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ABSTRACT

Wave propagation and refraction of "Type I" irregularities

in the equatorial electrojet are investigated. Quantitative

calculation of wave refraction in a model electrojet shows that

the direction of wave refraction must change sign at one a l t i -

tude. Waves propagating with the electrons rotate their wave

vectors upwards in the upper electrojet and downwards in the

lower electrojet during the day, and vice versa at night. Further-

more, the altitude region of largest linear growth rate is also

the one with the weakest refraction rate. Consequently compu-

tations of the ray-path integrated wave growth shows that this

region would dominate the backscatter spectrum from the electro-

jet if linear theory were valid, and it is further noted that

the maximum amplitude wave should have phase velocities exceeding

the ion acoustic speed. We therefore conclude that propagation

alone, without inclusion of nonlinear effects, cannot explain

backscatter observations of a constant Doppler frequency shift

given by the ion acoustic speed.
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1. INTRODUCTION

Field-aligned irregularities in the equatorial electro-

jet have been extensively investigated by radar backscatter (Bowles

et al.. I960; Cohen and Bowles, 1967; Balsley, 1969; Balsley

and Farley, 1971; Farley and Balsley, 1972). Balsley (1969)

classified the irregularities into types I and II. Type II ir-

regularities, which w i l l not be considered here, are thought

to be generated by a plasma density gradient in crossed elec-

tric and magnetic fields (Hoh, 1963; Maeda et al,. 1963, Simon,

1963; Knox, 1964; Reid, 1968; Register and D'Angelo, 1970; Whitehead,

1971). The i n s t a b i l i t y driven by electrons drifting through

ions across the magnetic field proposed by Farley (1963a,b) and

Buneman (1963) is generally accepted as the generation mecha-

nism for Type I irregularities. The kinetic theory of the Type I

i n s t a b i l i t y has been extended by Lee et al. (1971) to include

the high frequency and short wavelength modes which are gene-

rated when the electron drift exceeds twice the ion acoustic

speed.

Wh i l e the above theories account for the thresholds and

wavelengths of the Type I irregularities, at least the most straight-

forward application of linear instability theory f a i l s to ac-

count for one mystery. The backscatter radar detects Type I

irregularities over a wide range of elevation angles looking

both east and west, with a constant Doppler frequency shift,

given roughly by +2k,.c,., where kT is the wave number of the trans-

mitted wave and c^ is the ion acoustic speed. In order for

the irregularities observed by backscatter at oblique incidence



to be unstable, the electron polarization drift V must exceed

c-j-. However, the linear theory indicates thajt_the .maximal l_y

growing waves should have phase velocities near V , so that Doppler

frequency shifts in excess of +2k,-c,. would be expected. It is

equally puzzling on this basis that the same Doppler shift is

found at many backscatter radar elevation angles.

Recently Kaw (1972) suggested a way out of this dilemma.

By including propagation and refraction in an inhomogeneous elec-

tron drift velocity altitude profile, Kaw argued that at any

altitude the largest amplitude waves in the convectively unstable

case would always be at local marginal stability. Since the

marginally stable waves always have phase velocities equal to

the ion acoustic speed, the observations of constant Doppler

shift could be accounted for. In this paper, we submit Kaw1s

suggestion to quantitative test. We compute the linear amplifi-

cation of convectively unstable waves in a simple vertically

stratified electrojet model appropriate to the geomagnetic equator.

We find that linear theory alone does not account for the obser-

vations. This is because the fastest growing waves occur where

V has its maximum; it is precisely there that the waves do not

refract and Kaw1s argument fails. Yet on the basis of linear

theory, these would have the largest amplification, and should

therefore dominate the cross-section for backscatter observations

without height resolution. We believe, however, that propagation

arguments, coupled with the appropriate nonlinear saturation

theory, s t i l l promises to account for the constant Doppler shifts.

Recently, a nonlinear theory involving convective amplification



in an electrojet profile made irregular by longwave length Type II

in s t a b i l i t i e s has been proposed by Sudan et al, (1972).

In Section 2.1 we develop a simple model for the vertical

profile of the electron drift in the equatorial electrojet.

