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b EFFECT OF DIFFERENT INITIAL CONDITIONS ON THE
‘ EVOLUTION OF THE E X B GRADIENT DRIFT INSTABILITY IN
IONOSPHERIC PLASMA CLOUDS

1. INTRODUCTION

; . Experimental studies of artificially injected plasma clouds into the

ionosphere [Rosenberg, 1971: Davis et al., 1974; Baker and Ulwick, 1978]

have provided much information concerning not only ambient ionospheric con-

—rt o

ditions, e.g., electric and magnetic fields, but also the structure and

R

morphology of evolving plasma clouds themselves by means of, for example,
scintillation and power spectrum studies. The characteristic initial

steepening, elongation, and striation of drifting plasma clouds have been

explained by applying the linear theory of the ExB gradient drift insta-

. “&MAW.A':A..“; P

bility, originally developed for laboratory plasmas[Singl 1963], to plasma 4

%‘ { cloud geometries [ﬂgerendel et al., 1967; Linson and Workman, 1970;

Volk and Haerendel, 1971; Perkins et al., 1973]. More recently,Chaturvedi

{ and Ossakow (1979) have studied the nonlinear stabilization of the long
wavelength ExB gradient drift instability in ionospheric plasma clouds. 9

Numerical simulation studies [Zabusky et al., 1973; Lloyd and

L Yy

Haerendel, 1973; Goldman et al., 1974; Doles et al., 1976: Ossakow 4

et al., 1975; 197i] of barium plasma clouds with a background ionosphere 1

2 j_ have reproduced not only many of the gross observational features of

o

I plasma cloud evolution, but also their spatial power spectra [Scannapieco

A

et al., 1976] , minimum scale size [McDonald et al., 1978; 1980] and

outer scale size or correlation length [Keskinen et al., 1980a] . In

addition numerical simulations of the local ExB pradient drift insta-

bility in ionospheric plasma clouds rKeskinen et al., 1980b ] have vielded 5
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spatial power spectra and saturated wave amplitudes that are consistent
with experiment.

However, to date, the effects of different initial conditions, {.e.,
changing the initial seed perturbations, ou the spatial and temporal evolu-
tion of ionospheric plasma clouds have not been studied in detail. The
goal of the present work 1s to study the effects of varving the initial
conditions on the evolution of large I’ region initiallv slablike ionospheric
plasma clouds both in real (x,y) space and in Fourier (k,, ky) space., In
crection 2 we present the model equations aporopriate for describing large
plasma clouds in the F region ionosphere. The results of the numerical
solution of these equations under several different sets of initial con-
ditions are given in sections 3 and 4. A summary and discussion of the

principal results of this study are presented in Section 5.

2, MODEL EQUATIONS

For wavelengths much greater than the ion gvroradius (approximately
10 meters for Ba+ ions in the twilight F region), the dynamics of the

plasma cloud and background ionosphere can be studied in the fluid approxi-

mation [Vﬁlk and Haerendel, 1971; Perkins et al., 1973, Zabusky et al.,

1973; Ossakow et al., 1975] . For large clouds (large magnetic field line

integrated Pedersen conductivity compared with that of the background iono-
sphere), the cloud interaction with the background ionosphere (second level)

can be neglected [Haerendel et al., 1967 ]. Furthermore, due to the

very high conductivity along the magnetic field lines (typically op/oll '\:10-6

with op and ou the Pedersen and pnarallel conductivities respectively)

the field lines may be regarded as equipotentials and, as a result, a

field line integrated (two-dimensional) model is justified [V61k and
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and Haerendel, 1971, Perkins et al., 1973].

By adopting a Cartesian coordinate system (x,y,z ) with magnetic field
Qé , ambient electric field Eo;. and after transforming to a frame drifting
with velocity !o = (ch/B) é, the two dimensional model equations for the
magnetic field line integrated plasma cloud Pedersen conductivity I (x,v)

and the self-consistent plasma cloud electrostatic potential §©(x,v)

can be written

2

or z x 78€-VL =DV I (1)

+ S
ot B

V-(IV6®9) =E * VI (2)
where 8¢ = - E (x,y) + EO, E (x,y,) the total electrostatic field, ¢ is

the speed of light, V= (d/9x, 8/dy) and D is the cross field diffusion

coefficient [Perkins et al., 1973] given by 2(\)e /S%) (ckB T/eB) with T

the ion and electron temperature ve the sum of electron collision frequen-
cies with cloud ions and ambient neutrals, kg is Boltzmann's constant,
and Qe the electron gyrofrequency. For barium plasma clouds, typical

values of D lie in the range of 0.6 to 6 mz/sec [McDonald et al., 1978] .

