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On the spectrum of mid-latitude sporadic-E irregularities
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Abstract. We discuss the creation of mid-latitude spo-
radic-E plasma irregularities (with length-scales smaller
than sporadic layer thickness) by the neutral atmosphere
turbulence. Using fluid equations, the relation between
plasma density fluctuations and the velocity field of
neutrals is derived. After a brief discussion of the
relevant neutral turbulence, the analytical expression for
the power spectrum of plasma irregularities is obtained.
This expression allows a power-law type of experimental
irregularity spectra (the spectral index depends on
sporadic-E characteristics) and possible departures in
detail of the irregularity spectra from the power-law
form to be explained. In addition, it allows us to make
estimates of length-scales at which such departures must
occur.

Key words: Ionosphere (ionospheric irregularities; mid-
latitude ionosphere) — Space plasma physics (turbulence)

1 Introduction

The most widely accepted explanation for mid-latitude
sporadic-E (E,) is the windshear theory. According to
this theory, the sporadic-E layer is caused by a
redistribution of ionization through the interaction of
the plasma imbedded in the neutral winds with the
geomagnetic field under the appropriate vertical profile
of the horizontal wind velocity. The first detailed
discussions of such a formation mechanism for Es-layers
at middle latitudes were presented by Whitehead (1961)
and Axford (1963). At the present time, there are a large
number of papers on the theory and observation of mid-
latitude sporadic-E (e.g., see reviews by Whitehead,
1970, 1989, and a monograph by Gershman et al.,
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1976). Direct measurements of winds and electron
density profiles support the windshear theory. Thus,
shear flows in the upper atmosphere (E-region altitudes)
can produce E,. On the other hand, under certain
conditions the shear flow in fluids (or gas) can be
turbulent (see e.g., Townsend, 1976). Therefore, the
neutral air turbulence must play an important part in
the dynamics of sporadic-E layers, if a sporadic-E height
is not above the turbopause. Chimonas (1974) investi-
gated the effect of turbulence on a sporadic-E layer and
showed, in particular, that development of turbulence
causes a decrease in electron density and an increase in
thickness of the layer. The role of the neutral atmo-
sphere turbulence in the creation of sporadic-E irregu-
larities is discussed in a monograph by Gershman et al.
(1976); however, the spectrum of such irregularities is
not treated. In some papers concerning irregularities in
the lower ionosphere, it is asserted (often without
sufficient physical arguments) that the spectrum of these
irregularities simply coincides with that of the neutral
atmosphere turbulence (e.g., Teptin and Stenin, 1977).
Data of observations show that the spatial (or wave
number) spectrum of ionospheric irregularities can be
described by a power-law form P(k) o< k=¢(d > 0) and
in some cases d ~ 1.67 indeed, however, on the other
hand, the spectral shape can differ from a power-law
shape with a constant index, e.g., d ranged from 0.8 to 3
for E, irregularities with length-scales about 100-400 m
(Ovezgeldyev et al., 1988).

Our purpose is to consider the possibility of plasma
irregularity formation by the neutral atmosphere turbu-
lence in the mid-latitude sporadic-E and to obtain the
spectrum of such irregularities.

Recently, an important step towards better under-
standing of the nature of plasma irregularities caused by
neutral turbulence in the lower E-region was made by
Gurevich et al. (1997) and Schlegel and Gurevich
(1997). Using a fluid approximation, the spectrum of
induced fluctuations of electron and ion densities and
electric field was derived in the first paper. The cross
section for scattering of radio waves from the lower
ionosphere was also determined there. This cross section
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was quantitatively explored and the implications for
backscatter experiments in the MF, HF and VHF
ranges were discussed by Schlegel and Gurevich (1997).
Unlike the work by Gurevich et al. (1997) in which the
ionospheric turbulence induced by the turbulent motion
of neutral gas is presented as the superposition of
random plasma waves and investigated in application to
the lower part of the E-region, a situation with conven-
tional fluid turbulence creating irregularities through
mixing of plasma in the mid-latitude sporadic-E will be
considered here.

It should be noted that sporadic-E irregularities are
produced by plasma instabilities when the altitude of
the layer is above the turbopause (Whitehead, 1993).
There are a number of papers about plasma instabil-
ities in the mid-latitude sporadic-E (Ecklund et al.,
1981; Riggin et al., 1986; Woodman et al., 1991,
Whitehead, 1993). A detailed discussion of recent
studies of these instabilities was presented by Haldou-
pis and Schlegel (1993). It is interesting that both the
gradient drift instability and the two-stream (Farley-
Buneman) instability can operate in the mid-latitude
ionospheric E-region (Haldoupis and Schlegel, 1993;
Schlegel and Haldoupis, 1994; Haldoupis et al., 1997).
Both these instabilities are basic mechanisms which
generate plasma irregularities in the equatorial and
auroral electrojets at ionospheric E-region altitudes (for
details, see Fejer and Kelley, 1980; Farley, 1985;
Haldoupis, 1989; Whitehead, 1989, and references
therein). The analytical and numerical studies based
on the plasma turbulence theory explain the main
features of the electrojet irregularities (Sudan, 1983;
Nielsen and Schlegel, 1985; Robinson, 1986; Ronchi
et al., 1991; Hamza and St-Maurice, 1993a, b; Schlegel
and Thiemann, 1994; Hamza and Sudan, 1995).
Ponyatov (1988) has applied the approach, developed
by Sudan (1983) and Sudan and Pfirsch (1985), to the
mid-latitude E-region and obtained the spectrum of the
gradient drift instability.