In 2.2 we review the linear theory of the Type I electrojet

and in 2.3 we review the predictions of the linear theory ne-

glecting propagation concerning backscatter observations. In

Section 3.2 we discuss the propagation of waves in the electro-

jet profi1e derived in 2.1, and in 3.3 we derive the net amplifi-

cation of unstable waves along a ray path. We close with a brief

discussion in Section 4.

2. ELECTROJET MODEL AND LINEAR INSTABILITY THEORY

2.1 Electro jet Model

We choose a Cartesian coordinate appropriate to the geo-

magnetic equator where e_ is vertically upward, e is eastward,
"<Z ~*y\

and e is northward, in the direction of the geomagnetic field

B«. We.will use a simplification of the electrojet model of

Sugiura and Cain (1966), wherein the vertical current driven

by atmospheric tidal motions is entirely i n h i b i t e d by a verti-

cal polarization field E = E e , where E at the magnetic dip

equator is given by
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where j = i,e denotes ions or electrons, e. = +1, e = -1,

Q. the cyclotron frequency, T- = 1/v , the collision time, Vj

the co l l i s i o n frequency, and £_. the sum of the electric field

IE and the ambipolar electric field arising from plasma gradients

where Pj and N. = N = N are the pressure and density, and e

is the electronic charge. Henceforth we w i l l assume isothermal

electrons and ions, so that P- = NT. and T. = T = T where T

is the temperature in energy units. The condition that the ver

tical components of the electron and ion drifts be equal leads

to an expression for Er _

n T^I w . - FP T d 1 n N V i e
_

Bn ~ e dz F.+F F . + F n0 i e i e 0

where the plasma density gradient was assumed vertical.

Assuming V|/n} » 1 and ve/fle « 1, and expanding (3) to first

order in H J / V J and ve/ftj, we arrive at a simplified expression

for E appropriate to the electrojet
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Since EQ« 1 mV/m, and T/e =- -̂ V, ^ » (6 km) , the ambipolar

field may be neglected. Henceforth, we w i l l denote the polari-

zation factor v n.(1+a) by P(z), the parameter a = Q6^', the

x-component of the current drift V a - V . = -CE^ Bn = V_ to order
t 6 X I X p u p

, when equation (4) is valid.

2.2 Linear theory of Electroiet Instability

The frequency and growth rate y of electrostatic irregu-

larities propagating perpendicular to the magnetic field has

been derived (Lee, 1972) using the two-fluid equations o r i g i -

n a l l y introduced into this problem by Buneman (1963)

ve

2 Te + T' e£

where CT = —p^— = 2T/M and VQ. = M
 p c is a small vertical

ion drift which can ordinarily be neglected except in wave propa-

gation calculations. Equations (5) and (6) are valid for suf-

ficiently long wavelengths, k<v./C_, where the fluid approxi-

mation applies. However, Y» from equation (6) increases as
2

k without li m i t , so that to find the maximum growth rate at

short wavelengths, kinetic theory must be used. Farley O963a,b)



has studied marginal s t a b i l i t y conditions from kinetic theory,

and Lee et al. (1971) have calculated the growth rates using

kinetic theory. While the knowledge of the maximally unstable

wavenumber k is essentialy for nonlinear saturation calculations,

fluid equations do adequately describe the range of wavenumbers

typically sampled by present backscatter measurements. Since

the collision frequencies increase with decreasing altitude,

the fluid theory is valid for increasingly short wavelengths

with decreasing altitude.

We further reduce (5) and (6) by substituting the electron

and ion drifts derivable from our model, equations (1) and (2),

whereupon

f *x ni i
"- v

P{-TTfel^kz} (7a)

2 2
ve ,K* V Z 2 2,

_ c X P | i. f- I /-?u ^
Y = n n /ij-v \ 7~~ k CT \ (7b)

where the z-component of the electron drift and the ion Pedersen

drift are mutually cancelled in (7b) due to the assumption of

zero vertical current. If, further, k = kcos<P, where qp shown
Ĵ

in Figure (1) is the angle between the wavevector and the hori-

zontal direction, we may rewrite (7a) and (7b)

2 2
2 (8b)
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where we have defined the critical wave normal angle cp as thec

angle to the horizontal for which waves are marginally stable

(1-Ki)cT Vr
coscpc = y LH_c (8c)

