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Abstract. Two types of instabilities act to generate ondulatory phenomena in the midlatitude
ionospheric E region plasma: the gradient-drift and the modified two stream instabilities We review
here the physical mechanisms, the dispersion relation and the growth rate of the two instabilities, and
discuss the wind role in producing meter-scale waves in the midlatitude E region. The wind has not
been included in the study of the E region instabilities, which are usually connected only with the
electric field. We show that for normal propagation the wind shear does not modify the amplification
of the wave, but has important effects on the growth rate when the wave vector deviates from the
normal. On the other hand, at the macroscopic level, the wind favours or hinders the generation of the
waves. Our results prove that the wind reduces significantly the electric fields values required for the
generation of both types of waves, especially for the very rarely observed Farley-Bunemann waves.

Key words: gradient-drift instability, Farley-Bunemann instability, midlatitude ionospheric
plasma, small-scale ionospheric waves.

1. INTRODUCTION

The existence of plasma waves in the E region is known for several decades
[1-4]. The wavelength range covers a very large domain but we focus here on the
meter-scale irregularities. These waves are electrostatic and only the electric field is
perturbed, while the magnetic field is unaffected [1]. In the midlatitude E region
they originate from two instability mechanisms: the gradient drift instability — GD
(or the cross — field instability) and the FB instability (or the modified two stream
instability) [1, 2].

The ionospheric irregularities are investigated using HF and VHF coherent
scatter radars [2, 3]. The observations of backscatter echoes have shown that the
plasma waves propagate coherently parallel with the geomagnetic field lines. Due
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to the large difference between the parallel and transversal mobility of the electrons,
the diffusion of plasma normally to the field lines is strongly inhibited.
Consequently, the irregularities have practically only a longitudinal component and
their wave vector, k, is very close to the normal to the field lines [4-7]. The
magnetic aspect angle, o, is the angle between the wave vector and a direction
normal to B. The wave fronts are almost parallel to the magnetic field lines
(k, << k) so that the meter scale plasma irregularities observed in the E region are
known as FAI (Filed Aligned Irregularities).

Using several simplifying assumptions, the dispersion relationship was
studied by [8] while the development of the linear theory in non-local
approximation can be found in [9]. However, these authors have stated that ion
contribution should be minor to the instability development, but this contribution
has not been quantified. We will present in this paper the calculus of the dispersion
relationship of the two instabilities known to occur in the midlatitude E region, the
gradient drift and Farley Bunemann instabilities, taken into consideration a vertical
wind shear. In order to find these relations we will make several simplifying
assumptions, sustained however by the experimental observations. We will discuss
the conditions when its contribution should be considered. We also present an
analysis of the E region wind and electric field values which are required to set off
the two instabilities.

2. DISPERSION EQUATION

The ionospheric plasma is a cold plasma, because the temperature and the
geomagnetic field values are such that the thermal energy density is small
relatively to the magnetic energy [1]:

kg N(T, +T;)

For the waves whose wavelength is greater than 1 m the fluid approximation
can be used [1]. Also, the condition of quasineutrality is valid and we start from the
continuity and momentum equation for electrons (s = ¢) and ions (s = i). As long as
the wave amplitudes remain small enough, the linear approximation can be applied
to calculate the frequency and growth rate of the waves [8, 10]. The plasma
dynamics at E region heights depends on the values of the so-called mobility
coefficient, which is the ratio of the gyrofrequency to the collision frequency:

Be,i -
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The E region plasma is dominated by the collisions with the neutrals, which
are several orders of magnitude denser than the plasma components. For the ions
the collision frequency varies rapidly with height relatively to their gyrofrequncy,
which is about 100 s~!. The ion-neutral collision frequency decreases from 10* s!
at 90 km to 10 s-1 at 140 km. The electrons collide much often with neutrals but at
these altitudes their collision frequency remains 100-1000 times smaller than the gyro-
frequency. Practically, the electrons are unaffected by the winds and move almost
freely along the geomagnetic field lines when an electric field acts upn them, while
the ions are unmagnetized and their movement is goverened by neutrals.