It is known that compared to the auroral and
equatorial zones the acting dc electric fields in the mid-
latitude FE-region are small, hence, the threshold
conditions for the two-stream instability are seldom
met at moderate latitudes and the electron density
gradient role becomes very important for the excitation
of the gradient drift instability. On the other hand,
when the neutral atmosphere turbulence destroys the
sharp density gradient it must eliminate the favorable
conditions for the gradient drift plasma instability as a
rule. Thus, the plasma instabilities are beyond our
scope.

It needs to be pointed out that the irregularities
created by neutral turbulence are quasi-isotropic (Fo-
oks, 1961; Reyrvic and Smith, 1984; Ovezgeldyev et al.,
1988), and the gradient drift irregularities are strongly
anisotropic, i.e., aligned along the Earth’s magnetic field
(e.g., see Ecklund ef al., 1981; Whitehead, 1989; Schlegel
and Haldoupis, 1994). As is known the isotropy of
ionospheric irregularities results in the weak aspect
sensitivity of radar returns while the field-aligned
irregularities provide the strong aspect sensitivity

(Royrvic and Smith, 1984; Cho et al., 1993; Huang
et al., 1995). Moreover, the non-field-aligned irregular-
ities tend to move with the neutral air, while the field-
aligned ones tend to stay fixed to the magnetic field lines
(Namboothiri et al., 1994).

2 Basic equations and assumptions

The ionospheric plasma can be regarded as consisting
of three-components, i.e., it consists of neutrals and
two types of charged particles. When the motion of
neutrals is given (the neutral gas is assumed to be
unaffected by collisions with the ionized component),
many processes in the E-region ionospheric plasma can
be described by fluid equations in the next form
(Gershman et al., 1976)

v, /0t + (v V)Vy + vy (v, — 1)
= ¢ E/my + Quv, x b —v2: Vn,/n, | (1)

al’la/al + V(notvoc) =J - rxrni ’ (2)

where subscript o denotes the species (electron, a=¢, or
ion, a=1), v,(X, ?) is the charged particle velocity, v, is
the charged particle neutral collision frequency, u(x, ?) is
the neutral gas Velocity, g, 18 the particle charge
(gi = —ge =€), my is the particle mass, E is the electric
field, b=B/|B| is the unit vector along the geomagnetic
field B, and Q, = ¢,|B|/myc is the charged particle
gyrofrequency, vr, is the thermal velocity of the particle,
n,(X, 1) is the charged particle number density, J is the
rate of production of particles per unit volume and o is
the recombination coefficient. The effects of collisions
between charged particles are neglected. Values of v,,
Q,, J, and o, are presumed to be constant throughout
the work.

The processes of interest are rather slow, i.e., the
length-scale of the processes is larger than the ion mean
free path, / > A; , and the time scale is larger than the
inverse value of ion neutral collision frequency, ¢ > v !
(the charged particles undergo many collisions with
neutrals during the time of interest). Hence it is possible
to neglect the so called “inertia” terms on the left of

Eq. (1)

quE/my +Quv, xb— v, (v, —u) —v7, >V, /n, =0 . (3)
It is seen that Eq. (3) represents a balance between the
terms from the density gradients and the drag of the
background wind against the Lorentz forces. Taking
into account that in the E-region v; > €; and v, < €,
for slow processes in space and time we may regard
ne =~ n; = n, the only electric field considered is that
required to prevent charge separation (due to the field E,
electrons tend to follow ions, other background electric
fields are ignored), and eliminating this electric field
from Eq. (3) we obtain the local drift velocity of ions (or
plasma in general)

vi(x,?) = u(x,t) + fjuxb—-D,Vn/n | 4)
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where f; = Q;/vi, D, =~ vf /vi is the ambipolar diffusion
coefficient (v2 = vZ, + mev3,/mi), its dependence on the
magnetic field can be ignored in the case of the lower
ionosphere (see, e.g., Axford, 1963).

