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A transmission line analogy for the development of
equatorial ionospheric bubbles
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Abstract. The Pedersen conductivity of the conjugate F regions couples to the
equatorial F region through geomagnetic field lines and plays an important role
in the development of equatorial spread F bubbles. Earlier work has suggested
that the coupling between the E and F regions is effected through field-aligned
currents (FACs). However, these currents have not yet been explicitly introduced
into theoretical models. This paper considers oppositely propagating Alfvén waves
which are launched by equatorial F region perturbations as carriers of FACs and
transverse polarization currents. A transmission line analogy is drawn, with the
FE region loads at the two ends and the generator in the equatorial F region. The
currents which flow through the E regions depend on the plasma density of the
propagation medium in which the transmission line is immersed. We conclude
that whereas small angles between the solar terminator and the magnetic meridian
favor the growth of equatorial bubbles, an increase in the plasma density of the
propagation medium and a higher altitude of the equatorial F layer allow greater
relaxation of the restriction imposed by the E region conductivities on the growth

of equatorial bubbles.

1. Introduction

The generation of field-aligned equatorial plasma bub-
bles is a postsunset phenomenon in which the day-
night asymmetry is attributed to the conductivity of
the two conjugate F regions which connect through the
equatorial F layer [Kelley, 1989]. The development of
the equatorial bubbles is caused by the growth of a
Rayleigh-Taylor (R-T) instability on the bottomside of
the F layer, where vertical plasma density gradients ex-
ist. The basic picture was extended by Zalesak et al.
[1982] to include E region Pedersen conductivity effects.
Their numerical simulation of the nonlinear evolution
of bubbles used a “three-layer” model in which all the
plasma in the vicinity of the equatorial F region was
compressed into an equatorial plane, while the remain-
ing plasma was compressed into two conjugate E layers.
They showed that E region Pedersen conductivity re-
tarded bubble growth. Observationally, equatorial scin-
tillations and range spread F data indicate that small
angles between the sunset terminator and the magnetic
meridian favor the development of equatorial bubbles
[Tsunoda, 1985; Abdu et al., 1992]. This also points to
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the importance of the coupling of the equatorial F re-
gion with the conjugate E regions through field-aligned
currents (FACs) as considered by Zalesak et al. [1982].
A number of recent studies [Basu et al., 1996; Weber
et al., 1996] of equatorial spread F (ESF) have indi-
cated that a full three-dimensional picture is required
to understand the nonlinear evolution of ESF bubbles.
However, because of the complexity of the problem, the
magnetic flux tube integrated approach has been used
as an approximation in simulations of the nonlinear evo-
lution of equatorial bubbles [Zalesak et al., 1982; Kesk:-
nen et al., 1998]. In this approach, FACs do not appear
explicitly.

Electromagnetic characteristics of updrafting equa-
torial bubbles reported by Aggson et al. [1992] suggest
that FACs are carried by Alfvén waves generated in the
equatorial F region. This concept was previously used
in a physical description of time-dependent magneto-
sphere-ionosphere coupling [Kan and Sun, 1985]. En-
hanced magnetospheric convection gives rise to pairs of
oppositely propagating Alfvén waves. Reflection of the
Alfvén waves from the ionosphere is required for equi-
librium closure of FACs coupling the generator to the
load. The current density carried by an Alfvén wave,
as given in equation (2) of Kan and Sun [1985], is di-
vergence-free since the FACs carried by Alfvén waves
self-consistently close across magnetic field lines by the
polarization currents flowing along the wave front. Ke-
skinen et al. [1998] were the first to recognize the impor-
tance of ion-polarization currents and included them in
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simulations of the nonlinear evolution of equatorial bub-
bles. This introduced an effective capacitance into their
theoretical framework and an effective relaxation time,
since polarization currents tend to slow down the decay
of electric fields through Pedersen currents. The relax-
ation time was given by the ratio of an effective capac-
itance to the Pedersen conductivity of the region, with
the effective capacitance itself determined by the dielec-
tric constant of the plasma which depends on the Alfvén
speed. However, electrostatic approximation adopted
by Keskinen et al. [1998] did not consider polariza-
tion currents flowing across field-line segments between
the equatorial F region and conjugate F regions. Here,
Alfvén waves carry field-aligned and polarization cur-
rents so that the total current is divergence-free.