All other symbols retain their conventional meaning. Equation (1) results
from the field-line integration (along the z-direction) of the ion con-

tinuity equation while equation (2) is derived from current conservation

By linearizing (1) and (2), {.e., T = Eo + &%, etc., and assuming fluc-

tuations in magnetic field line integrated Pedersen conductivity and cloud

potential 6L, § ©x exp [i (kyy + kxx) + Yk'] with k*B =0, k L >>1, one

finds the usual E x B growth rate

ididiiiaghe
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2 2
yk = (cEO/BL)(ky/k) - Dk 3)
2 2 2 -1 :
where k° = kX + ky , L = 3ln Zo/ax. For ch/B = 100 m/sec, L = 6 km,
D=1 mz/sec, the critical wavelength AC (yk=0) = 60 m. .
Equations (1) and (2) can be put in dimensionless form [McDonald
et al., 1978; 1980] by normalizing x = (x,y), t, I, V,8¢ by Lo, L, /V,,
- , .
Lo Vo, LOEO, respectively, giving
9L 4 L xvsw vr=k"lv%s %)
ot
V s (L V8g)=0r/dy (5)
where R =V Tb/D' As a result, the evolution of a nlasma cloud is com-
0

pletely determined by the initial cloud configuration, boundary conditions,

and the dimensionless number R.

3. NUMERICAL SIMULATIONS

Equations (1) and (2) were solved numerically on a mesh consisting of
258 grid points in the x direction (Eo X B direction) and 102 points in the
y direction. With a constant grid spacing of 310 meters, the real space
dimensions of the mesh were 80 km along x and 31 km along y. The magnetic
field line integrated Pedersen conductivity I(x,y) in (1) was advanced in .

time using a multi-dimensional flux-corrected variable time stev leapfrog-

trapezoid scheme [Zalesak, 1979] which is second order in time and fourth
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order in space. At each timestep the self-consistent electrostatic
potential 8¢ due to the ion cloud was determined from (2) using a Chebvchev
iterative method [23553, 1962 ; McDonald, 1980] with a convergence criterion
of 10_4. Periodic boundary conditions were imposed along the v direction
with Neumann conditions ( /6 x = 0) along the x direction. These boundarv
conditions result in a realistic representation of plasma inflow-outflow at
the boundaries in the E5 x B direction.

The principal diagnostics used to monitor the evolution of the plasma
cloud are the time history of the field line integrated Pedersen conductivity
of the ion cloud I(x,y,t), associated spatial power svectra, and the plasma
cloud electrostatic potential &9(x,v,t). These power spectra were obtained
by first Fourier transforming the real space cloud Pedersen conductivity
$T(x,y) =» GZ(kX, ky) where §Z(x,y) = X(x,_v)-—Zo, ZO the maximum cloud con-
ductivity. The power spectral density léX(kx.K)/zo’Z was then formed and the

one-dimensional power spectra P(kx) and D(ky) were computed where

2
P(k,) =fdky IGZ(kx,kV)/ 7ol
and

2
P =
,(ky) fdkx IGE(kx,ky) /%]
These transverse averaged power spectra P(kx) and P(kv) were then fitted

{Keskinen et al., 1980a] with a three parameter (spectral strength Poa’

spectral index nu, and outer scale wavenumber koa) pover 'aw uof the form

_ ) -n /2
P(ka) B Poa a+ 1't,v./kc\ct) ¢

where a= x or y. The method used to extract the best fit parameters

STy e S




%ux’n R koa’ is a nonlinear least squares procedure [ Keskinen et al.,
¢4

1980a7] which computes Po and n directly and then iterates to find k0 .
o a a

Initially, the field line integrated Pedersen conductivity of the

plasma cloud was taken to be of the form
i z(x,y,t=ohto=[M exp(-xz/Lz) + 0.1] (1+e(x,v))

R where both the mean amplitude and spatial distribution of e(x,y) were

- varied. In previous numerical studies [ McDonald et al., 1978: 1980;

Keskinen et al., 1980a] e(x,y) was given a root mean square value of 3%

{
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and generated from a randomly phased Gaussian power spectrum. In this
work two different forms for €(x,y) were used. In the first case e(x,y) =
A cos 3 kFy, a single monochromatic wave along the linearly most unstable
y~direction with wavelength X= 2 v/3kF = 10km where kF =2 ﬂ/30km—1.

