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PRELIMINARY REPORT OF NUMERICAL SIMULATIONS OF INTERMEDIATE WAVE-

LENGTH E.xB GRADIENT DRIFT INSTABILITY IN IONOSPHERIC PLASMA CLOUDS

INTRODUCTION

Barium cloud injection experiments LRosenberg, 1971; Davis et al.,

1974] have provided much data concerning the dynamical evolution of

plasma clouds in the F region ionosphere. The characteristic steepen-

ing, elongation, and striation of barium plasma clouds have been ex-

plained by applying the ExB gradient-drift instability [Simon, 1963]

to plasma cloud geometries [Haerendel et al., 1967; Linson and Workman,

1970; Volk and Haerendel, 1971; Perkins et al., 1973]. Numerical

solution of the fundamental fluid equations modelling the ExB insta-

bility in plasma clouds have reproduced not only the large scale gross

observational features of plasma cloud evolution [Zabusky et al., 1973;

Lloyd and Haerendel, 1973; Goldman et al., 1974; Doles et al., 1976;

Ossakow et al., 1975, 1977] but also the spatial power spectra [Scanna-

pieco et al., 1976] and minimum scale sizes of plasma cloud striations

LMcDonald et al., 1978]. However, the goal of these numerical simula-

tions was to model the dynamics of the entire plasma cloud and wave-

lengths less than about a kilometer were not accurately resolved. But

barium cloud experiments sponsored by the Defense Nuclear Agency have

shown [Baker and Ulwick, 1978; Kelley et al., 1979] that the power

spectra of the plasma cloud striations extends to wavelengths on the

order of meters to tens of meters. It is of interest to numerically

model these intermediate wavelength (100-1000 m) irregularities in order

to compare with and supplement experimental observations.

Note: Manuscript submitted October 5, 1979.4k 1
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In this preliminary report we present a two-dimensional numerical

simulation of the intermediate wavelength Ex.B gradient-drift insta-

bility applicable to local unstable regions of large F region barium

plasma clouds. The results of these simulations will be shown to be

consistent with experimental and theoretical studies of striated barium

clouds and, in many respects, similar to recent numerical simulations

[Keskinen et al., 1979] of the intermediate wavelength collisional

Rayleigh-Taylor instability in local regions of the bottomside of the

equatorial F region ionosphere.

MODEL EQUATIONS

We wish to model two-dimensional ExB gradient-drift processes in

local unstable regions of large ionospheric F region plasma clouds.

The restriction to large clouds (large Pedersen conductivity compared

with that of the background ionosphere) permits both the neglect of

the cloud interaction with the background ionosphere (second level)

and variations of cloud density and potential along the magnetic

field lines. For wavelengths greater than the ion-gyroradius (approxi-

mately 10 m for Ba+ in the twilight F region) a fluid description can

be used which equations have been given previously [Perkins et al.,

1973; McDonald et al., 1978; Chaturvedi and Ossakow, 1979].

By adopting a Cartesian coordinate system (x,y,z) with the geo-

magnetic field B in the z-direction, the ambient electric field E

along the x-axis, and ignoring to lowest order electron and ion

inertia, we can write after transforming to the cE xB/B 2 frame

4 2
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an c VylXi.Vn mCTV2n (1)at B eB-K~ 1
e

V • nVy, +1 V2n - E • Vn (2)e--

where n(xy,t) is the plasma cloud ion density, cpl(xy,t) is the

electrostatic potential of the plasma cloud, K -1 K + K -ee en ei

Kea - Q e/v ea with ven , Vei the electron collision frequencies with

neutrals and ions, respectively, and Te = Ti - T is the temperature.

All other symbols retain their conventional meaning. By linearizing

(1) and (2) and expressing n = n o + n with nj, yl, exp

[i(k x + k y) + y k Q, B 0 0, k L >>l we find

Yk = (cE /BL)(k x/k)2 - en + Vei )(k2C s2)/a e1

where L- 1 = (1/n )(3n 0ay), k2 - k 2 + k 2, C 2 = T/m." We note thato x y 5s

the growth rate Ykmaximizes for modes perpendicular to the density

gradient (k - k x) while the modes parallel to the density gradient

(k - k y) are damped by cross-field diffusion.