Using Eq. (4), the equation of continuity Eq. (2) then
becomes

on/ot + V(n(u+ pu x b)) — D,Vn=J — on® | (5)

Such an equation is usually discussed in the windshear
theory of E, and allows us to obtain the profile of
electron number density under the given profile of
neutral gas velocity. In the presence of neutral atmo-
sphere turbulence, the neutral velocity and plasma
density fields may be separated into regular (mean)
and fluctuating parts:

u(x,t) = up(x) +u(x,1), u(x)>u(x,¢) , (6)

n(x,t) = no(x) +ni(x,1), no(x) > ni(x,?) (7)

(we shall regard that (u;) =0, (n;) = 0,1i.e.,up = (u) and
ng = (n), the angle brackets indicate an ensemble
average; the existence times of the wind shear and the
corresponding E are large compared with time scales of
the fluctuating parts of the u-field and the n-field, and
may therefore be regarded as infinite). Likewise Eq. (5)
may be separated into its mean and fluctuating parts:

V(no(ug + Biug x b)) — D, Vg
+ (Vi (w + B x b)) =J — g — o), (8)

{0/0t — D, V? + 20419 + V(ug + iug x b)
+ (uo + fiuo X b)Viny + aw(nf — (n7))
+V(n-up — (n; -uy))
+ BiV(nju; x b — (nju; x b))
= —V(no(u; + fu; x b)) . 9)

Equation (9) describes the dynamics of plasma density
fluctuations excited in sporadic-E by turbulent motions
of neutrals. The term —V(ng(u; + f;u; x b)) in Eq. (9)
acts as a source term generating the fluctuating field
n1(x, 1). Using the assumption of linear relation between
the density fluctuations and the random velocity field we
can neglect the term o, (n? — (n?)). Data of observations
show that the characteristic vertical scale Ly of neutral
wind shear leading to the formation of sporadic-E and
the thickness L of corresponding layer are much smaller
than their horizontal scales (Rosenberg and Justus,
1966; Smith, 1966). The layer considered is plane and
infinite in horizontal extent. We will consider plasma
density fluctuations with length-scales / smaller than s,
hence, restricting attention to incompressible motions of
neutrals for which Vu=0 and since in order of
magnitude V(g + fiug X b = O(Buoni /L), (uy + f;
Uy X b)VI’l] = O(uonl/l),,b’,-V(nlul xb— <}’11(l11 X b)>> =

O(ﬁiulnl/l), and f; <1, Ly>Ls>1, uy>uy, then
ﬁiv<n1l11 X b — <i11(ll1 X b>) ~ I’l[V(llo + ﬁillo X b) <
(up + fjug x b)Vn;. The term (up + Piug x b)Vn; de-
scribes the motion of the whole fluctuation pattern with
the drift velocity vq =ug + f;up x b and can be elimi-

nated by choosing a moving frame of reference (of
course, this convention is valid if v4 is uniform, in the
present situation a length-scale / of irregularities is small
enough compared with the scale Ly of variation of mean
velocity ug so that uy and vq may be regarded as nearly
uniform). Supposing that the gradient length-scale of
mean plasma density Ly = no/|Vng| is about L, and
since Vu; = 0, Eq. (9) becomes

{0/0t — D,V? + 7' Yon + V(on -u; — (on - uy))
= =L (w -h) = fV(u xb) , (10)

where dn(x,t) = ny'ni(x, 1), 1, = (2aeng) " is the char-
acteristic time of recombination, h=g+ b x g, g =
Lgny 'Vny is the unit vector along the gradient of nyg, in
the present case (to the approximation accepted in this
consideration) we may regard h ~ g. The problem of
plasma fluctuation formation by the atmosphere turbu-
lence in the lower ionosphere is a problem of passive
scalar convection (plasma density is a passive scalar).
Since the neutral atmosphere turbulence in the altitude
range of interest is approximately isotropic with a large
scale of about 5 km (Justus, 1967) and the sporadic-E
thickness is usually not larger than this scale, then cross-
correlations of the wvelocity and scalar fields,
scalar — velocity and velocity — scalar, are ruled out
by the restriction to passive convection and by the
symmetry requirements of isotropic turbulence (e.g., see
McComb et al., 1992). Hence, (on-u;) =0, and
Eq. (10) may be written in the form

{0/0t — D,V> + 1, '}on + V(én - wy)
= —L7'(u; - g) — B;V(u; xb) . (11)

This equation is the linearized form of Eq. (9) and
describes the process of formation of plasma density
fluctuations with scales smaller than the sporadic-E
thickness. Here one must distinguish between two
situations: random waves when V(dn-u;) < 0dn/0t,
and conventional turbulence when |00n/0t] and
|[V(on -w;)| are of the same order of magnitude (the
case of random waves in application to plasma density
fluctuations caused by neutral turbulence in the lower
part of E-region was considered by Gurevich et al. 1997,
the present work deals with the case of conventional
turbulence). It may be seen that the first term on the
right-hand side of Eq. (11) is more important at larger
length-scales / > f3;Ls and the second is most important
for smaller scales / < L, i.e., the process in which the
neutral atmosphere turbulence in conjunction with a
mean (background) plasma density gradient produce
plasma irregularities by mixing regions of high and low
density dominates at the larger scales, while the
interaction of the plasma imbedded in the turbulent
motions of neutral gas with the magnetic field is more
important for generation of the small-scale fluctuations.