In the present study we postulate that the equatorial
F region and the conjugate F regions are coupled by
FACs carried by Alfvén waves during equatorial bubble
development. Partial reflection of these Alfvén waves
at the conjugate E regions matches the generator to the
loads. A model based on a transmission line analogy is
introduced in section 2 to describe Alfvén wave prop-
agation between the generator and load regions. Sato
end Holzer [1973] introduced similar transmission line
circuit considerations for describing electrical coupling
between the high-latitude ionosphere and the magne-
tosphere. In this they integrated over the distributed
inductance, capacitance, and resistance of the individ-
ual flux tubes to determine their lumped circuit char-
acteristics. The lumped impedances provide bench-
marks against which the present model can be com-
pared. Our study differs from Sato and Holzer [1973]
in that they did not consider Alfvén wave transmission.
They also allowed for field-aligned potential drops which
are more appropriate in describing the ionosphere at au-
roral rather than equatorial latitudes.

The present formulation treats ion-polarization cur-
rents not only near the equator, but also between the
F layer and conjugate E regions where contributions
from Pedersen and gravitational currents are less im-
portant. In section 3 we identify the generator in the
perturbed equatorial F layer along with an equivalent
network using the expression for current density derived
for that region. Oppositely propagating Alfvén waves
are launched from the generator region and are par-
tially reflected at the conjugate E regions. The Alfvén
waves carry the FACs that electrically couple the F and
E regions. At intermediate altitudes between the F and
E regions wave-induced polarization currents close the
FACs. The linear stability of the total circuit is in-
vestigated in section 4. The development of equatorial
bubbles is governed not only by positive growth rates,
but also by how the perturbation electric field satisfies
the conditions imposed by the current continuity in the
conjugate F regions. The E region impacts the growth
of F region perturbations through Alfvén wave reflec-
tion. The conditions that this imposes on perturbation
amplitudes are discussed in section 5. Finally, we ex-
amine the effects on bubble development exerted by the
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background plasmas in which transmission lines are im-
mersed in the light of growth conditions suggested by
ground-based observations (section 6).

2. Model

Consider a Cartesian coordinate system in which the
z, y, and 2z axes point vertically upward, eastward, and
northward, respectively. We approximate the geomag-
netic field EO as uniform and northward. The electric
field E and the magnetic induction B satisfly Maxwell’s
equations:

(1)

(2)

ot (3)

—

V-l;}":e(n,-—ne)/eo
V-B=

§x§:p0(3’+50%—f), (4)
where n; and n, are the densities of ions and electrons,
respectively, with n; = n, = ng under equilibrium con-
ditions. The two-fluid equations which describe the be-
havior of the equatorial F region plasma are the conti-
nuity and momentum equations for ions and electrons:

on;, = R
a—tj + V-(njvj) = —VRN; (5)
ov, . oS- = -
n;m; (% + vj - V’Uj) = —nBT,-an + n;m; g

+niq,(E + 75 x B) —njm;v;(7; —U)  (6)
where the subscript j denotes ions (%) or electrons (e);
m,, ¢;, T;, and 7; represent the mass, charge, temper-
ature, and velocity, respectively, of each species; vg is
the recombination rate; v, is the collision frequency of
each species with neutrals; and U is the neutral wind
velocity.

In the equatorial F region, for both ions and elec-
trons, the ratio k, of gyrofrequency Q; = g;Bo/m; to
collision frequency v; has a magnitude much greater
than 1, while |k.| > |xi|. In deriving the electron ve-
locity from the electron momentum equation, inertial
effects and collisions are ignored. For ions, the effects
of ion-neutral collisions as well as the inertial term are
retained in the ion momentum equation to obtain the
ion velocity correct to first order in an iterative calcula-
tion [Keskinan et al., 1998]. The ambient electric field
E is assumed to be uniform and to have only a y com-
ponent. The eastward current density in the equatorial
F region is then obtained as

e[nipp — nepp)(Eo + E1y)
n;m;g 1 a /]
— + Y0y — | E1q,
Bo | moVZ (at+”°”ay) (1)

jy:

+
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Figure 1. Schematic of the equatorial F region generator coupled to the conjugate E regions in
the Northern and Southern Hemispheres through geomagnetic field lines.