Numerical Simulations

By defining n'(x,y) - n(x,y)/n (y), c'.(x,y) = yl(x,y)/BL,

x- x/L, y' - y/L, t' - ct/L, where n0(y) will be defined later,

equations (1) and (2) can be written in dimensionless form as follows

(after dropping primes for clarity)

3



n a+ n n not (y- x i-x y )  n 0 y ax

a 2n a2n 2 ano an o n 2n+ T Sy v~-Z - - (3)
n y y 3y nn0x

a32 a2 an a(

2t1 an +1 0n) 1 an
sx--- + +
Dx +3- y n y y n 3x 3x

32n 2n 2 ano 0n + L 2no i Ian
n ay Dy n ny nx (4)

o 0

where 1 = 2T/eBK L, 02 = E /B, 03 - T/eBL are dimensionless constants.

Equations (3) and (4) were solved numerically. The normalized

plasma cloud density n/n in (3) was advanced in time using a variable
0

time step flux-corrected predictor-corrector scheme [Zalesak, 1979]

which is basically second order in time and fourth order in space.

Equation (4) was solved for the cloud potential pl(x,y) at each time

step using a regridded Chebychev relaxation method [McDonald, 1977].

The results to be presented here were obtained using mesh of 64 x 64

grid points with constant spacing Ax - Ay = 15 m. Periodic boundary

conditions were imposed on n/n ar.d yI in both the x and y directions.

The parameters used in these simulations are typical of 200 km barium

releases: T = 103 OK, e - 9 x 106 sec -1, Si (Ba + 36 sec-1 , B -

0.5 G, E0 = 2mV/m, vei = 2 x 103 sec- 1, ven 150 sec -1 [Banks and

Kockarts, 1973; McDonald et al., 1978].

K,4



Three different computer runs were made using different values

of the equilibrium plasma cloud density gradient scale length L - 3,

6, 10 km where n (y) - No (1 + y/L), N constant, is a steady state

(3/3t - 0) solution of (1) and (2). The simulations were initialized

with a two-dimensional perturbation of the form LChaturvedi and

Ossakow, 1979] 6n(x,y,t = 0)/n °  A A I sin kyy coskxx + A2 ,0sin 2k yy

with k 2/960 m with A1  2 x 10- 5 and A2 0 - 2 x 10-6 (where

6n E n-n ). We will now present the important nonlinear results of

these simulations.

Fig. la gives an isodensity contour plot of 6n((x,y)/n in the

x-y plane at t = 0 for L = 3 km. The initial contours describe a

sequence of enhancements (On/n° > 0) and depletions (6n/n < 0)

arranged in a checkerboard fashion. Fig. lb and lc show the evolution

of 6n/n at t = 1500 and 1800 sec, respectively. The density fluctua-

tion contours of 6n/n at t = 2000 ser are displayed in Fig. id where0

some elongation in the y-direction (ExB) and steepening can be seen.

Similar contour development was also observed for the other two plasma

cloud density gradient scale lengths L = 6, 10 km but on longer time

scales.

Figs. 2a-b show representative one-dimensional power spectra both

parallel P(k y) to the ExB drift and perpendicular P(k x) in the non-

linear late time regime for L 6 km. These power spectra are defined

as follows

1~ 5
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P(kx) fdky 6n(kxgk y )/no 0

P(k) f fdkx I 6n(kx,ky)/no0 12

In the late time nonlinear state for the three scale lengths L = 3, 6,
-n -n

10 km, P(kx) k x and P(k) = k Y with n 2-3 and n 2-2.5x x y y x y

for wavelengths X - 70-960 m. These spectral indices are consistent

with recent in situ experimental measurements [Baker and Ulwick, 1978;

Kelley et al., 1979] and analytical studies [Chaturvedi and Ossakow,

1979] of barium cloud striations.