3 Spectrum of irregularities

As mentioned in the previous section, the velocity of
neutrals u(x, 7) and the plasma density n(x, ¢) can be
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expressed as sums of their regular and fluctuating
components or, in other words, mean (uy = (u),ny =
(n)) and random ({u;) =0, (n;) = 0) ingredients. The
velocity field u;(x, 7) represents the neutral atmosphere
turbulence which is similar to usual fluid turbulence.

Before considering the consequences of Eq. (11), we
must digress briefly to recall certain basic properties of
the random velocity field wuj(x, 7) that is statistically
homogeneous in x and stationary in ¢ (see Batchelor,
1953; Tatarskij, 1967). The two-point correlation tensor
of the field u;(x, ?) is

(ur;(x, 1) - up; (X', 1)) = Ry(r, 1) (12)
t=t¢—-1.

This quantity can be expressed in terms of the Fourier
transform

x=x —r,

Rij(r,7) = /dk do ®;(k, w) exp(ikr —iw7) , (13)

where ®;; is the spectrum tensor of the field u;(x, 7). The
relation inverse to Eq. (13) is

@, (k, ) = (27) / drdr Ry (r.7)explior — ikr) . (14)

In practice, the assumption of exponential relaxation of
the u-field correlations in time is often valid and it gives

Rij(r, 1) :/dk Fj(k(exp(—|t|/7x) exp(ikr) , (15)

where 7y is the “life”” time of turbulent eddy with scale
[k|™'. In the case of isotropic turbulence in the
incompressible fluid the tensor F;;(k) is given by

Fij(k) = (3 — kik;/k*)E(k) /Ank?, k= [K| , (16)

where E(k) is the energy spectrum function. According
to the universal equilibrium theory of Kolmogorov
(1941), the energy spectrum function in the inertial
range of wavenumbers is given on dimensional grounds
by (see e.g., Batchelor, 1953)

E(k) = Ci&lk P (ko <k < ky) (17)

where C; is a dimensionless constant of order unity
(Cy = 1.4), ¢ is the rate of flow of energy across any
wave number magnitude & in the inertial range, k; '=1,
is a length-scale of shear flow in which the kinetic energy
of turbulence is generated, k;l ~ (1 /8)1/ 4 is a viscous
length-scale at which say viscous dissipation is adequate
to dissipate the energy at the rate ¢ (y,, is the kinematic
viscosity of neutral gas). The decay rate of eddy with
scale k~! may be determined as a sum of the rate of eddy
dissipation due to turbulent mixing, ;! , proper, and

the rate of viscous dissipation, 7, ':

11:1:1144—7:;1 , (18)
RSN Sl (19)
r;l = k> . (20)

In the inertial range 7' > 1., but the influence of
viscosity cannot be neglected entirely for large wave
numbers k — k, (e.g., see Townsend, 1976).

Taking into account Egs. (14), (15), (16) the spec-
trum tensor @;;(k, ) is
v ' E(k)

Dk, ) = (8 — kik; [k*) —=K L.
j(k, ) =7 (0 i/ )4nk2(w2+11§2)

(21)

Under the assumption that random fields u;(x, ¢) and
on(x, t) are stationary function of x and ¢ with Fourier
transforms

uj(x,t) = /dkdw uij(k, w) exp(ikx —iowt) |

on(x,t) = /dkdw on(k, ) exp(ikx — iwt)

the Fourier transform of Eq. (11) is then

(Dak? + 17" —iw)dn(k, o)
+ ik; / dk'do’ on(K', ') - uj;(k — K, 0 — )
=L 'g u(k,0) — ipik(u;(k,m) x b) . (22)

The convolution term on the left-hand side of Eq. (21)
represents the contribution of mode interactions in the
process of plasma fluctuation generation. If we take it
into account phenomenologically through the coefficient
of turbulent diffusion D, then

(D, + Dt)k2 + ’L'r_l —iw)on(k, w)
= L 'g u(k, ) — ifik(u; (k,) x b) . (23)

In the lower ionosphere the Schmidt number is near
unity, u, =~ D,, as in the case of most fluids and gases,
hence, we may regard that Dik* ~ 1! and Eq. (23)
becomes

_ _L;Ig i l11<k, w) — iﬁik(ul(k’ (JJ) X b)

on(k
I’l( ,(l)) Dak2+‘5[_]+’f;1—i0) )
(24a)
or, since k(u; x b) =u;(b x k),
L7 le —iB. k
sn(k, ) s 8l XK) L kw) . (2ab)

T DR AT AT —iw

The correlation function of plasma density fluctuations,
QO(r, 1), with its spectral representation under the
assumption of statistical homogeneity and stationarity
can be written as follows

O(r,t) = (on(x,t) - on(X', 1))
= /dkda)‘l’(k,w) exp(ikr —iwt) | (25)

x=xX -1, t=1{—-1.