where E1y is a perturbation electric field. Here effects
of the neutral wind have been incorporated into Fo; e
is the unsigned electron charge; p) ~ vj/Bof}; is the
Pedersen mobility of each species in the F region, where
lb| > 1% ); Va = /(B2/ponoms) is the Alfvén speed
in this region; and wioy is the zeroth-order ion velocity
in the eastward direction, given by

g
A density perturbation in the bottomside equatorial F
layer causes charges to pile up on the edges of the per-
turbation because the gravitational current in (7) is not
divergence-free. As a result, polarization electric fields
E; build up. In the presence of an upward density gra-
dient, an eastward directed El causes plasma to drift
upward in depleted regions and downward where the
plasma density is enhanced. Thus perturbations grow
as an R-T instability [Ossakow, 1981]. In earlier mod-
els of equatorial bubble development caused by the R-T
instability, only electrostatic perturbations were consid-
ered. In the present model, time-varying electric field
perturbations are associated with magnetic field fluc-
tuations through Maxwell’s equations, and a transmis-
sion line analogy is drawn to describe the propagation
of the electromagnetic perturbations from the equato-
rial F region to conjugate E regions along geomagnetic
field lines.

In our transmission line analogy, magnetic flux tubes
are aligned along the z direction to form parallel, perfect
conductors, as depicted in Figure 1. Flux tube cross sec-
tions are arbitrarily shaped and are assumed to be inde-
pendent of z, so that the parallel component of the elec-
tric field E, vanishes everywhere. This is a fundamen-
tal difference between the present formalism and that
of Sato and Holzer [1973], who assumed that E, # 0.
We also assume that properties of the background iono-
spheric plasma in the regions between the generator in
the equatorial F region and the E region loads at the
two ends do not change with z. Under these conditions,
solutions of Maxwell’s equations are partially separable.

vioy = pp Eo +

Thus, if a perturbation in the generator region launches
oppositely propagating Alfvén waves with electric field
perturbations E;1 and the corresponding magnetic field
perturbations I:I’H: = ﬁli/po, where the plus and mi-
nus signs represent Alfvén waves propagating parallel
and antiparallel, respectively, to Eo, these may be writ-
ten as products of functions of the transverse coordi-
nate 5, the longitudinal coordinate z, and time ¢. The
electric field of an Alfvén wave is related to its magnetic
field through Ej+ = —7'x EO, where 7 = :Fl_fli Vam/Bo
is the fluid velocity and V4, = Bo/(,u,onmn'l,,')1/2 is the
Alfvén speed in the background plasma of unperturbed
density 7., which may be different from the equilib-
rium density ng in the generator region. It is assumed
that the perturbation electric field is along the y axis
and is independent of z, such that it has the form

Eix = F(y)Vi(z,0)§. (9)

The magnetic field perturbation associated with Alfvén
waves traveling up and down the geomagnetic field lines
is perpendicular to both By and F14 and may be writ-
ten as

Hix = G(y)Is(z,t)3. (10)
Assuming the perturbation in the generator region to
have an east-west wavelength 27/k,, the functions F(y)
and G(y) have the form

F(y) = G(y) = &7, (11)

The relationship between the electric and magnetic
fields of an Alfvén wave implies that
Vi = FuoVamls. (12)

The current density of the Alfvén wave, ;A =VxH 14,
may be expressed in terms of the electric field as follows
[Kan and Sun, 1985]:

Fa =FTa[-Bo(V - Eix) + (Bo-V)Erz],  (13)

where Bo is a unit vector along the geomagnetic field
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and 4 = (poVam)~!. The first term in (13) is the
field-aligned current carried by the Alfvén wave, while
the second term represents a polarization current which
flows across field lines along the propagating wave front.
The field-aligned current is now determined by V- By,
which characterizes the perturbation, and by X 4, which
characterizes the propagation medium. In this ap-
proach, therefore, it is not necessary to determine ex-
plicitly the impedance associated with the circuit in
order to deduce the field-aligned current, as was re-
quired in the formalism of Sato and Holzer [1973]. Since
v . fA = 0 in the propagation medium, the field-
aligned current of an Alfvén wave closes across field
lines through the polarization current along the wave
front. In the E region FACs close through Pedersen
currents and partially reflected Alfvén waves [Kan and
Sun, 1985].

