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RESUMEN
Se propone un modelo bidimensional para realizar simulaciones computacionales de irregularidades de concentración

electrónica, en un rango extendido de altitud centrado en la base de la capa F, e incluyendo la dependencia de las frecuencias de
colisiones y de recombinación, con la densidad. El modelo se prueba con diferentes amplitudes de perturbación en una franja
limitada. Se encuentra que las amplitudes en un rango medio son más efectivas como efecto desestabilizante. Todos los resultados
confirman la predicción de Rayleigh-Taylor hidrodinámica.

PALABRAS CLAVE: Ionósfera, irregularidades de concentración electrónica, inestabilidad de Rayleigh-Taylor, efecto
hidrodinámico, amplitud de perturbación.

ABSTRACT
A bidimensional model is proposed to perform computer simulations of enhanced electron concentration irregularities, in an

extended altitude range centered at the bottom of the F layer, and including the dependence of collision and recombination
frequencies on density. The model is tested with different perturbation amplitudes in a limited fringe. We find that amplitudes in
a medium range are more effective as a destabilising effect. All results confirm the hydrodynamic Rayleigh-Taylor prediction.

KEY WORDS: Ionosphere, electron concentration irregularities, Rayleigh-Taylor instability, hydrodynamic effect, perturbation
amplitude.

INTRODUCTION

Generalized Rayleigh-Taylor (R-T) instability plays a
predominant role in the evolution of long-wavelength irregu-
larities in the ionosphere (Ossakow et al., 1979; Zalesak et
al., 1982). This instability requires a seeding process pro-
vided by gravity waves producing density modulations at
the bottom of the F layer (Kelley and Hysell, 1991; Huang
et al., 1993; Singh et al., 1997).

The two-fluid model assumed in R-T instability im-
plies alternately depleted and enhanced electron concentra-
tion regions (Keskinen et al., 1980; Keskinen et al., 1981).
Their morphology and altitude location have not always con-
firmed theoretical predictions. In particular, an enhanced
density region should sink into a lighter medium below, as
predicted by hydrodynamic R-T (Kelley, 1989).

In this paper, a bidimensional model, including depen-
dence of collision frequency and  recombination rate on den-
sity, is shown to predict the enhanced electron concentra-
tion irregularities for different values of perturbation
amplitude.

THE MODEL

We use a standard electron density profile approached
by steps through exponential functions, n

0
(y) (Figure 1).

The perturbed profile is

   n x y n y A kx C y0 0 01( , ) ( ) cos( ) ( )= +{ } , (1)

where the second term on the right hand side bracket repre-
sents a perturbation with amplitude A

0
; x is the east-west di-

rection (surface waves); k is the perturbation wave number;
and C(y) is a limited altitude fringe.

The constants A
0
 and k depend on the amplitude and

wave number of the perturbing gravity wave. We assume
values of A

0
 = 0.01, 0.05, and 0.1 corresponding to perturba-

tion amplitudes of 1%, 5%, and 10%, respectively; and k =
6.28·10-4 m-1 corresponding to a 10 km wavelength. We con-
sider only the horizontal east-west direction for the wave-
like perturbation, since it is dominant (Kelley, 1989; Huang
et al., 1993; Singh et al., 1997).
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The limited altitude fringe, C(y), allows a better con-
vergence in numerical computation and is consistent with
the fact that gravity waves are more effective in creating den-
sity modulations at the bottom of the F layer (Tsunoda and
White, 1981; Tsunoda 1983; Kelley, 1989; Singh et al., 1997).
We assume a 100 km thick fringe, centered at 250 km alti-
tude. Thicker fringes produce more perturbed profiles at tran-
sient times (not shown here).

We have

      C y
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y y y y y y y

y y or y y

l b l l b

m m b m

l m

( )

( ) /( ),

( ) /( ),

,

=

− − ≤ ≤

− − ≤ ≤

≤ ≥

⎧

⎨
⎪

⎩⎪
1

0
 , (2)

where y
l
, and y

m
 stand for the lower and upper limits of the

fringe, and y
b
 is the elevation of the F layer bottom.

The fluid equations can be written (Uman, 1964):
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         ∇ ⋅ =J 0 (6)

 J e n V n Vi i e e= −( ) , (7)

where α refers to electrons (e) or ions (i), and n, ν
in
, ν

R
, k

B
, φ,

V, B, E
0
, m, e, g, J, are respectively the  density, collision

frequency, recombination rate, Boltzmann constant, electro-
static potential, velocity, magnetic field, zero order electric
field, mass, electron charge, gravity, and current density. The
total electric field is E = E

0
 – grad φ. We assume E

0
 directed

westward in the x direction; g is downward (-y direction);
and B is to the north (z direction).

