View metadata, citation and similar papers at core.ac.uk brought to you by i

provided by NASA Technical Reports Server

Tonospheric E-Region Irregularities Produced by
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ABSTRACT. The irregularities responsible for the strongest VHF echoes
from the equatorial E-region and the aurora appear to have been adequately
explained as arising from a form of two-stream plasma instability. Many of
weaker features of the echoes‘from the electrojet irregularities cannot
Se sxplained on this basis, howevér. The waves generated by the instability
will grow in amplitude until they are limited by non-linear effects. These
Tarthermore, will cause coupling between waves which will generate
rew waves that cannot be directly excited. In the present paper we show that
scéttering from such secondary irregularities can account for many of the
weak featﬁres of the VHF echoes. The theory is only qualitative, but the

reement Letween its predictions and most of the experimental observations is

cuite good.
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INTRODUCTION

Tre scattering of radio waves by the lonosphere, using frequencies well
above the penetration frequency, is now well established as a technique for
ionospheric investigation. When the ionospheric plasma is in thermal equili:vﬁ
briuvm, or feirly close to equilibrium, the scattering is extremely weak, and
is due merely to the thermal fluctuations in electron density--the so-called
inccherent scattering. There are other circumstances in which the scattering
is mach stronger (though still weak in the sense that the Born approximation
applies). One such case occurs in the equatorial E-region, and is due to
electron density fluctuations associated with the equatorial electrojet
[Bowles, Cohen, Oché, and Balsley, 1960; Bowles, Balsley and Cohen, 1963;

Cchen and Bowles, 1963; Balsley, 1965].

The three most striking features of this equatorial scatter are the
following:

l: The strength of the scattered signal is closely associated with £he
strength of the electrojet. Furthermore, the jet current must gener-
ally be greater than a cértain threshold value if strong echoes are
to be obtained. |

2. The echoes are éspect sensitive; i.e., the direction of the radar
beam mast be nearly perpendicular to the magnetic field.

. 3. The freguency spectrum of the echoess, when the radar is not pointing
vertically, usually consists mainly of a fairly sharp peak at a dis-
crete Doppler shift, The magnitude of the shift is roughly indepsndent
of the angle between the beam and the jet current; the sign depends on

whether one is looking east or west. Echoes from overhead are weaker




rom oblique angles and have a more variable, often diffuse, fre-

arizy [2262] (hereafter referred to as I) suggested that the scattering
is due to the disturbance of electron density resulting from the two-stream
instability which occurs when there is a sufficient relative drift of the
electrons through the ions. By extending the theory of this instability to
allow for the presence of both a magnetic field and collisions with neutral
molecules, he showed that (1) and (2) are readily explained. The threshold
effect is accounted for by theifact that the strength of the electrojet is of
course proportional to the relalive lon-electron drift velocity, and it is
really this velocity which has a threshold value. Thus at night, when the
electron density is very small, it is still possible to have an instability,

even though no current flow is observable. The predicted critical velocity

&

grees with reasonable estimates of the velocities present in the electrojet.
The aspect sensitivity arises from the fact that only waves propagating
very neariy perpendicularxﬁo the earth's magnetic field are unstable., All.
other waves are heavily demped. The quantitative agreement between the
predicted and observed aspect sensitivity is good.

The discrete Doppler shift (3) corresponds to the speed of the plasma
waves in the medium. The echoés come only from those waves whose wave vector
is parallel to the direction of the radar beam. At oblique angles the speed

of thes

[0]

waves is simply the acoustic velocity. The main peak in the observed
vectrum does indeed have a Doppler shift in agreement with this prediction.

The sign of the Doppler shift is accounted for by the fact that only waves hav-




ing a compcnent of velocity in the direction of the electron flow can be excited.
Simple ideas of "blobs" convected by the Jet current would lead to a cosine de-
pendence of the Doppler shift on elevation angle, contrary to the cbservations.