3. Characterization of the Equatorial F
Region Generator

The gravitational current which appears in (7) may
be identified with a current source in the equatorial F
region. A resistive element, represented by the Pedersen
resistivity of the equatorial F region, and a capacitance
associated with the polarization current in that region
are connected in parallel with this current source. The
generator in the equatorial F region is now represented
by an equivalent network consisting of these three ele-
ments connected in parallel such that the current which
arises from the generator is the sum of the currents flow-
ing through each of these elements. Poynting’s theorem
is invoked later to justify use of the term “generator” for
the bottomside equatorial Fregion in the initial phase of
bubble development. Outside the generator region the
gravitational drift and, hence, the gravitational current
are neglected.

The other regions of substantial Pedersen current are
lumped into the conjugate E regions which are assumed
to extend from z = [ to z = [ + Az in the Northern
Hemisphere and from z = —l — Az to z = —! in the
Southern Hemsiphere. These are considered to be pas-
sive loads. In this respect the present model is similar
to the three-layer models used by Zalesak et al. [1982]
and Keskinen et al. [1998]. However, we do not con-
sider all the plasma to be compressed into three layers,
and we allow plasma of uniform, zeroth-order density
N to be present in the regions between the generator
and loads, such that a field-aligned current j, may be
carried by Alfvén waves propagating in this plasma

_ ale
oy

— —

jz :(VX Hl)z:

(14)

along with a polarization current which flows across the
geomagnetic field lines, as described in (13). It will be
seen below that the polarization current carried by the
Alfvén wave may be identified with the current j,o ob-
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tained from (7) when the gravity and Pedersen mobility
terms are ignored

ov
FE, (15)

. 1 6E1y 02
= = €
S 7 I TR 7

where ¢ = (po€o)~%/? is the velocity of light in free

space. With E; and H; given by (9) and (10), respec-
tively, where the plus or minus sign is ignored for the
present, (3) and (4) yield

av oI
Py =mC% (16)
or ov

In the propagation medium j, = jyo, and with a typi-
cal Alfvén speed, Vg, of a few hundred kilometers per
second, it is seen from (15) that the contribution of jyo
is much greater than that of the last term on the right
side of (17). In the background plasma, (16) and (17)
now yield

v 0*v
D27 P (18)
821 8%I
g2 = Hotm g (19)

where €n, = €oe,. The dielectric constant of the back-
ground plasma e, is given by

(20)

The solutions of (18) and (19), which represent Alfvén

waves propagating parallel or antiparallel to Eo, are of
the form e(**:2-wt) where k, is related to w by

k2 = poemw?. (21)

As ¢ > V4, a perturbation would propagate along the
z axis with the Alfvén speed. With V and I related
through (12), it is seen that j,o given by (15) is the po-
larization current carried by the Alfvén wave according
to (13). Thus the geomagnetic field lines act as trans-
mission lines immersed in the background ionospheric
plasma along which the Alfvén waves propagate. Now
if we introduce L and C as the inductance and capac-
itance per unit length of the transmission line, respec-
tively, it is & textbook problem in classical electrody-
namics to demonstrate that the product of L and C is
given by [Jackson, 1975]

LC = poem. (22)

The electric circuit which represents the coupling of
the equatorial F region generator network to the conju-
gate E'region loads, through geomagnetic field lines that
act as transmission lines, is depicted schematically in
Figure 2. Rgnx and Rgg are the resistances associated
with the Northern and Southern Hemisphere E regions,
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Lt
Res

Figure 2. Electric circuit used to represent the cou-
pling of the equatorlal F region generator network to
the conjugate F regions of resistances Rgy and Rgps
through geomagnetic field lines acting as transmission
lines with inductance Ly and capacitance Cr.

respectively, and Ly = Ll and Cr = CI are the in-
ductance and capacitance, respectively, associated with
length ! of the geomagnetic field lines which connect
the equatorial F region with either of the E regions. As
we discussed earlier, in our formalism it is not neces-
sary to obtain the circuit elements in Figure 2 in terms
of physical parameters of the ionosphere by introduc-
ing assumptions which are not supported by the basic
equations (1)-(6), on which the formalism is based. In-
stead, it is seen that the inductance L and capacitance
C per unit length of the transmission line appear in the
equations only in the combination LC, which, according
to (22), is determined by the electric permittivity e,, of
the background ionospheric plasma where the transmis-
sion line is immersed. In order to obtain the expression,
given in their equation (A4), for the inductance asso-
ciated with I, Sato and Holzer [1973] had to assume a
nonvanishing component of the electric field parallel to
the geomagnetic field lines. The capacitance associated
with I is given by their equation (A14). Thus, accord-
ing to these two expressions derived by Sato and Holzer
[1973], the product of the inductance and capacitance
per unit length of the geomagnetic field line is given
by LC = 0.18/V2, where V4 is the Alfvén speed in