The relation inverse to Eq. (25) is
¥k, o) = (2r)" / dtdr O(r, #) exp(iwt — ikr) .
Using known relations for the statistically homogeneous

and stationary random fields (see Batchelor, 1953;
Tatarskij, 1967)
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(w1(k, @) - uy; (K, 0)) = Ok, 0)d(k = K)d(0 — ) ,

(on(k, ) - on* (K, ') = P(K, 0)d(k — K)(w — o) |

where the * denotes a complex conjugate, and taking
Eq. (24b) into account we then obtain an expression
relating ¥ to @;;, namely,
(Ls_]gi +1i-Bi(b x k)i)(Ls_lgj —1i-Bi(bx k)j)
(0 + (D + 77+ 171))
x ik, ) . (26)
Here g;; represents the i(j)th component of the unit
vector g, and (bxK);(;) = &jymnbmkn, €imn 18 the alternat-
ing tensor (0 for any two indices being equal, + 1 for any
even number of permutations, and —1 for any odd
number). Substituting the expression for the spectrum
tensor ®@;;(k,w) given by Eq. (21) into Eq. (26) then
leads to

Y(k,o)=n1"7!
(LK (g x k)* + (b x k)*)E(k)
(@2 + (Dak? + 17" + 1)) (02 + 12 dmk?
(27)

The spatial spectrum of plasma density fluctuations P(k)
(or the wavenumber spectrum) is defined by the zero-
time-delay correlation function

(on(x, 1) - on(x, 1))

=Q0(x—x,0)= /dk P(k) exp(ik(x — x') ,
and P(k) is related with ¥(k, ) as

Y(k, o) =

X

P(k) = / do¥(k,0) . (28)

After integration, we have
(L2 (g x K)* + BF(b x K)*)E(k)
(! 10 1+ Dak?) (0 1+ Dk dmk?
(29)
which is often called the three-dimensional power
spectral density (PSD) of the fluctuations. Using

Eq. (29) we may obtain the root-mean-square level of
plasma density fluctuations ((; /n)*)"/%,

P(k) =

1/2

WM%WW—KMWW—</ﬁHM> ,

the integration over the surface of the sphere of radius k&
in k-space then gives

I5)

((m1/n0)?) = {(on)*) = /Pl(k)dk ; (30)
ki

where

P — 2L + BR)ER)

3!+t 1+ D) (7 1 4+ Dak?)
(31)

It may be seen from Eq.(30) that P;(k)dk is the
contribution to the power level of relative plasma
density fluctuations from the wave number range
(k,k +dk) (P,(k) is the one-dimensional spectrum of
the fluctuations). To estimate the rms fluctuation level
we take the following values of parameters which are
quite realistic for the Eg-layer and the region of its
formation: Lg ~2-103 m, ng ~2-10"° m=3, B = Q;/v;
~0.1, Dy ~102m?s™, ¢~035m?s3, o, ~3-10°13
m?s~!. It is interesting that the data from rocket
experiments have shown the presence of sporadic-E
irregularities having the spatial periods of approximate-
ly 75-270 m with rms density fluctuation level greater
than 10% (Rao and Smith, 1968), and from Eq. (30) for
the plasma density fluctuations with the same scales (75—
270 m) under the mentioned values of parameters we
obtain an rms level of about 5.4%, which is not at
variance with the experimental result.

4 Discussion and conclusions

The one-dimensional power spectrum Pj(k) (or the
three-dimensional spectrum P(k)) describes plasma
fluctuations created by the neutral atmosphere turbu-
lence in the wave number range k, >k > L' . It was
noted that the effect of the magnetic field on the
formation of plasma density fluctuations dominates at
the smaller scales or at the larger wave numbers
k> (B.Ls)~', whereas the relative role of the mean
plasma density gradient is more important in the
generation of the large-scale fluctuations, k& < (f;Ls)" .

Consider first the part of the spectrum P;(k) that
describes the short-wave-length plasma fluctuations.
The expression Eq. (31) may be simplified and using
Eq. (17) it then gives

2. ﬂi282/3k1/3
3t it 1 Dak?) (0 + 1+ Dak?)
(32)

P](k) ~

)

ka >k > (BiLs)™"

(in the presence of magnetic field, the plasma density
fluctuations can be created by the turbulent motions of
weakly ionized gas even though the motions of neutrals
are incompressible and the background plasma density
gradient is absent). By equating the time scale of
diffusion of plasma density irregularities

tq = (Duk?) "

with the time scale of turbulent motions 7; we can obtain
the wave number k4 at which diffusion becomes most
important:

ka ~ (e/D3)"* . (33)
The diffusive length-scale £} I'is analogous to the viscous
length-scale k;l for the neutral atmosphere turbulence
and in our case (weakly ionized plasma of the iono-
spheric E-region) ky! is close to k;l.