There are, however, some further features of the scattering not directly
explained by the theory given in I. When the line of sight is perpendicular to
both the megnetic Tield and the current vector, i.e. when it is vertical, the
scattering should disappear, since there is no longer an appropriate unstable plas-
ma wave. Nevertheless, some scattering is observed in those circumstances. Again,
tre theory predicts a definite Doppler shift, so that the frequency spectrum of the
received signal should consist of jJust a single line, broadened only to the extent
already involved in the incident signal. As already mentioned, the spectrum is
usually quite strongly pesked at the appropriate frequency, but there is a substan-
tial scattered signal over a band of frequencies.

In this paper we show that these secondary features exhibited by the scattering -
can be explained in some detail by an extension of the theory to include non-linear
coupling between the unstable plasua waves. Such coupling produces further wave-like
disturbances which can also scatter the radio waves. The possibility of such an
explanation was actually mentioned in I,

EXPERIMENTAL RESULTS

Some details of the technigue for observing the power spectrum of the scattered
signal, together with early specimens of the results obtained, are given by Bowles,
Balsley, and Cohen [1963]. A more complete presentation and discussion of the exper-
irzental results relevant to the théory developed here are given by Cohen and Bowles

(19661, Figure 1, which also shows the geometry of the experiment, is taken from
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“he Zaitter paper. We let ¢ denote the angle between the radar and the earth’'s

zgreiic field (as in I)

), and 2 the angle between the beam and the vertical.

In fzct, ¢ mast be close to 900, as already mentioned. It should be recalled
ihat *he spectra are shown normalized, and the total scattered signal also
varies with 8; it is seriously reduced when 2 is small,

Schematically, we may represent all the spectra as in Figure 2, drawn
for the cuse when the radar looks east (8 positive). The spectrum may be
divided into three regions, numbered as shown. Region I is the part due to
direct scattering by the unstable plasma waves themselves, as explained in
paper I. The Doppler shift corresponds to the speed of the plasma waves along
the line of sight, in this case towards the observer. Region II consists of
Doppler shifts with the same sense as region I, but smaller in magnitude, while
region III consists of Doppler shifts of the opposite sense.

When the electrojet is strong and B is large, region I 1s well-developed,
region Iﬁ weak, and region III practically non-existent (Figure la and 1b). At
less oblique angles, regions II and III become relatively more important and
region T less so. Finally, when 8 = O (vertical beam), region I disappears,
while regions II and ITI becom¢~of equal importance, i,e., the spectrum becomes
roughly symmetric. For negative values of p, Figure 2 should of course be re-
flected about its vertical axis. .

The form of the spectrum ﬁay be somewhat different if the electrojet is
e weak, although still strong enough to produce some irregularities. In
such cases region I may partially or completely disappear, even when B 1s large,
lsaving only a weak echo that is mainly in region II. For small B, the spectrum

can beccme very narrow and centered about zero Doppler shift., Various inter-
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ler shift as well as a peak corresponding to region I (cf.

Flgures 6 and 7, Cohen and Bowles, [1966]).

THEORETICAL TNTERPRETATION

W

[

recall the standard result for scattering of radio waves in the Born

)
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ximation (ee, for example, Dougherty and Farley (1960]). We have plane
waves of angular frequency W, incident on a medium of mean electron density
NO but subject to small fluctuations AN. The scattering cross-section for

waves Doppler shifted by an amount between o and « + dw is proportional to

<IAN<5,m>|2> dw . (1)