24,945

the magnetosphere. The factor 0.18 is a result of the
approximations introduced by Sato end Holzer [1973].
In the background plasma in which the transmission
lines are immersed, (18) and (19) have general solutions

of the form
V(z,t) =

[V+eik,z + V_e—ik,z] e—iwt (23)

I(z2,t) = [I € I_emther] et (24)

which represent a combination of Alfvén waves prop-
agating parallel and antiparallel to Bo. The genera-
tor region is considered to extend from z = —Azp to
z = +Azp along the geomagnetic field line, where Azp
is small compared with the wavelength of the perturba-
tion along the field line. Reflections of the Alfvén waves
from the E region loads, as well as the generator in the
equatorial F region, are considered to be equivalent to
closure of the FACs carried into these regions [Kan and
Sun, 1985]. For current from the source region to re-
main constant, the field-aligned currents of the incident
and reflected Alfvén waves must cancel each other in
that region. Thus the field-aligned current which flows
at z = +Azp reduces to zero at z = 0 when the Alfvén
waves are reflected from the source region. Similarly,
the field-aligned current which flows at z = —AzF also
reduces to zero at z = 0. Closure of the field-aligned
currents requires that in the generator region

8],, BF ov j,(AzF)
N - 25
6 6t Azp ( )
aﬂ+ OF Vv ~ ],(—AzF). (26)
dy 6y ot Azp
These yield
03y OF 0V [i2(Azr) — j:(—AzF)]
~ ~ . 2
oy T %y ot YAzr (27)
According to (14), j; is given by
Jo = —iky G [L €% + I_e~he2] et (28)
Therefore, to first order in k,Azp,
33y OF 9V _ 93,
By Py Bt 0z im0’ (29)

Hence the generator may be considered to exist at
z = 0 and (29) represents the current continuity equa-
tion which would be obtained from (4). This replaces
the current continuity equation 8j,/dy = 0 used in the
usual R-T stability analysis [Kelley, 1989].

According to Poynting’s theorem, the rate at which
the mechanical energy of the plasma’s E1 x Bo motion
is transformed into electromagnetic energy as Alfvén
waves is determined by

(30)
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As noted earlier, the current from the source region
stays constant provided the field-aligned currents of the
incident and reflected Alfvén waves cancel each other,
which requires that

I.+1_=0. (31)
Use of (12), (13), and (31) in (30) yields at the bound-
aries of the equatorial F region

1 o

gRe(h - By) = —yem[ Vi + V-], (32)
where v is the growth rate of the perturbation in the
equatorial F region. Hence this region may be identified

with a generator of Alfvén waves when a bubble starts
to grow.

4. Stability Analysis

We next consider the linear stability of the system
in the presence of small density perturbations in the
bottomside equatorial F layer. For consistency, the
perturbed electron and ion densities are considered to
be different. However, departures from quasi-neutrality
are negligible. With perturbations 7i; and 7. in ion and
electron densities in the equatorial F region generator,
and a perturbation Ey, in the electric field, and retain-
ing only the terms linear in the perturbations, the ion
continuity equation (5) yields

31"1,' Ely a’no an,, BEly _ -
5t T By Gz UGy TNOKP 5" = VR (33)

Since the perturbations are assumed to have an east-
west wavelength 27 /k,, #i; and 7, may be written as

iy = 'ﬁ,‘oe_i""teik”y (34)
fie = Treoe Wtetksy, (35)
Equation (1) implies that at z = 0,
. € . ~
zky [V+ + V_] = ; [n,'o - ngo] . (36)

At z = 0 the electric permitivitty ¢ depends on V4 the
Alfvén speed there: € = eo(1 + ¢?/V2); and the current
continuity equation yields

ik,
ngeMp — tew + —— oV ,upEo+Q +

k2
;0—; + zkyeop.f,Eo](V+ +V) =

- [EMPEO + B, ] 0,

(37)

where Mp = pb — p%. The last term in the brackets
on the left side of (37) represents the effect of charge
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separation, which is negligible compared with the first
term. Hence assumption of quasi-neutrality is valid,
and this term may be ignored. At z = 0 the ion conti-
nuity equation (33) yields