The continuity equation, in fluid approximation, is:

ON
8—11+V(N1V51)=0, (1)
while the momentum equations are:
dVy
my—q =€ (-Vo+Vgy xB)=Vp —mev, (Vg —U). ()

The equilibrium velocity of ions and electrons is given by equation (2),
where for the E region B; <1<, and B?<<1<<B,. The values of the other

- KgT, . .

coefficients are: —2—<-~10"* and —&—= B—e Under these circumstances and in
meve meve

a geographic coordinate system with x towards East, y to North and z upwards, the

macroscopic electron velocity is:

KpT,

B KT, o 3 _1E E xB
O_UP m VeNBe (VN)” BeEp Be B+ BZ

e
where U, and E, are the wind and electric field which are parallel to the

V,

€

3)

geomagnetic field lines. The ion velocity is:
Vi0=U+Bi%+ﬁi(UXb) “)
Each perturbed quantity can be written:
Fi=F+59f,
where F is the unperturbed quantity, (N, V., V;, ¢) and df is the linear perturbation:
§f = feiorkn) _ feiloikoaky)

Other assumptions are:
— The electron inertial effects are negligible.
— The wind has a zonal component (U,).
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— The electron velocity can be perturbed in any directions, while for the ion
the propagation is restricted only in the x direction. This assumption is justified
also by the fact that in the lower E region the ions are practically unmagnetized:

Ve = (Vex’ Vey’ Vez)’

\ (Vix, 0, 0).
— The neutral wind varies with the altitude and the vertical shear is described by:
dU
L=w,#0. 5)
dz

— The density gradient is vertical:

VN=[0, 0, d—Nj
dz

— The gradient scale length is introduced as:

L= N(%—Zg)_l : (6)

The linearly perturbed equations are projected on the three axes of the
coordinate system so that a system of equations is obtained:

Y
—((o—k-Ve)%Jrkxvex+kyvey+l%=0, (7
—((o—k-Vi—iws)%nkavix:O 8)
KT ik.e
ik =L l——x¢+Qv sin/+Q,v,_coslI—v,v, =0, 9)
X me N me e-ey e “ezg e “ex
. KpT, n _thkye -
ik, m—ﬁ_m_q) -Q,sin v, —v,v,, =0, (10)
e e
-Q, v, cosl-v,v, =0, (11)
KgTi n ke

[i(0—k-V;)+v; |v, —ik, —i—=¢=0. (12)

N i

Because the calculations are very laborious, we will present only some
intermediate steps. In order to simplify the calculus, we note P,= k-V, -,
P,=k-V;-w, S=sinl, C=cos/ The unknowns, v
be found if:

v Veys Ver Vi ¢ and n/N, will
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: k ok kg ~ kg (T, +T,
— kS C= = (T, + T ) = kY v, QECB(—)

i i

secu se 1) o cpy o0 Zep, +
k. k. k 2
+k2v {Q s2B (T, +Ti)+v Kikp (T, +7;):|+
ml i
(13)
k, k2k .
+kxve l:—B(Te_‘_Ti)_iVe%Pe:|_
m; m,

K2k kg

i i

—kxveQeS{iQeSkx&P — BT, +T,.)} —i (P, +iw,)(~i P + v;)x

X(k% 3—kaeveC%+Q§C2k2 ~QISCk, +v k2) 0.

We note
Ve Vi
Yo = QeQi ’ (14)
Q, kg (T, +
and observe that —¢ =>"C_ The ion acoustic velocity is €2 =-2 (. 7)) whose
m; Q, m;
variation with the altitude is shown in Fig. 1.
[ Q2 ky, Q
o-k-V, =-Yo | 1 —-sin I cos / —§+—ecos -+
v; L v2 Kz v, k.,
Qz k k2
+% cos’T =+ 15
v2 k2 kz} (1)
x[ (k- V; —o+iw) (k- V; —io-v,)-ik?C?].
Other notations are introduced:
2 Q2 k? ,
v =y ["2 5 cos? ’j Vo (1+B sin? a0, (16)
kx Ve kx
Q, k, o
G, =V—e—s1nl cos/+cos I =f,sin Isin a+cos 1/, 17)
e X

Taking into consideration that Bg >> 1, we can write now:
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(18)

The real and imaginary parts of o are the angular frequency, ®,, and the
growth rate, y, ® = o, + iy, which splits equation (18) into two parts:

2 G
o, -k -V, =—(0,-k-V;) kxéiL—Vii(oor—k-Vi)(2y+vi+oos)+

G G 19

+kxéiL(y+ws)(y+vi)+k§C§kxéiL,
and:
2 G
y=(o,-k-V;) Vii—((or—k-Vi)kxéiL(2y+vi+ms)—
(20)

_ VY _ 202V
(y+ws)(y+v1) l k: C; v

First, we evaluate the growth rate. Because of the linear approximation,
Yy << o, and y << v;:

V_(1+\V){ v, [(w, k-V;)" ki C +wsvl] (o, -k V')kaiL}' (21)
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Due to the geomagnetic field, the propagation of waves is not isotropic. The
components of the wave vector in the two directions, parallel and normal to the
geomagnetic lines, are:

ki =kjcos*I, ki =kjsin?l +k3. (22)

After introducing the wave vector components and replacing Gy, the growth
rate of the unstable waves is:

__ 1 Jv VY (k2 — k21027 2 ,]_
y_(lw){vi[(mr k-V,)' —(k2 —k2tg2 1) C2 +wyv,
v; cos/

—(o, -k V;) - x (23)
(k2 -k2121)2 QL

Q - 2200272
x(v—ekpsmIJr(kl—kptg 1)2 .

e

The wave frequency (19) will be:

o, =K-Ve =-y (o, —k~Vi)(ﬂ+&+lj+

i Vi
, (24)
4 GLVi _((Dr_k'Vi) +k)%CY2 +ﬁ+ _I_O)sy+
kL Vi i ! Vi s
which, in linear approximation is:
L R(Verw V) Gv 1
' 1+ k, QL 1+
x{—i[(mr—k-Vi)z—k)%CSZ}+y+ws}.
Using (23), we obtain:
k-(Ve+wVi)  Gpv; | Grvi 1
@ (I+y) QL 1+y _(mr_k'vi)kaiL Tty [ (26)

The RTS of (26) can be neglected if [9]:

Gpvi 1

<< L,

i.e., only when the wavelength is small enough compared to the gradient scale
length, which practically is called the local approximation of the dispersion relation-
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ship of the instabilities. For normal propagation and for a gradient scale of 100 m
(exceptionally small and associated only with very abrupt variations of the plasma
density), this theory will be valid for wavelengths whose value is between 1 and A,

A <<h = ZnQiL(1+\|/)‘
v, cosl

For parallel propagation k<< k, and k =k, , o. = 0, the dispersion relationship is:

. = k'(Ve +\VVi)

v 27)
and the growth rate:
2
y = A4 (k'Vd) _k2c? |- k-Vq vjcos! _ Wsllj. (28)
(1+y)v, (1+\V)2 (1+\lf)2 Q; Lk 1+y

The first term corresponds to the growth of the waves caused by the Farley
Bunemann instability, while the third one is associated with the gradient drift
instability. The waves cannot grow ad infinitum due the diffusion, described by the
second term. The last term is the contribution of the shear, which is important when
vy is large. This happens for a > 0 or at low altitudes. A small deviation, of
0.5 degrees, from parallel propagation is sufficiently great to produce considerable
effects due to the B2 sin? a. component of y. A very small departure from the filed
alignment, of 0.01 degrees, results in a dramatic decrease of the propagation
velocity and of the growth rate. This means that for propagation which is not
parallel to the field lines the wind shear stops the growth of the waves.

3. DISCUSSION

The dispersion relationship (27) is identical with what [10] or [11] have
found in the absence of wind. The growth rate, on the other hand, contains a new
term, —w,y / (1+y), which represent the wind shear. At altitudes of 100-105 km

the wind shear could be w,=0.1-0.5 s~1. Keeping in mind that the values of v,
vary from 0.5 at 95 km to 0.005 at 110 km (Fig. 2), the contribution of the shear to
the growth rate decreases from 0.1 to about 0,01. Such values are not significant
for growth rates of 5-10s. Conversely, when the irregularities propagate on a
direction that deviates from the field line, even with a small angle, the value of v is
modified and the contribution of the wind-shear could be higher than any other
term. In this paper we will analyse the wave propagation whose wavevector is
normal to the field lines.
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Fig. 2 — Values of the , coefficient in
the E region. 135}
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The phase velocity is:

_o_ k| VM y
Vr=k=% {(1+w0)+v'}' @

If the ions are at rest or if the process is studied in a neutral coordinate
system, V4=V, and o, is positive when k-V, >0, which means that the wave
propagates in the same sense as the electrons. For normal propagation, o = 0 and
V= VYo

The growth rate is [10]:

2
_ Yo (k'Vd) _k2c?