Here AN(E,w) denotes the Fourier ‘transform in both space and time, the angular

bracrets denote the ensemble avefage of the statistical fluctuations, and CN

is assumed to be well above the'éritical frequency for the plasma, The appro-

¢ wave-vector k depends on the geometry of the transmitter and receivér,

but in the simple case of back scattering, kx is along the line of sight towards

the observer, and has magnitude 4 m/\, where X is the radio wavelength, 2 nc/wo.
In the case of a stable plasma, this scattering cross-section is extremely

small, and represents spontaneous thermal fluctuations, giving rise to the so-

called incoherent scattering. If the plasma is able to sustain an undamped (or

very slightly damped) longitudinél wave, such as a plasma oscillation with wave-

1

vectoer K, the cross-section (1)’has a sharp maximum at the freguency w of
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.gitudinel wave. As a result the scaltering has a2 definite Doppler shift,

in this cese the plasma frequency, However, in ionospheric cases most of the

3
)

or incoherent scatter, as given by (1), lies under a quite
sticoth curve not associated with free oscillations EDougherty and Farley, 1960 1.

For a plasma subject to microinstabilities, such as the two-stream insta-
pility, the situation is m.*) more similar to that of turbulence. The total
cross-section>is far larger (by a factor of up to 108 in the observations sum-
marized above), and the spectrum cannot be calculated by means of statistical
mechanics.,

The idea developed in I was this. We start with a stable (say Maxwellian)
dlasra and gradually increase the relative velocity of the ions and electrons,
as actually happens in the electrojet. The spectral distribution (l) changes
gradually from the incoherent to the turbulent form, and we anticipate that in
the early stages the main feature of the change is the appearance of sharp peaks
at frequencies corresponding to waves which begin to grow when the threshold for
instability is reached. Indeed this behaviour has been demonstrated by Rosenbluth
a;d Rostoker [1262] in enother céée, namely a two-stream instability in the ab-
sence of magnetic field or collisions. Accordingly, paper I was devoted to the

udy of the disversion relation for longitudinal waves, say

Fk,w) = 0 (2)

taking account of electrons, ions, the external magnetic field, and the collisions -
with neutral molecules. With k fixed and real, solutions were sought for which

5

w'k 1s roughly the ion thermal speed. These waves, normally highly damped,




change to growing waves when the speed of counterstreaming reaches a critical
value, which is approximately the ion thermal speed if k is almost perpendic-
ular to the wmagnetic field. This affords a natural explanation of region I of
Figure 2.

It is extremely difficult to answer guantitatively the question of what hap-
pens when the threshold of instability is crossed (see Kadoumtsev [ 1965] for
an account of such progress as has been made). If there are waves with a sub-
antial growth rate, strong disturbances are set up which are governed by non-
linear equations, so that the linearized treatment of the Fourier components,
leading to (2), is no longer relevant. In other words the waves grow to an
extent limited only by non-linear effects, and also interact strongly with each
other, producing additional waves. However, in practice it often happens that
the threshold is exceeded only slightly, so that the coupling is fairly weak.
Then the waves given by (2) still preserve their identity and behave to soue
extent as in the linear theory. They still, of course, reach an amplitude far
higher than the thermal level: We believe that regicns II and III of the spec-
trua, and the existence.of scattering at vertical incidence, can be attributed
to the non-linear coupling of the unstable plasma waves.

Ceveral prbperties of this coupling can be deduced quite easily in the weakly
unstable case. Consider two plasma waves in which the perturbations are propor-

tional to
exp [i(wjt - Kﬁ . z)] (3=1,2) (3)

vhere the Ej are real, and the wj are almost real and satisfy (2). The swmall
imaginary part of the frequency is not important in the arguments that follow,

and so for simplicity we will ignore it. The non-linear interaction involving




products of terms such as (3) gives rise to further Fourier components of

the same form, with j = 3, and
k,=5.k k, W = w w h
_351_1+52__2’ 3 sll+522 ()

Eere sl and 52 are each ¥ 1. The possibility of negative values for

51 and 5, is due to the fact that the factor (3) arises in the Fourier

transform of real quantities (so terms involving the complex conjugate

of (3) must also exist), and it is the product of the real quantities

which is actually required.