P P

a formulation which is valid only for marginally stable or un-

stable waves. From (7) or (8), we conclude that whether or not

waves are unstable depends only upon the magnitude of the hori-

zontal polarization drift cE /BQ. As E increases, it eventually

reaches the threshold for instability, defined by coscp = 1 or

V = cE /BQ = Cy(1+a), at which point only horizontal waves are

excited. As E increases s t i l l further, two symmetrical wedges

of propagation angles cp are unstable, with their axes parallel

and antiparallel to the polarization with the half-angle cp

Thus, the angular width of the unstable spectrum increases with

increasing V /V . The most unstable waves continue to propa-

gate horizontally, parallel and antiparallel to the polarization

drift. Equation (8c) indicates that the strength of an unstable

electrojet current may be labelled by V /V or cp interchange-
P/

ably. We w i l l often use cp for this purpose, since the angu-

lar width of the unstable spectrum can be measured by backscatter

techniques simply by varying the angle of incidence of the probing

radar beam.

The ratio of the critical drift V to the thermal speed

Cy for the present electrojet model is plotted in the left hand

side of Figure (3), as the solid line. Above 102.5 km, the para-

meter a is small, and V c -̂Cy independent of height. The cor-

responding height profiles of V /V , or alternately cp , are dis-p/ c c

played on the right of Figure (2). Below 102.5 km, a>1 and



the critical drift increases sharply. At 98 km, ^ =-2cj. For

driving fields EQ =-3/^ mV/m and EQ =- 1 mV/m, the electron polari-

zation drifts V , normalized to c-r, are also plotted as

curves as a function of height on the left of Figure (2). The

values of EQ were chosen to yield maximum values of V /V = 1.5, 2.

Instability is possible between 98.5 and 108 km for EQ =» 3A mV/m,

and between 97 and 110 km for EQ »• 1 mV/m. A very important

feature for propagation considerations is that V has a local

maximum within the unstable region at 100 km, and that the ratio

(V , or equivalently cp , maximizes at =-102.5 km. Simple dif-

ferentiation indicates that V_/V maximizes at the altitude where

a = 1/3, or z = 102.5 km. Thus, since E scales with EQ, as

EQ first exceeds =-1/2 mV/m, waves near 102.5 km w i l l first be-

come unstable; as EQ further increases, the altitude range for

linear instability increases with increasing EQ. The kinetic

theory of the Type I instability (Lee et al.. 1971) indicates

that the wavelength of the fastest growing mode decreases with

increasing V /V . Therefore, if the linear theory adequately
Pj c

described the instability when V exceeds V , the broadest angu-

lar spectrum and the shortest wavelengths would be expected near

102.5 km. This conclusion is subject to modification by pro-

pagation and nonlinear effects. One further point of importance

for our subsequent discussion is that since equation (3) indi-

cates that the growth rate y scales as the electron collision

frequency ve, for a given k and V /Vc the waves at the bottom

of the electrojet w i l l grow five times as fast as those at the top.

Schieldge et a 1. (1972a,b,c) have ki n d l y provided us with



10

a plot of the diurnal variation of the driving field E^ derived

from atmospheric tidal motions, which is displayed as Figure (*+).

From this figure we conclude that at times, both during the day

and night, EQ can exceed 1.5 mV/m, which for this model implies

VD/V >3 at z = 102.5 km. Furthermore, EQ exceeds 1.2 mV/m for

considerable portions of the day. The electrojet reverses direction

at night. Henceforth, we w i l l direct our discussion to the day-

time electrojet. However, our arguments can be carried through

to the nighttime electrojet by reversing the sign of EQ wher-

ever it appears in the discussion to follow.

Wh i l e our electrojet and instability model is subject to

some uncertainties due to our neglect of vertical currents, its

qualitative features w i l l remain intact in any internal varia-

tion of its basic parameters because the electron drift V and

critical drift VQ depend only on the collision frequencies normali-

zed to the cyclotron frequencies. Varying the neutral density

at 100 km w i l l raise or lower the profiles of Figure (2) in a l t i -

tude, while changing the scale height H w i l l mainly change the

vertical scale of the unstable region. Thus, the basic features

of importance in the discussion to come, local maxima in V /CT

and VP/VC, and large growth rates at the bottom of the electro-

jet, w i l l be preserved qualitatively and only modified quanti-

tatively. Finally, it is our contention that the great varia-

tions in plasma and instability parameters over the unstable

region of the electrojet represented by Figures (1) and (2) must

never be forgotten in any discussion of nonlinear saturation.
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2.3 Backscatter Observations

A probing plane electromagnetic wave in scattering from

ionospheric irregularities must satisfy the following matching

condi t ions

U)g = UUj +.UO

j< = k_ + k

(9)

where (ws, ks) and f'Oj, Ikjj are the frequency and wave number

of the scattered (s) and transmitted (T) waves, and (uu, H) are

the frequency and wavenumber of the ionospheric irregularities.