1288 Y. V. Kyzyurov: On the spectrum of mid-latitude sporadic-E irregularities

Under the mentioned values of parameters which
define P;(k), in the considered wave number interval
(for length-scales 40 m< / < 200 m) the inequalities
! >3, t7 > 17! are valid, and the local power
spectral density P;(k) may be expected to be propor-
tional to

Pi(k) k' (kg > k> (BiL)™") . (34)

The long-wavelength irregularities ((ﬁiLs)_1 >k > L")
may be described by the spectrum Eq. (31) in the
following form
2. L2623/
3+t o 4+ Dak?) (r 4 1+ Dak?)
(35)

Pi(k) =

)

(BiLs)™' > k> L]

(intensity of the plasma fluctuations is proportional to
the mean plasma density gradient |Vng|/ng =
Lg‘1 ~ L;'). For this wave number interval there are
three subranges of wave numbers: (ﬁiLs)f1 >k >k,
ke >k > ki, and ki >k > L', where k; and k,, are
determined (in order of magnitude) by equating the time
scale 7, with 7, and 21, respectively:

ke ~ &' 2 (20,NR)Y? (36)
ke &~ &2 (0, NR) (37)
In the subrange (,BiLS)_l >k >k (length-scales

200m < / <450 m), the inequalities ;!> 15!,
17! > 1! remain valid, however, because of the increas-
ing influence of the mean density gradient the spectrum
Py (k) becomes

Pi(k) oc k™ ((BiLs) ™" >k > k) . (38)

For the wave numbers k; >k >k, (length-scales
450 m < [ < 1273 m), the inequalities ;! < 7! < 27!
are satisfied, i.e., recombination should be taken into
account, and then

Pi(k) oc k773 (ky >k > k) (39)

In the subrange ky >k > L' (length-scales 1273 m <
[ <2000 m), recombination damping dominates
(t;! > 27;!) and the expected dependence Py (k) is

Pi(k) oc k™3 (ky >k > L7 . (40)

Thus, the formation of mid-latitude sporadic-E irregu-
larities by the neutral atmosphere turbulence at the
length-scales Iq < I < Ls(l4 = (D:/r)l %) is a combined
action of such processes as: on the one hand the
interaction of the turbulent velocity field with the mean
plasma density gradient and the geomagnetic field, and,
on the other hand, recombination, diffusion and turbu-
lent eddy decay which operate as dissipation processes.
A relative role of these processes is different at different
scales of irregularities and it depends on the parameters
of the Ej-layer. For example, the role of the density
gradient and, say, the effect of recombination increase
with increasing irregularity length-scales. The irregular-

ity spectrum must be sensitive to the changing effects of
the mentioned processes. If we use a power-law form for
the irregularity spectrum, then some departures from the
power-law form with a constant index (or some changes
in the spectral slope) may be found. To estimate the
characteristic length-scales at which such departures
must occur, the following expressions can be used

lB = ﬁiLg ~ ﬁiLs )
I, ~ ¢/ /(20 Ng)*? | (41)
Iy ~ 81/2/(OCI-NR)3/2

(for the length-scales / > /g the role of the mean plasma
density gradient becomes more important than the
influence of the magnetic field, for / > /; the influence
of recombination appears, and for / > /;, recombination
becomes the main dissipation process).

In the present case (for the concrete realization of
parameters chosen in the previous section) when
lg <lg <l <y <Ls, there are four subranges of
length-scales. Figure la shows the self-normalized local
PSD (P (k)/P1(L; ")) of the plasma density fluctuations
in this case (solid line 1). There are some differences
between changes in the spectral slope in Fig.la and the
expected slopes from Egs. (34), (38), (39) and (40),
because dimensions of the subranges are not large
enough. However, the mentioned expressions allow at
least the trend of changes in the spectral slope to be
predicted. In general the present spectrum may be
described by a power law k1.

For comparison with the case discussed, the self-
normalized spectrum of the fluctuations under another
value of the mean plasma density 1y ~ 10" m=3 (other
parameters take the same values as in the previous case)
is also illustrated in Fig. la (solid line 2). In this case,
Eq. (30) gives the rms level of the plasma density
fluctuations with length-scales 75-270 m about 3%, and
because of /; = [4 =~ 40 m there are three subranges of
scales (or wave numbers): [y </ </, (40-114 m),
le <1< 1Ig (114-200 m) and /g < I < Lg (200-2000 m).
In these subranges the expected dependence P (k) is

P] (k) X k71/3 (kd >k > krr) ’
Pi(k) oc k' (ke > k> 151
Pi(k) o k™8 (15" > k> L") .