In the second case, ¢(x,y) = A (1-2r(x,v)) where r(x,y) is a random num-
ber between 0 and 1. This case models the many wave initial condition. In

both cases small and large amplitude initial perturbations were modeled by

taking A equal to 0.03 and 0.15 respectivelv. Figure 1 gives a rough

4 schematic plot of the structure of s(kx, ky) used in these simulations. For
both forms and amplitudes of €(x,y), three simulations were made distin-
guished by different initial field line integrated cloud Pedersen conduc-
tivity scale lengths L = 4,6,10 km perpendicular to the magnetic field. For
all cases Vo = 100 m/sec and the cross field diffusion coefficient
D=1 m2/sec. In addition, in all cases M = 1 so that the maximum field .
line integrated Pedersen conductivity of the cloud to the background iono-

sphere is approximately 10, For the sake of consistency and brevity, we

confine ourselves to the description of the evolution of the L = 6 km H




barium plasma cloud only.

4. RESULTS

Figures 2a-2d illustrate the evolution »f an initiallv slablike barium

plasma cloud driven unstable by a 3% monochromatic initial wave by showing

the real space isodensity contours of the field-line integrated Pedersen

¢ Oy
a cloud conductivity in the plane perpendicular to the magnetic field. |
)
* Figure 2a displays the initial configuration. Figure 2b shows the plasma
; cloud conductivity at t = 200 sec where some elongation, steepening, and
~? jetting to the frontside has begun. Figure 2¢ details the cloud structure
g at t = 1000 sec where the characteristic fingers have formed and stretched

along the Eo x B drift direction. Figure 2d gives the structure in the

EIEPIE . YOV S

late time nonlinear regime at t = 2400 sec (y t> 40 with vy the maximum
max max

linear growth rate). Similiar shapes and morphologies are observed and for

the other two Pedersen conductivity gradient scale lengths studied, i.e.,

L =4 and 10 km, but on different time scales,

Figure 3 gives representative one-dimensional plasma cloud Pedersen
4 conductivity spatial power spectra computed in the nonlinear late time
(t = 2400 sec) regime both parallel P(kx) and perpendicular P(ky) to the
plasma cloud drift for the 37 monochromatic initial conditions with L = 6 km.
Before significant bifurcation occurs, the perpendicular power spectrum
P(ky) is not described by a power law, but is dominated by the initially ex-~
cited mode ky/kFV = 3 where kFy = (211/30)km—1 is the fundamental mode number
in the y-direction. However, due to the steep edges of the plasma cloud

striations in the parallel x-direction the parallel power spectra P(kx)

do conform to a power law with spectral index of approximately n = 2. At

e AN At e



late times in the nonlinear regime, however, the perpendicular P(ky) power
gpectra also tend toward - power law.

Tlgure 4 shows the time histories of n and n-V for the small amplitude
monochromatic initial conditions with L = 6 km. Similar results were fcund
for L = 4, 10 km.

Figure 5 gives a sample contour plot of the unaveraged two-dimensional
spatial power spectra of the plasma cloud Pedersen conductivity at t = 2400
sec using 3% monochromatic initial conditions with L = 6 km. As can be
seen, the two-dimensional spatial power spectra is anisotropic with most of
the spectral power concentrated along and near the linearly most unstable
v-direction. This anisotropy in (kx,ky) space is consistent with the late
time distribution in (x,y) space of the field line integrated cloud Pedersen
conductivity which show striations elongated much more in the x-direction
(EO x B drift direction). Similar anisotropic spatial power spectra in the
late time nonlinear regime are also found using the large amplitude (15%)
monochromatic initial conditions.

Figures b6ba-6d give the real space distribution of field line integrated
cloud Pedersen conductivity for the large amplitude 15% monochromatic initial
conditions for L = 6 km. Figure 6b describes the conductivitv profile alwso
at t = 200 sec and shows a similar configuration to the 3% case in Figure 2b
with the exception that more elongation and jetting to the frontside has
taken place in the larger amplitude case. For the monochromatic initial con-
ditions used the evolution of the plasma cloud with the larger amplitude per-
turbation was found to proceed on a faster time scale than the plasma cloud
seeded with a smaller amplitude perturbation. Figure 6¢ displavs the cloud

contours at t = 1000 sec while Figure 6d details the plasma cloud field line

integrated Pedersen conductivitv at t = 2400 sec and is not dissimilar from

™
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the plasma cloud configuration using the 3% monochromatic initial conditions

(cf. Fig. 2d). Similar morphologies are also observed for the vnlasma clouds
with conductivitv eradient scale lengths L=4,6,10 km, but on different time

scales with the L=4 km case proceeding faster and the L=10 km case slower.