We assume quasineutrality (n
e
 ≈ n

i
 ≈ n). Inertial and

pressure effects are ignored (Keskinen et al., 1981). If grad
φ = grad φ

1
 + mg/e (Ossakow et al., 1979), and solving (4)

and (5) for the velocities, the system becomes

∂

∂
− ∇ × ⋅ ∇ = − −⊥ ⊥

n

t B
e n n nz R

1
1 0( ) ( )φ ν (8)

    ∇ ⋅ ∇ = × ⋅ ∇ + ⋅ ∇⊥ ⊥ ⊥ ⊥( ) ( ) ( )ν φ νin z inn B g e n E n1 0 .   (9)

Since ν
in
 and ν

R
 are both proportional to n (Rishbeth

and Garriot, 1969), we may set

    ν in ink n= (10)

    νR Rk n=  , (11)

where k
in
 = 1·10-10 s-1 cm3 and k

R
 = 2·10-9 s-1 cm3, to match the

values of the maximum concentration level proposed by
Zalesak et al. (1982). Thus, (8) and (9) become

∂

∂
− − + − =

n

t B
n n k n n ny x x y R

1
00( ) ( )φ φ (12)

          ( ) ( ) ( )k n k n Bn g k V nin x x in y y x in d
2 2 2 0φ φ+ + − = , (13)

where the subscripts x and y denote differentiation ∂/∂x and
∂/∂y, and V

d
 is the drift velocity, V

d
 = E

0
/B. We assume V

d
 =

20 m s-1, directed downward.

The software PDE2D (Sewell, 1985), based on the fi-
nite element method, was used to solve the system. The ele-
ment sizes were scaled according to electron concentration.

Fig. 1. Electron Density Profile.
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We used fixed boundary conditions at the bottom and
the top of the integration region, assuming that n and φ re-
main unaffected far from the bottom of the F layer. For the
sides of the region, we used free (Gibbs) boundary condi-
tions as follows:

− + =
1 1

0
B

n e
B

n ey x x yφ φ (14)

k n e k n ein x x in y y
2 2 0φ φ+ =  , (15)

where e
x
 and e

y
 are versors in the x and y directions. Equa-

tion (14) holds because it is a sum of scalar products of per-
pendiculars vectors, while (15) implies that n varies only with
altitude.

RESULTS AND DISCUSSION

Figures 2, 3, and 4 represent the evolution at 1 minute
intervals (a, b, c, d) for  perturbations of amplitude A

0
 = 1%,

5%, and 10%, respectively. Contours are drawn at 105 cm-3

intervals for Figures a, b, c, and at 2 ·105 for Figures d.

Fig. 2.  a, b, c, and d, representing isodensity contour sketches at 0, 1 , 2, and 3 minutes, respectively.

Perturbation amplitude: 1%.
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Figures d show a well developed irregularity. Density
gradients are stronger in Figure 3 (A

0
 = 5%). The fact that

density gradients decrease at lower and higher perturbation
amplitudes shows that there is a preferred range of perturba-
tion amplitude for the instability to be more effective in ir-
regularity generation. As one might expect, a 5% perturba-
tion amplitude is more effective than a 1% one. An ampli-
tude of 10% is less effective than one of 5% because large
perturbations alter the density profile (Figure 4a) which pre-
vents the seeding process (Medina, 2000).

Figures c and d show that the hydrodynamic R-T ap-
pears to hold, since irregularities drop to levels below that of

maximum concentration as if a heavy fluid were dropping
into a lighter one.

In situ as well as ground based measurements agree
with these results. Using Radon transform of ionospheric
delays from NNSS satellite signals at sequenced angles in
Tucumán, Soria (1999) detected field aligned overdense
patches below the F

2
 peak, which were large at the bottom

and constricted toward the top. From Atmosphere Explorer
E satellite data, Singh et al. (1997) report enhanced density
regions moving downward. From San Marco and Dynam-
ics Explorer B satellite data, Hanson (1990) found overdense
plasma regions below the F2 peak, and downward veloci-

Perturbation amplitude: 5%.

Fig. 3.  a, b, c, and d, representing isodensity contour sketches at 0, 1 , 2, and 3 minutes, respectively.
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ties in the more structured bubble edges. Fukao et al. (1990),
using MU Radar, observed field-aligned irregularities pre-
senting downward velocities about midnight.

However, overdense regions often appear rather stable.
Some observations can be ascribed to a different type of pro-
cess, e.g., bottomside sinusoidal structures (BSS), which
present different properties from R-T generated irregulari-
ties (Valladares et al., 1983; Cragin et al., 1985; Basu et al.,
1986). Further research on time behaviour, and a larger range
of gravity wavelengths, would be needed to confirm a con-
nection between both types of irregularities.
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