Thus an ideal backscatter system emitting a plane wave (to, kyj

w i l l sense excited fluctuations with a single k. If the system

also had perfect altitude resolution, the scattered wave would

have a unique frequency shift, corresponding to the solution

of the dispersion relation (4) for j< = -2Jc. at a given altitude

'Most backscatter experiments thus far have not had good alti-

tude resolution; consequently, to a first approximation, the

experiments sense all those excited waves with k = -2k.. in the

unstable region of the electrojet. In this case, we must ex-

pect that the scattered wave w i l l have a continuous spectrum

of frequency shifts. The scatter cross-section should be domi-

nated by that al ti tude where the waves of a given k_ = -2k have

the largest amplitude.

At a given altitude, and for a given VD/VC» linear theory
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leads us to expect waves with wave vectors in the angular ranges
1 N f \
CPC, *$c)t '̂̂ c' ""̂ cj* ^ probing radar can detect only pro-

pagating waves with l<2 < 0. An Ideal plane wave backscatter radar

with perfect height resolution located at the magnetic dip equator

would detect waves, looking both eastward and westward, for all

elevations of the radar dish less than cp with respect to the

horizontal. Since typical backscatter experiments sample all

altitudes, scattered signals would be expected for all eleva-

tions less than cp_ _,v, which corresponds to the maximum of thec rriaxN

electrojet. Thus, the elevations at which enhanced scattered

from Type I irregularities is observed is directly related in

linear theory to the degree to which V /V exceeds 1. Since
P/ c

scatter returns are observed at large elevations, V /V must ,
PI c

typically exceed 1 at at least one altitude in the unstable

electrojet.

Examination of the spectral content of the scattered sig-

nal has proven extremely illuminating. Since fl./Vj«1, equation (8a)

reduces approximately to

COS«pc

Thus, marginally stable waves always have phase velocities equal

in magnitude to the acoustic speed c,., and unstable wave phase

velocities exceed CT regardless of altitude and driving field.

An ideal backscatter radar with perfect height resolution would

therefore detect Doppler frequency shifts of +2k-|-Cj at the maximum
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elevation where enhanced scatter is observed, and larger fre-

quency shifts at all lower elevations but at the same altitude.

A backscatter radar without altitude resolution would, from Figure

sample marginally stable waves only from two altitudes; the waves

sampled from altitudes in between would be unstable, and pro-

duce Doppler frequency shifts exceeding 2kjCj. The linear theory

developed thus far would suggest that the unstable waves should

have large amplitudes. Therefore, we would expect to find the

Doppler shift frequency at the peak of the scattering cross-section
\i

to exceed 2kjC,, in general. Since reasonable driving fields

lead to V /V <3, the Doppler shifts should range between 2 andpi c ~

6 k-j-c,., though it must be remembered that the waves with the

largest phase velocities have coscp « 1 and would be detectable

only at very small radar elevation angles. The above phenome-

nology derived from the simplest application of linear theory

conflicts with observation. The Doppler shift of the spectral

peak is very often observed to lie near ±2kyCy for many ele-

vation angles looking both east and west (Balsley and Farley, 1971)

3. LINEAR THEORY OF CONVECTIVE HALL CURRENT INSTABILITY

3.1 Introduct ion

An ingenious attempt to explain the constant Doppler shift

has been proposed by Kaw (1972), who included propagation in

the linear instability theory. He noticed that in an inhomo-

geneous electrojet profile the wave group velocity has a positive



vertical component and that the angle cp changes monoton ical ly

as the wave propagates. Suppose cp always decreases. Then at

a given altitude z, the largest amplitude wave at a given k

would be the one generated by fluctuations at the angle CPC(Z
/)

at z <z which would then propagate upwards and arrive at z

with the angle ~cpc(z')' Waves at z with cp >cp_ have not ampli-

fied as much while those with cp < cp at z are already damping.