[1 BTLO

Be s + ik no,up] (Ve +Vo) =

[w — vg — iky (;ﬂ;,EO + ﬁg-)] fido.
(38)

With the substitution of the right-hand side of (21)
for k2, (37) and (38) yield the dispersion relation

A1w2 + Aw+ A3 =0, (39)
where
Ai=€e—€p (40)
i .1 kg kyg'
_ F
Ay =14 |:0'P +1'/J.0Vj ;{li + A (VR +1 ;}Zi (41)
mig' [ 1 dng . ;
As By [Bo 9z +zkyn0pp]
. kyg' kyg’
; (U}F,H#OV} ! ) (VRM ),
(42)
Here ¢’ = g + v;Eq/Bo includes the effect of an

east-west ambient electric field, and of = ngeMp
is the Pedersen conductivity of the equatorial F re-
gion. For parameters pertaining to bubble develop-
ment, kyg'/poVEQ ~ 2 x 1071° mho/m, which is much
smaller than of, since 6§ > 1078 mho/m for altitudes
below 800 km. Hence that term may be neglected. The
capacitance is a measure of the polarizability of the
medium, and as noted by Sato and Holzer [1973] and
Keskinen et al. [1998), its form in the present situation
would be defined by the polarizability of the plasma in
the presence of a magnetic field. A part of the polariza-
tion current flowing in the equatorial F region is used
in closing the field-aligned current flowing out of that
region. Hence, in our formalism, this is associated with
the capacitance of the transmission line. The remainder
of the polarization current in the equatorial F region is
associated with an effective capacitance of the equato-
rial F region generator. Thus the capacitance Cr of the
generator is determined by (¢ — €y, ), the effective per-
mittivity of the generator region. For € = €, all of the
polarization current that flows in the equatorial F re-
gion is required for the closure of the FACs flowing into
the background plasma, and the remaining current in
the equatorial F region, given by the first two terms on
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Figure 3. Growth rate of the Rayleigh-Taylor (R-T)
instability in the transmission-line mode (solid line) as
a function of (¢ — €m)/€, which is proportional to the
capacitance Cr associated with the equatorial F region
generator, compared to the growth rate of the usual R-
T instability (dashed line), for ion-neutral collision fre-

quencies: v; = 0.1 s™1(top) and v; = 0.01 s~ *(bottom).

the right side of (7), is divergence-free. The capacitance
of the generator is zero, and only its resistance governed
by the Pedersen conductivity of the equatorial F region
comes into the picture. In this situation, (39) reduces
to a linear equation in w and the usual R-T instability
is obtained.

For € # €m, (39) yields two solutions for w as a func-
tion of ky:

L —hi £ AT AAAs

24,

(43)

With V4 = 300 km/s and ; = 200 Hz, the equato-
rial F region plasma density has a value ng ~ 4 x 10!
m~3. The density gradient scale length in the bottom-
side of the equatorial F region is taken to be L, =
no/(0no/8z) = 20 km. The recombination rate vg =
10~% s~1, For a fixed ¢, €, is varied from 0 to 0.9¢. It
is found that for the range of parameters used, only the
solution in (43) with the negative sign yields positive
values for 7, the imaginary part of w; so this solution
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grows with time while the other is damped. In Figure 3
the growth rate v is plotted as a function of (¢ — €,)/€
which, as explained above, represents the effective ca-
pacitance associated with the equatorial F region gen-
erator. Growth rates obtained for the transmission line
model are compared with the growth rate for the usual
R-T instability (¢ = €m) for two different values of the
ion-neutral collision frequency v;: 0.1s ~! and 0.01 s~ 1,
The east-west wavelength of the perturbation is consid-
ered to be 10 km. The growth rate, which is found to
be nearly independent of k, as in the case of the usual
R-T instability, differs noticeably from the R-T growth
rate only for v; < 0.1 s71. It is to be noted that in our
formalism the E region conductivity does not appear in
the expression for the growth rate. However, the de-
velopment of the perturbation depends not only on the
growth rate, but also on how the perturbation electric
field satisfies the condition imposed by the requirement
of current continuity in the conjugate F regions, tak-
ing into account the FACs that are carried into the F
regions by Alfvén waves. The amplitude of the density
perturbation at z = 0, i, is proportional to (Vi +V_),
which depends on the relationship between the ampli-
tudes of the waves that propagate parallel and antipar-
allel to By as determined by the “load reflection factor”.
The argument is similar to the one used by Basu and
Coppi [1999] who concluded that the onset of ESF is
governed both by the conditions for localization and by
a positive growth rate. In the present model, besides
a positive growth rate, the criteria for bubble develop-
ment are the conditions imposed by the conjugate E
regions where Alfvén waves are reflected.