(T vo)vi | (1+y,)

(1+\|/0)2 QiLeﬁ‘k ,

where V4 =V, - V; s the drift velocity of electrons relatively to the ions and L,gis
the gradient scale length is the general case (regardless of the coordinate system):

kN,yB

L k(YN B) o

This shows that the evolution of the irregularities depends on the orientation
of the wave vector and of the density gradient relatively to the geomagnetic field.
Note that L and L,;have opposite signs; L introduced in (4) is in fact the particular
case of L, for horizontal propagation. The majority of authors prefer to work in
coordinate system attached to the ions (although this could be misleading when the
neutral wind is important). In such a coordinate system the phase velocity is:
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Vf_Q_k Ve _k_Va (32)

Pk k (T+yg) k (1+yg)’
which shows that the instability develops only if k-V4> 0. This means that the
density gradient is destabilizing only if its orientation is such as k; and (VN x B)
have the same direction.

In a geographic system, the above considerations are applicable for altitudes
higher than 105 km, where vy, is smaller than 0.01. For lower altitudes, between
90 and 105 km, when vy, approaches 1, the wave progress is less clear. At
midlatitudes the electric field is generally small, thus electrons have small
velocities (20-30 m/s), while the neutral drag can drive the ions to 50-100 m/s. In
this case the propagation direction will be along V, + y,V;. A higher electric field
(higher than 5 mV for instance), reduces the effect of the ion dynamics on the
phase velocity of the meter scale irregularities. A neutral wind has a higher
importance on growth rate, because of the k-V; term in (30). The increase or

decrease of the wave depends significantly of the directions and magnitude of the
two main factors at midlatitude, the wind and the electric field.

B
® FB
diffision | — e e
inertia : : : : .'Vd
8V, -8ExB I l T l ®
o — —  — -— ™ |[GD

Fig. 3 — The schematic mechanisms of the Farley Bunemann (up) and gradient drift (down)
instabilities. (adaptation after [1, 2]). The geomagnetic field (B) is normal to the page.
3.1. THE FARLEY BUNEMANN INSTABILITY

For small wavelengths and normal density gradients (gradient scale length
greate than 2 km), the growth rate is dominated by the first term:
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YrB = o (k- Vd)
(+wo)vi | (14, )

—k*C? |. (33)

When k-V42>kC(1+vy,), the electron stream relatively to the ions is
supersonic and the modified two stream instability is triggered (known also as the
Farley-Bunemann instability [12]). If the drift direction is inclined relatively to the
wave vector with an angle which is smaller than a given 0, the marginal drift is:

Vaiimrg €08 0 2 Cy(1 + ).

The electron velocity relatively to the ions must be higher than Cs, which is
between 200-400 m/s (depending of the latitude). Physically this means that the
ion inertia cancels the ion diffusion effect (described by the second term) which
would result in the attenuation of the density. The growth rate for different
conditions is shown in Fig. 4.

Altitude [km]
33 .é 5 §

U

[T ——— TS
82

Fig. 4 — The growth rate of the FB
instability: a) for 3 m waves
(corresponding to 50 MHz); b) for 2=20m

20-m waves (15 MHz). ool ' ' \ ‘ ' ]
104 \,&a /

Marginal electronic drift [m/s]

The plots show clearly that the wave growth is favoured at low altitudes and
the FB instability is responsible for waves whose wavelength is smaller than 10 m.
The waves propagate in the meridional and zonal directions, transversal to the
geomagnetic field. The marginal electronic drifts in the E region should be: (see (5)
and (6), where B, << 1 si B, >> 1):
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E
V, =V, -V, =—2sinl-U,>C,(1+y,)

Lf (34)
Viy =Vey =Viy =5~ Uy cos 2 Cy(1+ )

where E, and E| are the zonal and meridional components of the electric field and
U, and U, the meridional and zonal winds.

