we can
suppose
0/0y ~k,=0 (3)

and suggest that the stationary variations of plasma
conductivity, n and ¥}, depend only on z in the near-
polar configuration or on x in the near-equatorial
configuration with some characteristic large scale
Ly (e.g., Loy = (0InV,/ox)" = %o, and Lo, =
(dInny/dx)™" =y, in the near-equatorial configu-
ration).

A6. Spatial scale of the turbulent variations is smaller
than Ly, i.e. for them 0/0x = ik,, 0/0z = ik,. It leads
to the following limitation |k| > y, ~ 10761073
m~!, and to some additional conditions on k,, k..
By these assumptions and in linear approximation
we have from Maxwell’s equations:
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(0?/02* + re)e + ryey, — 1kOe. /0, = —iowptjy
(0?0 — I + )€y + Finex = —IOJs,
(r.. — k*)e. = ikOe, /0.

iwb, = —e, /0. (4)
iwb, = (0e,/0z)r../(ry — K*)

wb. = ke,

7 =iwuc

iwb, = —0Oe, /0z

iwb, = (Oe,/0z)r../(r.. — K?) (5)
wb, = ke,

where 7 = ioué and ¢ is conductivity tensor.

Hence using the relation of 0/0z =ik, we find the
following dispersion relationship:

D(w, k. k;) = [ra(1 = I /r) — kzz][r}y — K~ kzz]
— Py (1 — kz/rzz) =0 (6)

Let us consider the conductivity tensor. By using the
conventional definitions and after linearization; when
have

§=1Jo+0j
jo = qno(Vi — Ve) (7)
5j = qno[((Svi — (SVe) + (Vl — Ve)SH/I’lo] = oe + js

where the particle velocity v=V + 8v, n = ny + on, Vi,
V. are the drift velocities and all the dependencies can be
determined easily in the hydrodynamic approximation.
Let us start from the continuity equation. It is easy to
find that after linearization and for the spectral com-
ponents (see e.g. Molchanov et al., 2003, submitted) we
have

V(noVi) = Q — ong

Snk/no = (k — iko)SVkLi/(CO; + 160,—)
where Q is ionization, o is recombination coefficient,
w;:w— (kViL)s kozvlno/flo and o, = 2any +
(V.Vi). Thus the density variations are related with

those ion velocity variations, which are perpendicular to
By. Then we consider the motion of equations

(8)

dv;/dt = q/m;(E +v; x By) — C1,Vn/n — vin(vi — V») + &
dve/dt = — q/me(E + v. x By) — C3.Vn/n
—Ven(Ve — Vi) — Vei(Ve — Vi) + &
©))

where an isothermal plasma is assumed, Cr., Ct; are the
thermal velocities, and vi,, Ven, Ve are the collision fre-
quencies. In a stationary state, we have (EoBy) =0,
(VnoBy) = 0, hence the drift velocities are perpendicular
to By and we have the following equations:

Vi = Xoofi/(1 + X2) + (f; x Bo/Bo)/(1 + X32)

= My, (f:Bo)

f; = Eo/By — C3,Viny/ (nyws) + g/we + XioVa
)(10 = Vin/a)ci
Ve = MeO,L (feBO)

fe = E()/Bo - C%eVno/(nowce)

+ g/wce + XeOVn + (Vei/wce)vi
XeO = Ven/wce < )(iOa 1
where 1\710,60 are the stationary mobility tensors of ions
and electrons. In the lower ionosphere (altitudes 90
km < & < 200 km; X;, > 0.05) we can neglect gradient
and gravitational terms in f;, and the last three terms in
f. if ¥V, > 10 m/s. This value is indeed larger and we
suppose ¥, ~ 100 m/s. Hence: f; =~ Ey/By + XioV, and
f. ~ Ey/By. In the absence of E:
Vi =XgVa/(1+X5) + (Va x Bo/Bo)Xoo/ (1 +X;)
Ve~0
(11)

Thus an effect of the ion entrainment appears, which is
maximal at z ~ 150 km when X;o ~ 1 and V, ~ V.