Recombination is an important dissipation process for
the whole range of scales /g < / < L in the present case,
although the influence of diffusion provides a steeply
sloped “‘tail” of the spectrum. In the whole range of
scales Py (k) oc k=133,

So far the ion composition of sporadic-E was
regarded as that of the normal E-region (i.e., NO™
and O3). However, it is known that most of the ions at
the sporadic-E peak are often metallic such as Fe™ and
Mg" (Young et al., 1967; Behnke and Vickrey, 1975;
Whitehead, 1989). These ions have very long lifetimes in
the E-region since the recombination reaction for the
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monatomic ions is very slow. Hence, it is possible to
suppose that 7! — 0 in the expression for P;(k) and
Eq. (31) then becomes

2(L% + BiKP)E(k)

Pi(k) =
1(£) 3t ot 4 Dak?) (7 + Duk?)

(42)

There are two subranges of length-scales in this case:
lg < 1< Ig (40-200 m) where

Pi(k)oc k™ (ka>k>15") (43)
and /g <[/ < Lgs = Ls (200-2000 m) where
Pik)ock™ (I5' >k>L]") . (44)

Figure 1b (solid line 1) shows the self-normalized PSD
predicted by Eq. (42) for the mentioned values of
parameters, the rms level of density fluctuations having
length-scales of approximately 75-270 m is about 7% in
this case. In general the k-dependence of P; is close to
k=>4, Since L;' approaches zero (or at least Ly > L)
near the E;-layer peak where metallic ions dominate, the
dependence predicted by Eq. (43) must be closer to the
real situation. The PSD when, say, Ly ~ 2 - 10* m (i.e.,
Ly, > L) is illustrated by solid line 2 in Fig. 1b, the rms
fluctuation level is about 5.5%. Because of the influence
of diffusion for large wave numbers, the spectrum
becomes close to A~ in this case.

Thus, the ion composition of sporadic-E and the
mean plasma density gradient exert apparent influence
on the shape of the spectrum of plasma density fluctu-
ations created by the neutral atmosphere turbulence. In
addition, it is interesting that if the ion composition is
unchanged throughout the E-layer then the rms fluctu-
ation level when the fluctuation scales are not too large is
higher on the sides of the layer where the mean density
gradient is steeper than near the E; peak, on the other
hand, if the slowly recombining ions dominate near the
sporadic-E peak while the usual E-region ion is the

wavenumber (m ')

plasma density fluctuations predicted by
Eq. (42) when L, = L ~ 2 - 10> m (solid line
Iyand Ly > L, Ly ~ 2 - 10*m (solid line 2)

0.01

major one on the top and bottom of the layer then the
fluctuation level is higher near the peak.

Of course, discussing the influence of the ion com-
position of sporadic-E on the spectrum of irregularities,
a mixture of ion species having different values of
recombination coefficients should be considered. How-
ever, in spite of turbulent mixing the mentioned
tendency of domination of the slowly recombining ions
near the FE; peak and the more rapidly recombining ones
on the sides of the layer remains. Hence, in practice the
spectrum of irregularities near the lower (or upper)
boundary of the layer can be close to that given by
Eq. (31) (in particular, its possible shape is shown as line
1 in Fig. 1a), and at the same time the irregularity
spectrum near the E; peak can be close to that given by
Eq. (42) (in Fig. 1b its shape may be shown as line 2).
Probably, the spectrum in the intermediate region could
be described by Eq. (31) with another value of the
effective recombination coefficient (0 < o, < 3-10713
m3s~!), but this suggestion requires additional study.

Recently, the SEEK (Sporadic-E Experiment over
Kyushu) campaign was conducted to investigate the
mechanism for the generation of quasi-periodic radar
backscatter from field-aligned irregularities imbedded in
nighttime mid-latitude sporadic-E layers. The SEEK
was a coordinated field campaign, which included in-situ
E; measurements using rockets and various ground-
based measurements using radio and optical instru-
ments, and has provided a large base of interesting data
(Fukao et al., 1998). During the campaign a broad
spectrum of plasma irregularities in the lower altitudes
(90-115 km) was detected by sounding rocket-borne
instruments (Pfaff er al., 1998; Mori and Oyama, 1998).
The obtained spectra of irregularities had a power-law
form, and a spectral index has changed from 0.8 to 1.2
for the plasma fluctuations in the lower part of the
altitude range where an influence of neutral gas turbu-
lence on the generation of ionospheric irregularities
could take place (Mori and Oyama, 1998). It seems that
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spectral indices predicted have are consistent with those
obtained during the SEEK campaign (unfortunately, a
role of neutral turbulence in the formation of sporadic-E
irregularities was not considered in this campaign).