Thus, height-resolved backscatter measurements would detect the

maximum scatter at the elevation corresponding to <9C(Z'\ with

Doppler shift of |2kjCj|. On the other hand, since by this argu-

ment the maximally amplified waves at any altitude should be

locally marginally stable, backscatter measurements without height

resolution should find the Doppler spectral peak near I2k,.c-,.l

at a variety of radar elevation angles, provided the electro-

jet has a significant range of V /V , or m , as the linear theorypf c. c.

suggests.

In this chapter we propose to investigate this mechanism

in detail. For s i m p l i c i t l y , Kaw (1972) assumed an altitude profile

for the electron polarization drift and had not considered the a l t i -

tude variation of the collision frequencies, whereas in fact the

altitude profile of V is due directly to this variation. The

existence of a maximum in the V /V profile implies that there w i l l
P/ c

be three characteristic regions of wave propagation; below, near, and

above the maximum V /V . Secondly, .it was i m p l i c i t l y assumed that

linear theory was adequate, i.e., that the integrated wave growth r

would not be too large. In view of the observations of backscatter

at larqe elevations which suggest large y. this assumption must

br evaluated. Kaw also assumed that marginally stable waves

dominate the spectrum at each and every altitude. However,
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for backscatter without height resolution, it is unclear, on the

basis of linear theory, whether the sti11-amplifying waves, say

near the altitude maximum of V /V , actually should have smaller
P/ cf '

amplitudes than the marginally stable waves elsewhere, or whether

they should dominate, producing Ooppler frequency shifts exceeding

|2kTcT|.

3.2 Propagation

In this section we shall assume that the polarization field

is unmodified by the presence of the turbulent fluctuations and

consequently is related by equation (1) to the horizontally uni-

form driving field only through the collision frequencies, where-

upon (7a) reduces to

As a consequence of (11), we infer that all waves have the same
cED/B0vertical component of group velocity, -^- =» / j * \ , which is

upward during the day and downward at night. If the electro-

jet is homogeneous in the east-west direction, k w i l l be con-
xx

served as the waves propagate. From the condition that in WKB

approximation uj is also conserved, we may find the rate of change

of k wi th z

<«•>
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Z"Z0 2 (z"zo)
/Vj\ / vi\ H H

where we have used (jpj = (̂ -J e , a » aQe where

Z = 100 km. Since ^.ln.»}t the first term of (U) dominates

except in a narrow altitude region near z = 102.5 km where 0.

the same point where V D/V maximizes. Thus, there are three

distinct regions of differing wave refraction properties: where

a > 1/3, (z<102.5 km) waves antiparallel to the electron drift,

k >0, increase k , and waves parallel to the electron drift
X J—

decrease k . Conversely, where a<1/3, z > 102.5 km, the refraction

properties are reversed. F i n a l l y , in a narrow altitude region

near z = 102.5 km, refraction is very weak, but is always to-

wards the horizontal. Since the group velocity reverses at night,

the above refraction regions also reverse roles at night.

Equation (12) may be rewritten in terms of the propagation angle
k

cp by defining tancp = - -j-2-, whereupon
x

In Figure (5) we have plotted the daytime -ĵ - against cp at z = 102.8 km.

where waves parallel to the electron drift increase cp; at z = 102.5 km,

where refraction is towards the horizontal; and at z = 102.2 km,

where waves rapidly decrease qp. Equation (13) indicates that

the maximum angular refraction rate occurs for horizontally pro-

pagating waves cp = 0 except near z = 102.5 km. This daytime

maximum rate is plotted as a function of altitude in Figure (6);

the complicated structure near z = 102.5 km has been omitted

from this figure.
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3.3 Ampli ficat ion

The amplitude of a given wave mode at a given altitude z

is determined by its net amplification after generation at a

lower alt i tude z'

Nk(z) = Nk(z')e'~

where

Equation (15) can be integrated analytically since the altitude

dependence of k may be found from (11), assuming uu and k con-
_̂ x\

stant, 3ti)/akz may also be derived from (11), and yk is given

in terms of k and the collision frequencies, which are simple

exponential functions of altitude, from (7b ) together with (1)

We start our computations with a wave of a given cp at a l t i -

tude z. As we follow the wave backwards over its propagation

path, its wave vector w i l l rotate monotonically u n t i l it arrives

back at marginal stability at altitude z' where cp = cp . We assume

the wave to be generated by thermal fluctuations at that point,

and plot the net gain F,(z, z') between these two points. The

rk
angular dependence of e would then.give a rough indication

of the angular spectrum predicted by linear theory. Figure (7)

shows computations of the angular dependence of rk for a variety
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of altitudes in the unstable electrojet assuming EQ = 3M mV/m.