As concerned with the velocity variations we have,
from (9), the spectral components:

6Vi = ]\7[i(e + ewi)

(12)
Ve = Me(e — veiBoMi(€)/wee — €ye)

where remembering that &, = 0
M) = £Xie) /[Bo(1 + Xi)Xi(e) )]
Mie) sy = —Mie) s = 1//[Bo(1 + Xige) X )]
M)y = £X{)/[Bo(1 + Xie)Xi(o))]
M)z = £1/(BoXy).)

Mie) e = Mie) ox = Mi(e)y- = Mie);y = 0
Xie) = (Vi) — 109(g) )/ Deiec)

Xie) = Xie) + idi(e

Xie): = Xie) + 1di(e) -

w;(e) =0 — kVie)x

die) = kCiie)/ [@ei(ceytd]

die)- = (k=/k)die)

Vi = Vin

Ve = Ven + Vei

u= () +iw,)/(k — iko)

and Aewi = (VinBO/wci)Svn; Cwe = (VenBO/wce)Svn + (VeiBO/
wce)Mi(ewi)~
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It is easy to find the followings:
M Ae

oe = qn{[Mi(e) — M.(e — viBoM;(e) /)]
+ (Vi = Vo) Mie)/u |

_ _ (13)
iv = ano{ [Mi(ewi) + Me(ewe)]

(Vi — Vo) Mi(ew) /u}

Supposing vi/wg > ve/w.. that is valid for 2 < 300 km
and taking into consideration of [X|; > |X.|, we simplify
Eq. (13) as follows:

0x = aopXi(1 + AV /u) /(1 + X[ X))
0y = eop(—X/Xi + AV Ju) /(1 + X/ X;)
O = &opXi(X{ + AV /u)/ (1 + X Xi)
oy = eop(Xj + AV, /u) /(1 + X/X))
0 = eop/X;
AV =V = V. (14)
p = qno/(eBo) = /e
Joe = qovia/ [ (1 + XX { (X + AV /u)o,
+ (1 4+ AV, /u)dvy, }
Jsv = qnovin/ [0 (1 + X/ X)[{ (XGAV, /u — 1)8v,
+ (X7 + AV, /u)dvn, }
In the absence of wind and in the cold plasma approx-

imation (die) = 0) it reduces to the well-known follow-
ing relations

op = eopXi/(1 + X7)
0, =—0, =0y = —epX? /(1 + X2) = —0pX;

xy

roo__ roo__
O = O-yy -

(15)
o =0, =¢&p/Xe
i,=0

where Xie) = (Viee) — i®j(e))/Deiey and the dispersion
relationship (6) takes the following equation:

D' (w,k, k) = [rp(1 — K /r.) — K2][rp — k* — K]
+r5(1 =k /r.) =0

where the connection of the coefficients with conduc-
tivity tensor is the same as in (5).
There are two modes of propagation in this case

K.=rp = k)21 +rp/r.) £ [k /4(1 = rp/r.)

— (1= 2] (16)
which are on the usual assumptions:
rp L skt L | = ((1)1276/02”(1)/(\)6 —iw)| (17)
can be presented as follows:
.= — /2 - KX

where k% = iopop = o(w +1in)/[c3 (1 + X?)] and cp =
cwq/wyi 18 the conventional Alfven velocity. The first

mode corresponds to the known Alfven mode in the
collisionless plasma and the second is isotropic or fast
magneto-sonic mode. As for a problem of mode gener-
ation the dispersion relationship in the approximation
often used,

k/k=a< 1 (18)
can be rewritten as follows:
Wy = [CZA(I + V?/wfl)kzz - Vi2/4]1/2 —iv;/2

(19)
w_ = [k =24 — v /2

where the cut-off k-values and attenuation coefficients
are evident.

kK =vi/2ca
k= vif2eald (1497 jd)] ' > &

—(n/DR T k< kL
—(v/2) k< ki

The situation is depicted in Fig. 1a.