5. E Region Boundary Conditions

We assume that Az along the geomagnetic field in the
E regions of both hemispheres is small in comparison
with the length of the field lines linking them to the
equatorial F region. The field-aligned current which
enters the Northern Hemisphere E region at z = [ flows
there as an eastward Pedersen current jf:

iy = opn[Eo+ Ey(z =1)], (44)
where af;'  is the Pedersen conductivity in the Northern
Hemisphere E region. Hence j, reduces from j, (z=1)
to 0 over a short distance Az, and current continuity at
z = [ requires that

9y _j(z=1) = 0.

Oy Az (45)

Here any polarization current caused by accumulated
charges in the E region is neglected, since Az is small
compared with I. With j,(z = 1) = —ik,G(y)I(l,t)
according to (14), and uniform E region conductivity,
(45) yields

[I+eik,l + I_e—ik,l] .

EIE-"N [V+eik,l + V_e—ikzl] ——
(46)
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Figure 4. Real part of the wavenumber &, in the prop-
agation medium as a function of (€ — em)/e.

where £&,, = 0£, Az is simply the flux tube integrated
E region Pedersen conductivity in the Northern Hemi-
sphere. Similar arguments hold in the case of the South-
ern Hemisphere F region located at z = —I. However,
it must be kept in mind that now the field-aligned cur-
rent increases from 0 at z = —I — Az to j,(z = —I) as
z increases by Az. Hence

- [V+e—ik,l + V_eik,l] — [I+e—ik,l + I_eik,l] .

(47)
For the current from the source region to stay constant,
(31) must be satisfied, which implies that the right sides
of (46) and (47) are equal. For the growing mode, k.,
determined by (21) has a real part < 107! m~! and
an imaginary part < 2 x 1078 m~! when v;, = 0.1 571,
as shown in Figures 4 and 5, respectively. Assuming
I~ 2 x 108 m, it is seen that (V; + V_) = 0, and hence
from (37) or (38), 7o ~ 0 unless £5, ~ TE, ~ 0,
which, then, is a necessary condition for the existence of
a density perturbation at z = 0. Within the E regious,
(12) may not be used to relate Vi with I, since Alfvén
waves do not propagate in those regions.

6. Conclusion

As seen in Figure 3, the growth rate of a perturba-
tion in the equatorial F region tends to decrease as the
density of the background ionospheric plasma, in which
the transmission line is immersed, decreases from ng to
0. The perturbation electric field is larger when the
Pedersen resistance Rp of the equatorial F region is
higher since Pedersen currents tend to reduce the elec-
tric field set up by accumulated charges [Keskinen et
al., 1998]. However, if there is a capacitance Cr in par-
allel with this resistance, a time constant RpCp would
determine the time taken by the bubble to charge after
the generator is switched on. Hence for a given Rp,

EQUATORIAL IONOSPHERIC BUBBLES

as the capacitance Cp associated with the equatorial
F region, which is proportional to (¢ — €y,) increases,
the growth rate for the equatorial bubble decreases. As
v; decreases, the capacitance Cr plays a more impor-
tant role because of the increased resistance Rr of the
equatorial F region. Keskinen et al. [1998] came to
a similar conclusion regarding the role of polarization
currents since the effective relaxation time for changes
in the electric field introduced in their formalism was
determined by the product RpCFr.