For z< 102.5 km, rv maximizes for negative dp near cp , corres-

ponding to the fact that waves in the direction of the electron

drift rotate their wave vectors downward in this region. Above

102.5 km, the reverse is true. Near 102.5, the spectrum maxi-

mizes at cp = 0° , corresponding to the weak refraction expected

in this region. The amplifications for waves antiparallel to

the electron drift are entirely analogous.

Several points must be made concerning Figure (7). First,

we computed the amplification only for z-z' <1 km. Second,

some waves at large cp had rotated their wave vector into a damping

region of k^ space before arriving at observation point z. Those

that in so doing suffered a net damping greater than 15 are in-

dicated by dashed curves. Third, rk was computed for a wave-

length of three meters at the observation point z; the results
2

may easily be rescaled to other wavelengths by noting that y~k .

Figure (8) investigates the degree to which the angular

spectrum becomes more sharply peaked near cp = co with increasing

amplitude. Shown are the relative growths at z = 100 and 106 km,

integrated over successively longer propagation paths. As ex-

pected, with increasing propagation path, refraction is more

pronounced, and the angular spectrum is more sharply peaked.

Above and below the 102- 103 km altitude region, the

wave vectors refract rapidly and so rotate through the un-

stable angular cone as they propagate. For example, a wave

and cp = cp at 106 km cannot have been unstable at 102.5 km,
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linear growth at 102.5 km. On the other hand, waves at 102.5 km

refract very slowly and receive very large growths. The termi-

nation of our calculations at Az = 1 km was most stringent for

these modes. However, nonlinear effects are likely to i n v a l i -

date any conclusions we might draw from the larger growths ob-

tained by extending Az. In conclusion, we believe the termi-

nation by refraction of an already smaller amplification to be

the reason why the peaked spectra for z £ 102 - 103 km have smaller

amplitudes than the more isotropic spectrum at the amplification

maximum and refraction minimum at z = 102 -103 km.

3.4 Discussion and Summary

From Sections 3.1 - 3.3, we may abstract the following con-

clusions:

(1) In altitude regions where ^r~ is large, the maximum

amplification is for waves near cp = cp , as proposed by Kaw (1972).o

Waves with cp >cp must suffer significant damping, and so the

spectrum peaks at cp = cp .

(2) From this argument and Figure (6) we may conclude that

a backscatter radar looking eastward w i l l detect from these a l t i -

tudes during the day waves from z<102.5, whereas if it is pointed

westward it w i l l detect waves from z>102.5, provided that the

altitude profile of the polarization electric field is given

by 1inear theory.

(3) However, the largest amplification of all occurs for

the symmetric spectrum near 102- 103 km altitude, where refraction
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is very weak. The net amplification at z = 102 -103 km for al1

propagation angles there exceeds the maximum amplification at

any angle at essentially all other altitudes. Thus, if this

model were correct, waves from 102.5 km would dominate the back-

scatter return for experiments without altitude resolution.

Since coscp/coscpc is largest at this altitude, Doppler shifts

in excess of 2kTCj would be observed. Thus, we conclude that

linear theory alone does not support Kaw1s (1972) hypothesis.

The magnitude of the driving field Eg indicated by Figure (3)

indicates that the net linear amplifications are so large,
2 2

rk = 10 - 10 , that nonlinear effects must certainly be operative.

It is interesting to note that extremely large amplifications

take place over small altitude intervals, &z< 1 km, which im-

plies that any saturation mechanism which reduces r^ may be con-

sidered as acting locally. This paper suggests that we must'

look to the combination of nonlinear saturation and propagation

for an explanation of the constant Doppler shift.
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Figure 1. Coordinate System

ES is the total static electric field. £g = EpS2
 +

ED is the horizontal driving electric field due to atmospheric

tidal motions. E is the polarization electric field given by

equation (1). k. is the propagation vector. Since k|( is assumed

zero k = k..