Finally, Fig. 3 presents the time history of modes A1 I and A2 0

for L = 10 km. Initially the A2 0 mode along the ExB (density gradi-

ent) direction damps as given by linear theory. As the linearly un-

stable Al I increases it nonlinearly triggers the growth of A2 0. At

late times these modes arrange themselves in approximate agreement with

the nonlinear amplitudes predicted by Chaturvedi and Ossakow [1979].

Similar time development of Al I and A2 U are observed for L = 3, 6 km.

SUMMARY

We have performed preliminary numerical simulations of the inter-

mediate wavelength E8 gradient-drift instability in local unstable

regions of large F region ionospheric plasma clouds using parameters

typical of 200 km barium releases. For barium cloud density gradient

scale lengths L -3, 6, 10 km we find that: (1) linear unstable

6
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modes saturate by nonlinear excitation of linearly damped modes along the

y direction parallel to ExB drift and the initial cloud density gradient;

(2) in the nonlinear well developed state elongation along the ExB di-

rection is seen; (3) the one-dimensional power spectra P(kx) a k xnx and
-n

P(ky) y ky Y with nx = 2-3 and ny = 2-2.5 fo- iavelengths X - 70-960 a.

These results are consistent with recent barium cloud experimental measure-

ments [Baker and Ulwick, 1978; Kelley et al., 1979); support the nonlinear

analytical work of Chaturvedi and Ossakow [1979]; and show furthermore

the similarity between the ExB gradient drift instability in ionospheric

plasma clouds and the collisional Rayleigh-Taylor instability in the

equatorial F region ionosphere.

Future studies are planned which include variation of the para-

meters used in these simulations, addition of inertial effects, and

inclusion of the cloud interaction with the background ionosphere

(second level).

Acknowledgements

We wish to thank B. E. McDonald for useful discussions. This

work was supported by the Defense Nuclear Agency and the Office of

Naval Research.

7
7

[. ,



References

Baker, K.D., and J.C. Ulwick, Measurements of electron density struc-

ture in barium clouds, Geophys. Res. Lett., 5, 723, 1978.

Banks, P.M., and G. Kockarts, Aeronomy (Part A), Academic Press, New

York, 1973.

Chaturvedi, P.K., and S.L. Ossakow, Nonlinear stabilization of the

ExB gradient drift instability in ionospheric plasma clouds,

J. Geophys. Res., 84, 419, 1979.

Davis, T.N., G.J. Romick, E.M. Westcott, R.A. Jeffries, D.M. Kerr, and

H.M. Peek, "Observations of the Development of Striations in Large

Barium Clouds," Planet. Space Sci., 22, 67, 1974.

Doles, J.J., III, N.J. Zabusky, and F.W. Perkins, Deformation and

Striation of Plasma Clouds in the Ionosphere 3. Numerical Simu-

lations of a Multilevel Model with Recombination Chemistry,

J. Geophys. Res., 81, 5987, 1976.

Goldman, S.R., S.L. Ossakow, and D.L. Book, On the nonlinear motion of

a small barium cloud in the ionosphere, J.Geophys. Res., 79, 1471,

1974.

Haerendel, G., R. Lust, and E. Rieger, Motion of artificial ion clouds

in the upper atmosphere, Planet Space Sci., 15, 1, 1967.

Kelley, M.C., K.D. Baker, and J.C. Ulwick, Late time barium cloud

striations and their possible relationship to equatorial spread

F, J. Geophys. Res., 84, 1898, 1979.

8

.



Keskinen, M.J., S.L. Ossakow, and P.K. Chaturvedi, Preliminary report

of numerical simulations of intermediate wavelength collisional

Rayleigh-Taylor instability in equatorial spread F, submitted to

J. Geophys. Res., 1979.

Linson, L.M., and J.B. Workman, Formation of striations in ionospheric

plasma clouds, J. Geophys. Res., 75, 3211, 1970.