In a case of wind-induced plasma we need to inves-
tigate the more complicated dispersion relationship with
substitution of the relations (14). It is obvious that a new
drift mode appears:

o = wg = kVi — iy, (20)
where, after simple estimation
— Vo) /(caa)’
~ 2omy + OV, /ox — vi(Vi, — Vex)z/(cAa)2 (21)

Taking into consideration 0V, /dx <0 in the low-
latitude ionosphere, it is evident now that this mode
could be weekly attenuated or even unstable (y4(x) < 0)
at the altitude range 150 km < /& < 250 km. At these
altitudes v; ~ 1-100 s™' < wg, ca ~ 100-300 km/s and
k* ~107°-10"* m™', but k7 ~ 107*-10~* m~'. The new
situation and a possibility of mode coupling is sche-
matically depicted in Fig. 1b. Note that frequency range
of the drift mode before coupling is wg ~ 1072-10~2 Hz
that corresponds to the periods of t ~ 10-100 min. It is
just a range of the gravity waves in the atmosphere.

7. = Im(ws) =

va = o — vi(Vi

3. Pumping of ionospheric turbulence by gravity waves

Using the conventional axis system z//g, V,//y in a
plane which is perpendicular to the wind direction
(kV, = 0), the dispersion relation for GW (o < w,, here
o, 18 Brant—Vaisala frequency) is given by (Hines, 1974),

K(1/x* = 1) = k2 + k3 (by — x*) (22)

where x = w/w,, 0, = g(y, — 1)'?/Cs and 7, is specific
heat ratio.
ko = g(7, — 1)/ /Cs* = w,/Cs = b}/? /2Ha, Ha = Cs*/
(gy,) is the well-known atmospheric height and
» = 0.2592/(y, — 1). For two-atomic gases in the atmo-
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(b)

Drift wave

k

Fig. 1. (a) Dispersion relationship w(k,k.) in the ionospheric cold plasma without wind. On the assumption k./k <0.1 and X; < 1 (see text),
= k,Cy for Alfven mode and @ ~ kC, for compression mode and (b) dispersion curves for the ionospheric plasma with wind of neutral particles. In
addition to fast Alfven and compression modes the slow quasi-electrostatic mode appears o ~ kVy;, where Vj; is drift velocity of the ions.

sphere y, = 1.4 and b, = 1.22. It is evident that the GW
propagation depends essentially on the angle between k
and z-axis (k,/k. = tg0)) and there is a resonance cone
0 = 0,s when k — oo. Near this resonance cone an energy
focusing is possible and it is easy to obtain sin 0, = x.
Taking into account that the group velocity V, (or
direction of GW energy) is perpendicular to the wave
vector surface we find almost vertical energy flux for
x ~1 and almost horizontal energy propagation for
x < 1.

Let us consider the GW energy flux into the iono-
sphere:

Pz(w) = (Ap.Av.),, =2 / " Py dy (23)

res

where Ap., Av, are the perturbations of pressure and
velocity, the averaging is performed over a wave period
and the angle of energy propagation defined from the
following relation:

1Y = V) Ver = —180(1 — xz)/x2 (24)

The value of GW energy flux depends on the properties
of the source. Mareev et al. (2002) have supposed that
the source is near the ground with its horizontal size R,
thickness H, and they have considered 1-D turbulence
along the x-axis. They have found,

Py = P, k.)ok; /oy
P.(w, k) = Ba*(w, k)
B = pCswy (3, — 1)/[a(1 — )]

a(w, k) = {8T%(w, k) /T* + on*(w, k) /n*}

(25)

Mareev et al. (2002) have assumed a specific form of
correlation inside the source:

@(0, Ax,) = CF(x)/(1 + A /L)' (26)
where Ax, is displacement along x-axis in the source,
F(x) is frequency distribution, L =L, < R is internal
correlation size and 5 is fractal number of the turbu-
lence. If we suggest for simplicity # = 1, then their result
is reduced as follows:

a(w, k) = a*(w, —k;) = CF(x)Lexp(—|k.|L)

P.(w) =2BCF(x)/L (27)
sz// = B(w)¢(xa va)

where the radiation diagram is as follows:

¢(x, w,L) = L*(0k; /20y) exp(—|k:|L) (28)

and it is normalized ([ ¢dy =1).
The constant C can be determined from the conven-
tional relation:

(d®(t, Axg, Ay, Azy)) :/0 dco/az(a),kx,ky,kz)dkxdkydkZ
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where (a?) is the variance of perturbation in the source.
In our case 26,27 we find

C = LyL{a)/(0p) ~ RH(a) () (29)
where 4 = fol F(x)dx. Hence,
P.(w) = 2BF (x)H.(R/L){a’)/ (w¢A)
~ (pCS'F(x)/2)H.(R/L)(a®)
and total energy flux from the source:
Ps(@) ~ P(0)R* ~ (pCs°F (x) /2)Vi(R/L)(a) (30)

where V; ~ R*H, is volume of the source.

This result looks as almost obvious. Indeed for a
supposed crest-like structure with scale L < R and due
to the ergodic theorem, we have

(a*) = (l/Vs)/ a*(Ax, Ay, Az) dVs =~ (N,a’LRH.)/Vs
Vs
~a

where a7 is intensity of the structure’s perturbation

(fluctuation of L-scale) and N; ~ R/L is averaged num-
ber of the crests. So we have:

Po(@) ~ (0CSF (x) /2) VN, (31)

In reality there exists the perturbation of different scales.
For example, Tramutoli et al. (2001) and Tronin et al.
(2002), using the IR satellite data, reported on the
appearance of several temperature anomalies with scale
L =10-50 km and 87 ~ 1-2° in association with seismic
activity. To comply with such data we transform (31) in
the following manner:

pzs(w) ~ onRz

P(w) ~ (pCSF(x)H./2) Y al,

i=1

(32)

where P?(w) is power flux per m? just above the source
and a7, ~ 8T?/T* ~ 107°.

In order to estimate the flux in the ionosphere we
need to take into account its divergence and attenuation
during the course of propagation. Mareev et al. (2002)
have analyzed the radiation diagram and have found
that the radiation maximum is near the resonance cone
for x < 0.9 and not so large value of L (koL ~ 1~
L/2Ha).

This diagram is rather narrow and group velocities in
the maximum are as follows:

Vgr,zmax ~ CS(k()L/2))C2

Vgr,zﬁmax/Vgr‘xﬁmax =X

(33)

Using the formulas (24), (28) and neglecting viscosity
attenuation in the atmosphere the distribution P,(w) at
the level of lower ionosphere (2 ~ 100 km) in the hori-
zontal plane is described by a simple relation:

P(w,1,h)
= PY(0)2x°d” exp[—(I/h — 1)’ /AP)/ (D} — D,|Ds|)

where [ is horizontal distance from projection of the
source center on the ionospheric plane, /, = (1 —x?)"/?/
x — qox 1s relative shift of the radiation pattern and
d = R/(2h),

g0 =~ (koL)*(by — *)/[88(1 — x*)'/?]
Dy =(1-x)"*+dx (34)
Dy = (1—x)"? —dx — gox?

Examples of the distribution are shown in Fig. 2. It can
be seen from the figure that the space—frequency dis-
crimination is performed in the atmosphere and the
main impact is expected for frequency range x = 0.1-0.9
(periods T,, ~ 7-60 min supposing Tz = Cs/w, ~ 6 min)
and horizontal distances = 300-1000 km above the
source center.