Figure 2. Collision Frequencies

Shown here is the altitude profile of the ion-neutral and

electron-neutral collision frequencies, v and v respectively,

for the electrojet model used in this paper. We also plot the

parameter a, which appears in the linear instability theory.

Figure 3. Electron Drift Altitude Profiles

On the left is plotted the ratio of the electron polari-

zation drift to the ion acoustic speed Cj for two driving fields,

v' corresponding to E0=-0.75 mV/m and V* to 1 mV/m. The solid

line is the ratio of the critical drift V = Cj(l-Ki) to c-j-. The

same information is plotted on the right but normalized to the

critical drift CT(I-KX). The maximum ratio of electron to c r i t i -

cal drift occurs at z = 102.5 km in this model. At this altitude,

the wave should have the largest growth rates, the widest unstable

angular spectrun, and the shortest wavelengths. Furthermore, since

the vertical gradients of the electron drift divided by I-KX are

smallest there, wave refractions should be the weakest.

Figure k. Diurnal Variation of Driving Field

Shown here is the dirunal variation, for a given day, of

the equivalent driving field EQ derived from electrojet magnetic

field observations by Schieldge et al. (1972c). We see that

for a good portion of the day and night |EDj >1 mV/m, which ac-

cording to Figure 3, implies |VQ V I >1.5 and c^. > k$° over a

considerable altitude region.
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Figure 5. Angular Refraction Rates Near the Critical Altitude,

z - 102.5 km

Shown here are the angular refraction rates for waves pro-

pagating with the electron drift near z » 102.5 km, plotted from

equation (12) and Figure (2). Precisely at z = 102.5 km the re-

fraction rates are small. Furthermore, waves propagating up-

wards through z = 102.5 near cp =» 0 wil 1 be refracted towards

the horizontal , since dqp/dz >0 for cp < 0 and dcp/dz < 0 for cp > 0.

The character of the region changes within +0.3 km. At z = 102.8 km

the wave normal vectors are rapidly rotated upwards, and at

z = 102.2 km, they are rotated downwards. The waves propagating

antiparallel to the electron drift have the sense of their wave

normal vector rotations precisely reversed.

Figure 6. Altitude Dependence of Wave Vector Rotation Rate

Shown here is the maximum refraction rate at cp » 0 for waves

propagating along the electron drift as a function of altitude.

The complicated dependence near z = 102.5 km has been omitted.

Above z = 102.5 km the maximum refraction rate is roughly con-

stant, +10°/km. Below 102.5 km the refraction rate is larger,

altitude dependent, and negative. The refraction rate for all
2

other cp at a given altitude scales as cos cp. The refraction

rate changes sign for waves propagating opposite to the elec-

tron drift.

Figure 7. Integrated Convective Growth

Shown here is the integrated growth of 3 meter waves pro-

pagating with the electrons at various altitudes between 99 and

107 km for E = 3M mV/m. The computations were started at a
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given op and altitude z, and were carried backwards in time un-

til marginal stability was reached, or AZ = 1 km, whichever happened
r (to)first, e ^ is some measure of the angular spectrum predicted

by 1 inear theory. Below 102 km, where the wave normal vector

is rotated downward, the amplitude maximum is displaced to nega-

tive angles. The angular displacement is larger at 101 km than

at 99 km, corresponding to the fact that |op_| is larger at fOI km
! C I

than at 99 km. Precisely the reverse situation holds above 103 km,

as expected. At z = 102- 103 km, where refraction is weak and

toward the horizontal, the spectrum is symmetrical and peaked

near cp = 0. And furthermore, its amplitude at nearly all angles

exceeds the peak amplitudes elsewhere. Consequently this re-

gion should dominate backseatter measurements without height

resolution, and a constant Doppler shift would not be expected.

The dotted lines Indicate that these waves were damped with

ITI > 15 before reaching the computation altitude.

Figure 8 . Amplification over Successively Longer Propagation

Paths

Here the integrations were cut off at Az = 1 km and 0.25 km,

at z. = 100 km, left inset, and at Az = 1 km, 0.5 .km, and 0.25 km

at z. = 106 km, right inset. As expected, the angular spectrum

becomes increasingly skewed with increasing propagation path,

and consequently refraction. The net amplifications of Figures 6

and 7 are so large that nonlinear effects must be expected.
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