The attention of the present work has been focused
on plasma irregularities caused by neutral turbulence in
the mid-latitude sporadic-E. However, the approach
developed here can be applied to the irregularities in the
lower ionosphere at high and low latitudes. At least the
present theoretical estimates of the spectral form and the
rms level of plasma fluctuations do not seem to
contradict experimental results obtained during rocket
measurements in the auroral and equatorial lower
ionosphere (see, e.g., Royrvic and Smith, 1984; Pfaff
et al., 1984, 1987a, b; Schlegel, 1992; Gurevich et al.,
1996; Ulwick et al., 1993; Liibken et al., 1993). It should
be noted that in some of the mentioned works (Pfaff
et al., 1984, 1987a, b) plasma instabilities are proposed
as basic mechanisms for the generation of ionospheric
irregularities while in others a role of neutral turbulence
in the formation of plasma irregularities is admitted
(Rgyrvic and Smith, 1984; Schlegel, 1992; Gurevich
et al., 1996; Ulwick et al., 1993; Liibken et al., 1993).

The following conclusions can be made:

1. In the mid-latitude sporadic-E, the neutral atmo-
sphere turbulence can produce the plasma irregularities
with length-scales from several tens of meters to several
kilometers.

2. The spatial spectrum of such irregularities can be
described by Egs. (29), (31) or Eq. (42) when recombi-
nation can be ignored. According to these equations the
irregularity spectrum in some cases is close to a power-
law form, in other cases, however, some departures from
simple power-law behavior can be found. These depar-
tures may be explained by the changing relative impor-
tance of the interaction of the turbulent velocity field
with the geomagnetic field and with the mean vertical
gradient in plasma density for the creation of irregular-
ities of different length-scales, and, on the other hand,
by changes in the relative role of such dissipation
processes as diffusion, recombination and eddy decay in
the turbulent cascade process. In other words, the shape
of the irregularity spectrum depends on the sporadic-F£
parameters.

3. The length-scales at which changes of the spectral
slope must occur can be estimated from Eqgs. (41).

4. A careful study of changes in the shape of the
sporadic-E irregularity spectrum and in the level of
density fluctuations may provide information about the
ion composition of the Eg-layer. For instance, a
sufficiently high level of fluctuations near the E; peak
(in comparison with the fluctuation level on the sides of
the layer) can be used as a sign of domination of long-
lived ions there.

5. Expression (29) represents the three-dimensional
PSD of the relative fluctuations in plasma density.
According to Eq. (29), in general the irregularity spec-
trum is not quite isotropic due to the preferred direc-
tions of b and g. These directions are given by the
geomagnetic field, b, and the mean plasma density
gradient, g = Lony'Vny, in the Ej-layer. Although it is

not difficult to show that deviation of the spectrum (for
plasma fluctuation scales within the inertial range of
neutral turbulence) from isotropy is sufficiently weak,
this deviation seems to be of interest and its detailed
treatment is proceeding.

6. In the case of the mid-latitude sporadic-E, the rms
density fluctuation level predicted by Eq. (30) is in good
agreement with the observed values (Rao and Smith,
1968). The shape of irregularity spectrum Eq. (31) (or
Eq. 42) is in reasonable agreement with the spectra
obtained from experimental data (Ovezgeldyev et al.,
1988; Mori and Oyama, 1998) too. Nevertheless, it is
difficult to be definite about a decisive corroboration of
the present results because experimental data of mid-
latitude sporadic-E irregularity observations are rather
limited. To test our predictions here an experiment that
measures simultaneously the irregularity spectrum and
the pertinent parameters of the Eg-layer and the neutral
atmosphere turbulence is needed. Since, for this pur-
pose, rocket measurements are most suitable, experience
obtained during the combined rocket and radar cam-
paigns: the Condor (Pfaff ef al., 1987a, b), the ROSE
(Rose et al., 1992), the ERRIS (Pfaff ez al., 1992), and
the SEEK (Fukao et al., 1998), for example, is useful. In
addition, it is important to make corrections of the
operating frequencies for radar measurements (altering
to the frequencies lower than VHF) taking into account
results by Gurevich et al. (1997) and Schlegel and
Gurevich (1997), and to use the transparency of
sporadic-E on ionograms as an indicator of turbulence
and the height of the turbopause (Gorbunova and
Shved, 1984; Whitehead, 1989).

7. As regards further investigations, an elimination of
some simplifications can improve the present results. In
particular, these include such things as ignoring the
height dependence of several parameters (e.g., the
temperature, the collision frequency, the recombination
rate, etc.) within the layer and assuming the linear
relation between the plasma density fluctuations and the
turbulent velocity field of neutrals.

8. Although the role of plasma instabilities in the
generation of the mid-latitude sporadic-E irregularities
was beyond our scope it should be said that the neutral
atmosphere turbulence may probably play an important
role in seeding the plasma processes, particularly in that
case, when the turbulence in the E-region is stratified. A
very thin layer of turbulence would lead to a E-layer
with an almost square electron (plasma) density profile
in the region of turbulence, falling off in a Gaussian
fashion outside the eddy region (Chimonas, 1974), that
could provide conditions for the gradient drift instability
on the top and bottom of the mid-latitude sporadic-FE
(Ecklund et al., 1981).

Thus, additional experimental and theoretical studies
are needed to gain a better understanding of the processes
of irregularity creation in the mid-latitude sporadic-E.
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