Lloyd, J.H., and G. Haerendel, Numerical modeling of the drift and

deformation of ionospheric plasma clouds and of their interaction

with other layers of the ionosphere, J. Geophys. Res., 78, 7389,

1973.

McDonald, B.E., Explicit chebychev-iterative solutiou of nonself-adjoint

elliptic equations on a vector computer, NRL Memo Report 3541, Nav.

Res. Lab., Washington, D.C., June, 1977

McDonald, B.E., S.L. Ossakow, S.T. Zalesak, and N.J. Zabusky, Deter-

mination of minimum scale sizes in plasma cloud striations, Effect

of the Ionosphere on Space and Terrestrial Systems, edited by

J.M. Goodman, U.S. Government Printing Office, Washington, D.C.,

1978.

Ossakow, S.L., A.J. Scannapieco, S.R. Goldman, D.L. Book, and B.E.

McDonald, Theoretical and numerical simulation studies of iono-

spheric inhomogeneities produced by plasma clouds, Effect of the

Ionosphere on Space Systems and Communications, edited by J.M.

Goodman, U.S. Government Printing Office, Washington, D.C., 1975.

Ossakow, S.L., S.T. Zalesak, and N.J. Zabusky, Recent results on

cleavage, bifurcat'on, and cascade iwchanisms in ionospheric

9



plasma clouds, NRL Memo Report 3579, Nav.Res.Lab.,Wash.,DC,Aug.1977.

Perkins, F.W., N.J. Zabusky, and J.H. Doles III, Deformatiun and

striation of plasma clouds in the ionosphere, 1, J. Geophys. Res.,

78, 697, 1973.

Rosenberg, N.W., Observations of striation formation in a barium ion

cloud, J. Geophys. Res., 76, 6856, 1971.

Scannapieco, A.J., S.L. Ossakow, S.R. Goldman, and J.M. Pierre, Plasma

cloud late time striation spectra, J. Geophys. Res., 81, 6037,

1976.

Simon, A., Instability of a partially ionized plasma in crossed elec-

tric and magnetic fields, Phys. Fluids, 6, 382, 1963.

VUlk, H.J., and G. Haerendel, Striations in ionospheric ion cloulds, I,

J. Geophys. Res., 76, 4541, 1971.

Zabusky, N.J., J.H. Doles III, and F.W. Perkins, Deformation and

striation of plasma clouds in the ionosphere. 2. Numerical

simulation of a nonlinear two-dimensional model, J. Geophys.

Res., 78, 711, 1973.

Zalesak, S.T., Fully multidimensional flux-corrected transport

algorithms for fluids, J. Comp. Phys., 31, 335, 1979.

10

"Q.1

Ii 1 1 I II..I I I II...v , ,



CD U 00

-4 rW- - - - - - - - - - - - . .
--------- .'

604
o4 Ari A .V

0 a wl
- ---- ------ -" ,a Cal

00 "4 0

.-4 4J *

44 -- ---

'-0 4

* I.~0

---- ---- 93 10 04

41 to

V7 04J 0

r4 0 -P

/- 0 w.440J
41 60 r-



.... ~.. .. . . 4 4

.~~ .. . ..

~x w

.... --- - r4

L IL I, go
A- 4

en 'to

* '-S go

-- -- - --------

------------ 0 P.. I

0r4 OI4O

----------.-

v12

j~ 0:



006

* 0

II 0 rO

o
0 40 41 J9

1 0 0-

0 Un

-% 0
frZO

43

$4 04

9:-4 
4 

0

0 00
C- 44 04. w

o4 0 )

0

0 '.0

o r - 0

0 > -4
M

(14) d 0 *1

13-4J

At0

6- 9 L~4I



ApTH
1_0O

k//
I/W

/H 'li l
/lI .

10-3/

/v

ET/

02000 4000 6000
t (sac)

Fig. 3 - Time history of mode amplitudes A2,0 (along initial cloud density gradient)
and A1,1 for L - 10 km where Am~nf AmkO,,nki and ko, - k0 y - 2w/960 m. The
horizontal solid lines are the steady state amplitudes Aj,1 TH and A2,OT4 from the
theory of Chaturvedi and Ossakow [19791.