The procedure 1s, now, to enumerate all the merginally unstable waves

(g, ®) and so construct all the availeble new Fouriler components (k ,wB),Lf

the latter themselves satisfy (2), we simply get a further contribution to
another wave which could already exist; in such a case wave 3 is in strong
interagtion with waves 1 and 2. This does approximately happen when gl and
ks sre parallel, but n5 new feature of the spectrum can be explained on‘this
acecunt. When (35,w5) does not correspond to a frecely propagating wave, it
" represents something new. Now as the radar experiment picks out a definite k
and gives us the spectrum function (1) as a function of w, we set 35 equal to
this fixed value and try in turn all values of kj and k, perpendicular to the
mignetic field and satisfying (V). With @) and @, following from (2), we obtain
a contribution to the scattered signal at a Doppler shift Ws . It follows of
course that Eﬁ must itself be perpendicular to the field.

As we already have alternative signs in (%), we need not consider as distinet
the waves (k, ©) and (~k, - ®),and so ve adopt the convention that w; and w, are

positive. Tt was shown in T that for marginally unstable waves (2) reduces to




’J.‘-_-Va l_}i\ ’ (5)

vhere Va is roughly independent of k over a wide range, and is approximately

the icn thermal speed. The wave vector k, besides being orthogonal or nearly
crthegonal to the field, must have a positive component along the direction of
the electron stream (we regard the ions as at rest), to make w positive. The
electrons cannot excite waves traveling in a direction opposite to themselves.
Let us consider the case of the radar looking east, Figures 3 and L illus-

trate how the vectors kl and k2 can combine as a diflerence or sum, respectlvely,

to form 53. Since both 51 and EQ must have a component in the direcilon of the
electron velocity 22, at least one of Sy and sé must be +1. Without loss of
gererality we can consider Sy to be +1 in all cases. In Figure 3, s2 is then
-2, and we have
oy = 7, Ul - 15D
and
oy, V(g - 8,1 )
Bl s N ©
5 - %l

If the origin of kl and 52 is at some point such as P, wy will be positive and

will contribute to region II of the spectrum in Figure 2; if the origin is at P’

gion IIT of Figure 3, w3 will be negative and contribute to region IIT of

It czn be seen from Figure 3 that region ITII of the spectrum will be very

pe
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large, since El' and EQ' will then make large angles with the mean

=
<

]
[¢4))

ctron velocity V_. Similarly, the stroncast waves corresponding to region

o

IT will have velocities that are only slightly less than Va' When 2 is small,
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however, ccntributions to region III will be apprecisble, and in the limit of
vertical propagation (B = 0), regions II and III become identical, leading to
& symmetrical spectrum. When B is large, it will usually be possible to excite
directly the wave represented by 53, producing region I of the spectrum. This
will generally be the strongest echo, since no non-linear coupling is involved
(although non-linear effects of course eventually limit the growth of the wave).
As B becomes smaller, region I will grow weaker and eventually disappear. Even

if the electrojet is very strong, the component of in the direction of the

(L<1

wave vector will be less than the critical value for direct excitation of the
instability when B is sufficlently small.

On the other hand, if the electrojet is weak and Ye is only slightly
above the minimum threshold for excitation, only waves traveling very nearly
parallel to Ye will be excited. TIn such cases region I may disappear, even if
B 1s quite large, and only signals in region II (and IIT if B is sufficiently
small) will be obscrved. Siﬁce 51 and k, must be nearly parallel to each other,
the spectrum will consist mainly of a peak near zero Doppler shift when B is
small. As B is increased, the spectrum will move towards larger shifts. If
k, and k, are nearly parallel and horizontal, it follows from (6) and Figure 3
that the velocity of wave 3 should be just slightly greater than VasinB.

When the instability is weakly excited, then, we should expect to find a peak
in the spectrum near Doppler shifts corresponding to the latter velocity. The
results of Cohen and RBowles [1966] are in agreement with this prediction when’
B is small (cf. their Figure h). When B is moderately large, however, their
obsorvations.when the electrojét is weak show a'Doppler shift of the correct

sense, but considerubly smaller than VasinB (cf. their Figures 6-9). At




vrocont we have no explanation for the discrepancy.