Figure 7 gives sample one-dimensional parallel P(kx) and perpendicular
P(ky) spatial power spectra of plasma cloud conductivitv computed in the
nonlinear late time (t = 2400 sec) regime for 157 monochromatic initial con-
ditions with L = 6 km. Note the similarity with Figure 3,

Figure 8 displays the time dependence of the best fit spectral indices
n and n, for the 15% monochromatic initial perturbation with L = 6 km.

As can be noted the spectral indices n and n, achieve their quasi-steady
state values on a slightly faster time scale (on the order of 100-200 sec)

for the larger amplitude monochromatic perturbation as opposed to the smaller
amplitude monochromatic initial conditions {see Figure 4). The value for the
spectral index in the ExB direction approaches n ~ 2 while n, = 2-3.

Similar spectral indices are also found for the other two cases studied, i.e.,
L = 4, 10 km, but again on different time scales.

Figures 9a-9d portray the evolution of the plasma cloud using purely
random initial conditions with maximum amplitude of 3% for L = 6 km. 1In
these simulations the initial evolution of a test wave is influenced not only
by the ambient plasma cloud, but also by a many wave background. Figure 9b
displays the cloud at t = 200 sec and shows the initial random perturbations
developing on the backside. Figure 9c¢ illustrates the field line integrated
Pedersen conductivity contours at t = 1000 sec with striation and elongation
evident. Figure 9d shows the cloud configuraticn at t = 2400 sec and is
similar to the late time configurations using the monochromatic initial con~

ditions as shown in Figure 2d and 6d. The evolution of the clouds with

gradient scale lengths L = 4,10 km under 37 random initial conditions is




similar to the L = 6 km case, but on different time scales, i.e., the L = 4
: : km cloud structuring faster in absolute time and the L = 10 km cloud
developing slower.

Figure 10 shows sample one-dimensional power spectra of plasma cloud
conductivity with L = 6 km both parallel P(kx) and perpendicular P(ky) to

the ExB drift (x-direction) at t = 2400 sec for the purely random 3% initial

conditions, The time histories of the best fit spectral indices nx and nv

both in the parallel P(kx) and perpendicular P(kv) directions with L = 6

km for the small amplitude (37%) random initial conditions are displayed in
Figure 11, After initial transients, the spectral index in the EO x B

direction becomes n= 2 with nv = 2-3. 1In comparing the time evolution of ]

n and ny for the 37 wonochromatic and random initial conditions (see Figures

4 and 11) one notes that the spectral indices reach their quasi-steady state

values faster for the many wave random initial conditions. This is partic- )
ularly true for the spectral index ny. The same values for the spectral

indices n and ny are also observed using the g?adient scale lengths

L = 4,10 km starting from the 3% random initial conditions. These spectral

indices are in agreement with both experimental values [Baker and Ulwick,

1978; Kelley et al., 1979] and previous one level [McDonald et al.,

1980; Keskinen et al., 1980] and two-level [Scannapieco et al., 1976]

numerical simulations of ionospheric barium clouds using different initial

conditions.

The turnover or outer scale size in the one-dimensional perpendicular

power spectra P(kv) of the plasma cloud conductivity with L = 6 km using the
small amplitude (3%) random initial perturbations is plotted in Figure 12 as
a function of time. 1In the early nonlinear regime, the perpendicular outer

scale size 21r/kOy approximates the initial parallel Pedersen conductivity

10
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gradient scale length L of the cloud in agreement with previous numerical

simulations [Keskinen et al., 1980a] using Gaussian initial conditions

wit' mean amplitude of 3%.
Figure 13 shows a representative sample of the unaveraged two-dimensional
spatial power spectra of the cloud Pedersen conductivity of t = 2400 sec
using the 3% random initial conditions with L = 6 km. The power spectra
is anisotropic with most of the power located along and near the linearlyv
most unstable y-direction. Note the similarities with Figure 5 which
evolved from monochromatic initial conditions. Similar anisotropy is found
for L = 4,10 km.
Figures l4a-14d display the evolution of the barium plasma cloud using

the 15% purely random initial conditions for the L = 6 km scale length. Com-

paring the plasma cloud structure in Figure 14b at t 200 sec with Figure

9b (small amplitude random initial perturbation at t 200 sec) one again
notes the increased elongation and penetration to the frontside in the larger
initial amplitude case. Figure l4c shows the striations at t = 1000 sec
while Figure 14d illustrates further bifurcation at t = 2400 sec. Many
similarities can be seen in comparing Figure 14d and Figure 9d.