The electric field that could produce the FB waves can be found from Fig. 5.
The altitude range where the FB instability could work is very small due to the
rapid variation of y with the altitude. In other words, the instability acts on the
plasma fluctuations at those points where both C, and v, are relatively small, i.e.
between 100 and 105 km. On the other hand, the electric fields at midlatitudes are
0,5-2 mV/m, thus the FB waves are extremely improbable. Indeed, the backscatter
echoes on FAI at 9 MHz, 15 MHz, 25 MHz, 50 MHz show that only 2% of the
echoes could be associated to the FB instability at midlatitudes [3, 4, 13-16].

The presence of the FB waves at midlatitudes, shown for the first time by [7]
is interpreted as an indicator of extreme values of the electric fields (15-20 mV/m)
[16, 17]. There is no experimental evidence of such electric fields at midlatitudes.
Moreover, the polarisation mechanisms proposed to explain these observations
resulted also in lower values for the electric field [18]. Fig. 5 shows that this is not
necessary true. Our results suggest that neglecting the neutral dynamics and

E, [mW/m]

S

o

Aftitude (km)

|

- _,13 A A |

T Fig. 5 — The electric fields
o ( ( ) required for the generation of
toor ( the 3-m ionospheric waves by

2 the Farley Bunemann instability
u, [mis] a) meridionally; b) zonally.

Altitude (km)
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considering only the electron velocity is misleading. The electrons dynamics is
important only relatively to the ions, which follow practically the neutrals. Fig. 5
proves clearly that the electric field are not necessarily extremely high and lower
values 10-12 mV/m are enough to excite the FB mode when the wind reaches
150 m/s. These wind speeds are not extreme and are also experimentally confirmed
by [19], who have measured them especially in regions where sporadic E layers exist.

In conclusion, the rarely observed FB waves could be explained by a high
(but not improbable) electric field coexisting with an appropriate wind.

2.2. THE GRADIENT-DRIFT INSTABILITY

For decameter-waves (wavelengths of tens of meters) the attenuation due to
diffusion is weaker (due to the k2 dependence). If the gradient scale length is small
(i.e. for high density gradients), the third term must be considered:

k-Vy v Wok>C?

=— L_cos] ——5—.
T gy AR vy,

(35)

This is the growth rate associated to the gradient-drift mechanism (see
Fig. 3). The marginal stability condition for FAI (y = 0) implies that the marginal
drift (the lowest velocity which can produce the instability) is [2, 10, 20]:

K- Vaiimep :kcs(lJr\Vo)(VFerl—F)’ (36)

where:

v2

F=—HJ2t— 37
2Qik2CsLefW0

The wave grows when if L and k-V4 have opposite signs. The perturbations
will propagate towards north and/or East (positive sense of the coordinate system)
only if dN/dz and V4 are antiparalel. The behavior of the plasma waves when the
density gradients are medium or high can be described looking at Figs. 6-8.
A relative electronic drift with an eastward component destabilizes the plasma
when the plasma density decreases with the altitude. An opposite drift will generate
GD plasma waves propagating to East in an altitude range hare the plasma density
increases fast with the altitude. Generally, the GD instability amplifies the thermal
plasma fluctuations if k-V4 and k (VN x B) are either positive or negative. In

other words, waves propagate in the positive directions if k| -(VN x B) is positive.

A westward drift generates waves if VN x B is also westward.

For instance, in the case of transversal propagation of waves generated by a
perpendicular drift, the growth rate of the GD instability and the phase velocity of
the waves are given by (32) and the marginal drift can be found using (36). If the
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plasma density is constant, which means L,y — oo, thus F=0, only the FB
instability can be triggered. If L,z < 0, the velocity which could initiate the instable
mode is too high, V;.6p > Vayimrp S0 that if the electrons move sufficiently fast
the plasma fluctuations will be amplified by the FB instability. Only when L,z is
positive and small the GD instability is effective at midlatitudes. Fig. 8 shows the
variation of the electron-ion drift with the altitude for different gradient scale
lengths and for 3-m and, respectively, 10-m waves. The GD instability is favoured
in the low E region and, in normal conditions, is effective for lower frequency
waves. In a medium where the gradient scale length is 1000 m, a 3-m wave will
develop if the electron-ion drift is about 250 m/s, while a 10-m wave could grow is
the velocity is significantly smaller, 80-90 m/s. A high frequency wave requires a
faster electron stream relatively to ions. If the neutrals are at rest (no wind) an
electric field of 2 mV/m move the electrons with about 45 m/s relatively to ions.
Only decameter waves could be excited in this case, even if the plasma density
varies abruptly. An opposite ion movement of 50 m/s, resulted form the action of a
similar wind, small scale waves could develop on the horizontal walls of thin and
dense sporadic E layers, which are often met in the midlatitude E region.
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Fig. 7 — The growth rate for decameter waves (A = 20 m), the effect of the
existence of a differential drift of electrons relatively to the ions (V)
together with a density gradient (represented by its scale length L).