The growth rate alone does not govern the develop-
ment of equatorial bubbles, as discussed at the end of
section 4. The restrictions imposed by the F region
loads and the role of the propagation medium in sat-
isfying the required conditions also must be taken into
consideration for the development of equatorial bubbles.
This may be physically understood as follows. The up-
ward % By force on the background plasma arising from
the polarization current €,,0 Ey, /8t would be 90° out of
phase with the upward velocity of the plasma given by
E,y/Bo provided w is real. In this situation the os-
cillations are sustained as the Alfvén waves propagate.
However, for a complex w, this is no longer true. Hence
Alfvén waves decay as they propagate from the source to
the Eregions and back. In the transmission line picture,
k; is determined by the characteristics of the genera-
tor and the propagation medium. For a growing mode,
the nonzero imaginary part of k, leads to the decay of
Alfvén waves as they propagate from the source to the
E regions and back. For a given growth rate, the imagi-
nary part of k, and hence the rate of Alfvén wave decay
with distance increases with increasing é,,. The loss in
the signal during propagation along magnetic field lines
controls the amount of current. A decrease in the cur-
rent which flows into the E region helps the growth of
equatorial bubbles by preventing the discharge of po-
larization charges on the bubble walls. Thus there is
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greater relaxation of the condition £y ~ £&; ~ 0
required for a density perturbation to exist in the equa-
torial F region as the background plasma density in the
region between the generator and the loads increases.
From the analogy described in Figure 2, we see that
the circuit involves the inductance and capacitance of
the transmission line as well as the resistance of the E
region. According to (21) and (22),
k.l = (L Cr)/?w. (48)

Figure 2 indicates that the currents flowing through the
E region loads are no longer determined only by the re-
sistances Rgy and Rgg of the conjugate E regions, but
also by the timescale associated with the perturbation
in the equatorial F region and the characteristics of the
background ionosphere between the equatorial F region
and the FE regions. The smaller the value of the imag-
inary part of (k,l) is, the larger are the currents that
flow into and out of the F region loads, for a given re-
sistance of the loads. Thus, in order for the equatorial
bubble to develop, the conductivities of the E regions
and also the differences between the conductivities have
to be smaller, in proportion to the value of Im(k,{).

The observed seasonal and longitudinal occurrence
patterns of equatorial scintillations are explained on
the basis of near-alignment of the solar terminator with
the geomagnetic flux tubes as a favorable condition for
the growth of ESF bubbles [ Tsunoda, 1985]. However,
range spread F (RSF) data studied by Abdu et al. [1992]
indicate that nearly perfect alignment of the termina-
tor with the magnetic meridian tends to be less favor-
able for bubble growth. Results obtained in the present
paper imply that a small angle between the solar ter-
minator and magnetic meridian is an important factor
for growth of equatorial bubbles such that it is possible
to have €, ~ BE; ~ 0. However, higher ionospheric
densities between the equatorial F region and the con-
jugate E regions may help bubble growth by relaxing
this condition. The importance of a large F region ver-
tical plasma drift velocity in the generation and evo-
lution of ESF bubbles has been suggested by Fejer et
al. [1999] on the basis of long-term radar observations
from the Jicamarca observatory. In a number of stud-
ies the height of the nighttime F layer has been singled
out as the most important parameter in the generation
of ESF [Kelley and Maruyama, 1992; Jayachandran et
al., 1993; Sultan, 1996]. In the context of this study, a
higher altitude of the equatorial F layer implies a larger
value of I, and hence greater loss of signal in propaga-
tion between F and F regions for a given k,, than when
the height of the equatorial F layer is low. Thus, for
a given E region conductivity, a large vertical upward
drift near sunset which takes the equatorial F region
to greater heights should help the growth of equatorial
bubbles.

The present model is a simplified picture of how the
coupling between the equatorial F region and the con-
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jugate E regions affects the development of equatorial
bubbles. A three-dimensional model in which variations
in the vertical (z) direction are introduced would allow
the use of a realistic profile for the vertical gradient
in plasma density. The effects of neutral winds must
be incorporated as well as possible hemispherical asym-
metries in the background propagation medium. This
last factor could change significantly the condition of
near alignment of the solar terminator with the mag-
netic meridian. The present study has made use of the
basic equations with some simplifying assumptions, for
example, that the propagation medium has no varia-
tions along the geomagnetic field direction, to obtain
wave equations for the propagation of Alfvén waves in
the background plasma. Also, reflection of the Alfvén
waves from the F regions and the generator region has
been considered to be equivalent to closure of the FACs
carried by the Alfvén waves into those regions. This
treatment nevertheless demonstrates that inclusion of
magnetic field fluctuations is important because they
are associated with Alfvén waves which carry the FACs
into the F regions. This also introduces the characteris-
tics of the medium between the equatorial F region and
the conjugate E regions into the problem. A proper
treatment of the nonlinear evolution of ESF bubbles
should not, therefore, be restricted to an electrostatic
instability and should include a more realistic descrip-
tion of the reflection of Alfvén waves from the gener-
ator region as well as the conjugate F regions, where
longitudinal gradients are present in the Pedersen con-
ductivities.
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