Let us consider finally a matching of GW and elec-
trostatic turbulence in the ionosphere. At first we need
to determine the variation of the neutral velocity. It is
easy to find the following estimation,

Sva(, h, 1) ~ P.(w)d /@y [p°Cs*(3p°/p)] (p°/p)'*

~ H, /(3T /)" (P.(w) [PP(0))F (x)
x exp(h/2H,) (35)

where we suppose for simplicity 4 ~ 1 and (5p°/p°) ~
(8T/T)" inside the source of GW perturbation. It is
known that matching is efficient if there is synchronism
between GW and ionospheric turbulence (IT). In a case
of plane wave interaction it leads to the condition of
phase velocity equality: V;,(GW) = Vo, (IT), but in our
case of turbulent interaction it transforms to the fol-
lowing condition for the near-equatorial configuration
(see previous section):

Verz(0)gw = Vim (36)
and to other condition for the near-polar configuration:
Vgr,x(w)(}w = V; ~ V;1 (37)

Using now the relations (33) we estimate relative fre-
quencies of the synchronism,

Xty ~ 20/ (ko LCs))'

Xpo1 & (21 / (koL Cs)) G%)

As a result the supposing averaged values 7, ~ 30-100
m/s, koLCs ~ 10° m/s we find that an efficient GW-IT
interaction is possible for the frequencies x;, ~ 0.2-0.4
(T,, ~ 15-30 min) in the near-equatorial region and
Xpor ~ 0.05-0.2 (7, ~ 30-120 min) in the near-polar
configuration, both values are in a range of internal
gravity waves. As concerned with dv, values we have
from (35) assuming H, ~ 100 m, H, ~ 6 km and /# ~ 100
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Fig. 2. GW power flux P.(w) at height 2 = 100 km as a ratio to power flux just above the source (height of the upper source boundary H. = 100 m)
with dependence on the horizontal distance from the projection of the source center and for different relative frequencies x = w/w, where w, is
Brant—Vaisala frequency. Dash line is for kgL = 1 (L ~ 12.5 km) and solid line for k&L = 2 (L ~ 25 km).

km, dv, ~ 3-5 m/(s\/Hz) at the near-equatorial region
and 6v, ~ 0.1-0.4 m/(s\/Hz) in the near-polar region.

4. Development of IT in k-space

Now we show that IT #k-distribution could be
understood as a result of cascade non-linear energy
transfer from larger scales of the order of 1000 km to
smaller scales up to meters, which is similar to the origin
of classic hydrodynamic turbulence. Kolmogorov (1941)
found that in the following conditions,

(a) Water flux with velocity U exists,

(b) The flux meets the obstacle with size L,

(c) Values U, L, are so large that Reynolds number
R, =ULy/v, > 1 (where v, is dynamic viscosity),
then the turbulent curls with scales L in a range
Lo > L > Ly, appear after the obstacle with special
distribution of the curls intensity on L. This distri-
bution represents usually in terms of k£ ~ 1/L and
following the definition of turbulent intensity (vari-
ance):

(dU?) = /Ekdk

the main result of Kolmogorov’s theory is given as
follows,

E; ~ k773 in the inertial range ky < k < kpax.

The result is well supported by observations, but it
has no rigid mathematical proof yet. One of non-rigid
(physical) approaches to this explanation is related with
the construction of perturbation increment or second
order structure function in 1-D approximation (Frisch,
1995):

o0

(38U (s +L) — 8U(s))*), = 2 [ (1 — exp(ikL) Ex dk ~ &,
(39)

where the Wiener—Khinchin formula is used

o0

By = Ex = (1/2n) / " Eo= (1)20) / exp(kL)T(L)dL

—00 —00

for the correlation function of I'(L) = (3U (s + L)dU(s)).
Thus we find from Eq. (39),

& = 16/ sin®(kL/2)Ey dk ~ kEy(k = n/L) = & ~ SU?>
0

(40)

where ¢ can be named as intensity of perturbation of
L-size or k-size, if they are connected as shown in (40).
The important fact is that expansion of variance onto a
sum of perturbations with different sizes is possible:
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kmax