On the other hand, the marginal velocities decrease when the density gradient
increases (smaller L). This happens on the walls of a sporadic E layer, where the
density varies abruptly with height. The sporadic E layers are thin horizontal
plasma layers where the density is one or two orders of magnitude higher than the
background. They are observed in an altitude range of 95-125 km, have a lifetime
of 30 minutes up to several hours and have vertical thickness of 1-5 km. The area
of Es observation extends form low latitudes to high and even polar latitudes. Their
characteristics and observation rate vary with the latitudinal range but they also have
some common properties. The measurements have shown that they are composed
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Fig. 8 — The marginal drifts for meter (a) and decameter (b) waves amplified
by the GD instability for a) high gradients and b) normal gradients.

of metallic ions whose concentration reaches sometimes 80% of the positive
plasma component. In such a case, the unstable GD mode amplifies the plasma
fluctuation even for lower drifts. The waves propagate in a direction imposed by
the orientation of the density gradient (up or down). For L values normally present
in the E region, the marginal velocities are so high that the probability of the GD
instability excitation is very low (5 km). When an Es layer is present, Es, L can
reach 500 m or even lower values, so that V;,.sp is significantly smaller. Moreover,
Fig. 1 suggests that the ion acoustic velocity, Ci, is reduced in an Es layer due to
the presence of metallic ions. Consequently, the effect of diffusion is reduced [21]
and both FB and GD instabilities are favoured.

The lower part of the Es layer, where L is positive in a geographic coordinate
system, is destabilizing if the electrons move westwards faster than the ions (32).
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A northward electric field, which will set up a Hall motion of the electrons, or a
strong Eastward wind that would push the ions oppositely to west, can generate
such a drift. Similarly, the upper part of the layer will set off eastward propagating
waves in the presence of a southward electric field and/or a westward wind.
Observations have shown that the density gradient is higher at the top of the Es
layer than at the bottom, so the westward propagating FAI should dominate the
coherent backscatter spectra. This is experimentally confirmed by [3], [4] and [14].
Also, the backscatter echoes are indeed very well correlated with the presence of
Es layer [22, 23].

CONCLUSIONS

Two plasma instabilities act in the midlatitude E region to destabilize the
ionospheric plasma; they are known as the gradient-drift and the Farley-Bunemann
instabilities. At midlatitudes the second one is observed only for a very limited
time (2-5% of observed radar spectra are connected with the Farley Bunemann
instability). The waves are observed to propagate normally to the geomagnetic field
lines. The dispersion relationship and the growth rate of these two instabilities are
known but only in the presence of the electric field and ignoring the wind. In this
view, the observation of Farley-Bunemann waves at midlatitudes was explained by
the existence of very high electric fields which are almost impossible to exist at
midlatitudes.

We have included the wind and its shear in deriving the dispersion
relationship and the growth rate and analyse what are the effects on the propagation
and development of both type of waves. We show that a wind-shear modifies the
growth rate of the waves but has no effect on the dispersion relationship. On the
other hand, at macroscopic scales, our results indicate that the wind reduces
significantly the values of the electric field that were believed to produce the Farley
Bunemann waves. These new values are still abnormally high for the E region,
which explains why these waves are very rarely observed; however, such values
have been measured or theoretically could develop in sporadic E layers. We also
show that for waves whose propagation deviates with a very small angle form the
normal, the wind-shear becomes a very important factor which should be
considered in the analysis of the echoes spectra observed with coherent backscatter
radars at midlatitudes.
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