&

If the electrojet is weak and 2 is small, the central peak in the spectrum
should be narrow. When the electron velocity is well above the minimum thres-
hold, hcwever, the peak should be broader, since kl and EQ can then diverge

at an appreciable angle, This behaviour is observed.

When k and

1 59 are nearly parallel, at least one of them must be greater

in ragnitude than 53. Therefore one or both of the interacting waves will have
a2 shorter wavelength than wave 3. Reducing the wavelength makes the wave
somewhat harder to excite [Farley, 1963], but this dependence is very weak

for wavelengths in the vicinity of 3 meters (the wavelength of interest in
most of the VHF experiments referred to), and is less important than the

csc 2 dependence of the criticél value of Ee for excitation. Thus, in spite

Fad

of the wavelength dependence, it should be possible in some cases to produce
wave 3 by a non-linear interaction when it cannot be produced by direct exci-

tation. The limited vertical extent (which has been ignored in all calcula-

tions) of. the elecirojet region may also favor the excitation of the horizon-

tally traveling waves to some extent. This effect should be small, however,
since the thickness of the region is generally of the order of 103 times as
great as the wavelengths of interest.

For intermediate values of 2 and electrojet strength, one might expect
to observe a fairly broad peak in the spectrum at small Doppler shifts, as
well as a comparatively weak makimum corresponding to region I.

1

+1). In this case w3/ik3lh v, . However, only pairs of wave vectors such

Let us now consider Figure L, in which §3 is the sum of k. and 52 (i.e.,

1 ¢7]
)
-

no
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' will lead to waves whose velocity is substantially greater

than Va’ and such waves will be very weak due to the large angle ‘between

the primed vectors and Ye' A wave resulting from a combination of the
unprimed waves might be quite strong if B were large, but its velocity would
be only slightly greater than !a’ and so it would be indistinguishable from
a directly excited wave.

It is a trivial matter'fo make the necessary changes in the above argu-
ments to treat the case in which the radar points westward. Ve see, therefore,
that the existence of styong ra@ar ﬁchoes at vertical inciderce, and most
of the characteristics of the spectrum at all angles of incidence, can be
accounted for by simple arguments involving the properties of non-linear
interactions.

Non-linear combinations of more than two plasma waves could be considered
also, but they do not introduce any new qualitative features and are in any

case weaker.

CONCIUSION

Tﬁis qualitative discussion suggests that most of the secondary features
observed in the scattering of radar waves by electrojet irregularities may
be 2xplained in terms of non-linear coupling of the plasma waves which have
already been shown in I to be the source of the main effect.

As in turbulence waves of all scale sizes, or eddy sizes, interact with
each éther in varying degrees. 1In turbulence the flow of energy is predomin-
antly from the large eddies tb the small. For the ele~trojet irregularities,

the mean energy flow is presumably in the same direction, for waves having
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wirallel k vectors, since the larger scale sizes can be exrcited somewhat more
easily by the two-stream instability. Such coupling, however, is not of
much interest for the radar experiments, since it leads to echoes that
generally can be explained equally well as being due to direct excitation.

Th

g

new effects of main concern in this paper arise from coupling in which
at least one of the interacting waves has a smaller wavelength than that of
the resulting wave, and is traveling more nearly in the direction of the
electron stream.

A few features of the echoes still await a complete explanation. The
spectral results at oblique angles when the electrojet is quite weak seem
to be in partial disagreemenf'with the theory given here. Ancother unexplained
result is the slight east-west asymmetry reported by Cohen and Bowles [1966].
The echoes from the east, which are due to waves traveling downward, are
slightly weaker than those from the west. This asymmetry may be related to
the fact that the properties of the electrojet region vary rapidiy with
altitude. Perhaps the upgoing waves are more easily generated; The théory
developed here and in I has been based on the assumption of a uniform,

infinite medium, and is therefore necessarily symmetric.
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