U => & (41)

ko

and intensity of each perturbation can be estimated
from the power-spectrum distribution in k-space using
(40). Then we consider an equation of intensity balance,

dSk/df = =V + b, + ¥, (42)

where v, is linear decrement of the turbulence dissipa-
tion, @, is forcing and ¥, is a function of non-linear
energy transfer. There are conventional assumptions at
this point (Frisch, 1995),

(1) 7, = —v,k*> = —y, ~ 0in [ko, k,)] and y(k > k,,) > 7,.
It is an assumption of the the weak attenuation in
the inertial range.

(2) Dr(ko <k < kmax) =0, but §(k<0) = @. It is an
assumption on energy pumping to larger scales.

(3) ¥, = S;. — S;_, where S, is input energy flux in the
& turbulence cell from the neighbor cell (k, < k)
and S;_ is output flux in the cell k- > k. It means
that cascade interaction is supposed,

(k- —k) <k (43)
In stationarity, we have

St = Sk + Vitr (44)

and due to assumption (1)

Sy ~ S,_ ~ S; ~ constant (45)

On the other hand using (42) we have

dep/dt = (e — &)/ =~ Sip — Sk

& /T = Sy

(46)

where t; is the so-called turn-over time. Finally sup-
posing now t; &~ L/3U; = 1/(kdU,) and taking into
account (45) and (40) we find,

SUk ~ kil/S, Ep ~ k72/3 and Ek ~ k75/3

The situation with IT is more complicated but there is a
definite similarity to the classical one. In a place of
above-mentioned classic conditions we have plasma
drift with velocity ¥, and instead of laminar flux with
velocity U we have the Equatorial Anomaly with basic
scale Ly as a main “‘obstacle” to the drift. To find an
analogy of Reynolds number we need to modify a little
its definition as follows:

R, = ULy/v, = K*ULy/y; = (kU [7,)(Lo /L)

So at least at the beginning of the cascade process
(L < Ly) the condition R, > 1 goes in the plasma to the
condition,

kVa = o >y,

that is a trivial condition of efficient non-linear energy
transfer. As concerned with the theoretical assumptions
the main one is supposition on the cascade interaction
or existence of non-linear scattering with Ak < k. This
approach was used by Sudan and Keskinen (1984), and
they analyzed the equation, which is similar to the one
obtained from a combination of (44) and (46)

d(er/t)/dk =y / Ak (47)

If we suppose 7, ~ 1/ ~ (kV3)™" and (y,/AkVy) < 1
then E, ~ k=2, that more or less corresponds to the
observation data on IT.

5. Discussion

Our approach is based on the simple idea: iono-
spheric turbulence (IT) origin as a result of the con-
version of atmospheric gravity waves (AGW) in the
lower ionosphere. In regular situation the most effective
matching is for large scales L ~ 1000-2000 km that are
harmonics of tidal atmospheric oscillations and that
produce the pumping of IT near the scale Ly ~ 1000
km (see our relation (46)). Due to non-linear energy
transfer in k-space the regular multi-scale IT exists as a
permanent phenomenon with fractal values ~ 1.5-2.
However, during the periods of seismic activity the
AGW pumping in the range of scales tens hundreds
km seems to appear (see e.g. the discussion in Mareev
et al. (2002) and the results of satellite IR observations
in Tramutoli et al. (2001) and Tronin et al. (2002)).
This additional pumping can intensify the IT for
smaller scales and suppress the IT for larger scales. As
a result, redistribution of IT intensity in k-space can be
expected. On such a way we need in addition to con-
sider the penetration of IT into the upper ionosphere
and the problem of slow electrostatic mode transfor-
mation to the fast Alfven and isotropic modes. We
hope to present this research later. Note finally that
our approach is helpful not only for the explanation of
above-mentioned satellite observation results but also
for the explanation of some ULF observations on the
ground associated with large earthquakes (Molchanov
et al., submitted).
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