Figure 15 shows sample one-dimensional power spectra of the L = 6 km
plasma cloud Pedersen conductivity both parallel P(kx) and perpendicular
P(kv) to the ExB drift (x-direction) at t = 2400 sec for the purely random
15% initial conditions, The time histories of the best fit spectral indices
n_ and ny both in the parallel P(kx) and perpendicular P(ky) directions with
L = 6 km for the large amplitude (15%) random initial conditions are displav-

ed in Figure 16. The spectral index in the Eo X B direction (x-direction)

approaches n, = 2 with the spectral index perpendicular to the Eo x B

11
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drift nv = 2-3, By comparing Figure 16 (157 random initial conditions) with
Figure 11 (3% random initial conditions) one again notes that the spectral
indices n and ny approach their quasi-steadv state values on a slightly
faster time scale for the larger amplitude initial perturbations. In ad-
dition, in comparing Figure 16 (157 random initial conditions) with Figure 8
(157 monochromatic initial conditions) it can be said that the spectral in-
dices n and n, develop on a faster time scale for the many wave initial per-
turbations as opposed to the single wave monochromatic initial conditions,

The turnover or outer scale size in the one dimensional perpendicular
power spectra P(ky) for the L = 6 km plasma cloud seeded with the large
amplitude (157) random initial perturbations corresponding to Figure 14 is
plotted in Figure 17 as a function of timc. 1In the nonlinear regime (for
the times the simulations were run) the perpendicular outer scale size
217/1(0y approximates the initial parallel (to EO x B motion) Pedersen
conductivity gradient scale length L of the cloud in agreement with the 37
random initial conditions (see Figure 12). Again, this scaling is achieved
on a slightly faster time scale than with the smaller amplitude 37 random

initial perturbations.

5. SUMMARY OF RESULTS

We have studied the effects of different initial conditions on the
evolution of large F region ionospheric plasma clouds driven unstabhle bv the
ExB gradient drift instabilitv., This has been accomplished bv the numerical
solution of the fundamental one level (one for the plasma cloud and neglect
of cloud-background ionosphere interaction) two-dimensional magnetic field
line integrated plasma cloud fluid equations using several different sets of

initial conditions. In these numerical simulations both large and small

12




purely random and monochromatic initial conditions have been used to s

initially slablike plasma cloud models with different mavnetic ticld i

tegrated Pedersen conductivitv gradient scale lengths 1= 4,610 km ooy o0 -

dicular to the magnetic field. Inlependent of the inftial condition vy

ied, all models, in the nonlinear late time revime become similar hot' i

real (x,v) space and in Fourlier (kx,kv) space where x and + detine the o] .

perpendicular to the direction of the magnetic field., In the nenliac o

wime, an outer scale turnover {s observed in the spatial power spectra o P
puted In a direction (v) perpendicular to the ExB drife (<) o the ol oo .
cloud. Under the different initial conditions studicd, the too- jinon

spatial power spectra In the nonlinear regime in the plane peroendic ol o

the magnetic field is found to be anisotropic with most ot the svectrer s 0 o

concentrated in the linearlv most unstable v-direction.  Furthermero,

independent of the initial conditions used in this report the one-dimen: ..

_nx

X power spectra is « kx with n 2 for 2-/k hetween 1 oand ¥o ke, owt1o
X

the v power spectra « kv-nv with nv -3 for 3"‘kv between 1 oand 10k~,
the random initial perturbation case achicves its quasi-final power law oowa
spectrum description on a slightlyv faster time scale than the sinele mona-
chromatic wave initial perturbation case. Within the context of initial
perturbation amplitude, for a given case, the Tarver amplitude perturiatg -

attains the quasi-final state more rapidlvy. These numerical results .

consistent with recent experimental [Qﬂkﬁf and Ulwick, 1497R Kellew ot Vo

1976; Chaturvedi and Ossakow, 1979; Keskinen et al., 19RO <tudics -
fonospheric plasma clouds.

Future analvticil and numerical studies of the evolution of foneunnor i
plasma clouds are planned which include the addition of inertial etfects an:

the coupling to other ionospheric levels.
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Fig. 2 — Real space isodensity contour plots of Z(x,y)/Z, for L = 6 km
using 3% monochromatic initial conditions at (a) t = 0 sec, (b) t = 200 sec,
(¢) t = 1000 sec, and (d) t = 2400 sec. Eight contours are plotted in equal
increments from 0.1 to 1 with every other contour represented by a
dashed line. The x axis (y axis) denotes the E , X B(E ) direction.
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(c) (d)
Fig. 14 — Real space isodensity contour plots of X(x,y)/X, for L = 6 km using the

“0

16% random initial conditions at (a) t = 0 sec, (b) t = 200 sec, (¢} t = 1000 sec, and
(d) = 2400 sec
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