14



DISTRIBUTION LIST

DEPARTMENT OF DEFENSE OIRECTORJOINT STRAT TGT PLAdING STAFF

OFFUTT API

ASSISTANT SECRETMY OF DEFENSE Or", NI 68113
COW9, CFO, CONT & INTELL ICY ATTN JLTW-2
WASHINGTON, D.C. 20301 0ICY ATTN dJPST G. GOETZ

OICY ATTN .J. SARCO
OCY ATTN N. EPSTEIN COIEF

LIVERPI, E DIVISION PLO C@ 0 DNA

ASSISTANT TO THE SECRETARY OF DEFENSE DEPARTIENT OF DEFENSE
ATO4I C ENERGY LA RENCE LIVENE LABORATORY
WASHINGTON, D.C. 20301 P. 0. box log

OICY ATTN EXECUTIVE ASSISTANT LIVERMORE, CA 94550
01CY ATTN FCPRL

DIRECTOR
CO, AND CONTROL TEONICAL CENTER
PENTAGON 0;U BE 685 DIRECTOR
WASHINGTON, D.C. 20301 NATIONAL SECURITY AGENCY

OICY ATTN C-650 DEPARTMENT OF DEFENSE
0ICY ATTN C-312 R. MAS FT. GEORGE G. MEADE, PC 20755

0ICY ATTN JOHN SKILLMAN R52

DIRECTOR OICY ATTN FRANK LEONROD
DEFENSE ADVANCED RSCH PROJ AGENCY OICY ATTN Wi14 PAT CLARK

ARCHITECT BUILDING OICY ATTN OLIVER M. BARTLETT W32

1400 WILSON BLVD. 0ICY ATTN R5

ARLINGTON, VA. 22209
01CY ATTN NUCLEAR MONITORING RESEARCH C09iADANT
0ICY ATTN STRATEGIC TE04 OFFICE NATO SCH400 (SHAPE)

APO NEW YORK 09172
DEFENSE COMMUNICATION ENGINEER CENTER OCY ATTN U.S. DOCUMENTS OFFICER

1860 WIE)ILE AVENUE
RESTON, VA. 22090 UNDER SECY OF DEF FOR RSCO & ENGRG

OICY ATTN CODE R820 DEPARTMENT OF DEFENSE
OCY ATTN CODE R410 JAMES W. MCLEAN WASHINGTON, D.C. 20301
OICY ATTN CODE R720 J. WORTHINGTON OICY ATTN STRATEGIC 6 SPACE SYSTEMS (OS)

DIRECTOR WMt1CCS SYSTEM ENGINEERING ORG
DEFENSE COMMUNICATIONS AGENCY WASHINGTON, D.C. 20305
WASHINGTON, D.C. 20305 OCY ATTN R. CRAWFORD

(ADR CNWI: ATTN CODE 240 FOR)
COtiAICER/DIRECTOR
ATMOSPHERIC SCIENCES LABORATORY

0ICY ATTN CODE 1018 U.S. ARMY ELECTRONICS COMAND
WHITE SANDS MISSILE RANGE, NM 88002

OICY ATTN DELAS-EO F. NILES

DEFENSE DOCUMENTATION CENTER
CAMERON STATION DIRECTOR
ALEXANDRIA, VA. 22314 BMD ADVANCED TECH CTR

(12 COPIES IF OPEN PJBLICA
T

ION, OTHERWISE 2 COPIES) HUNTSVILLE OFFICE
12CY ATTN TC P. 0. BOX 1500

HUNTSVILLE, AL 35007
OICY ATTN ATC-T MELVIN T. CAPPS

DIRECTOR 0ICY ATTN ATC-D W. DAVIES
DEFENSE INTELLIGENCE AGENCY OICY ATTN ATC-R DON RUSS
WASHINGTON, D.C. 20301

01CY ATTN DT-1B PROGRAMO MAN~AGER
OICY ATTN DB-4C E. OFARRELL 800 PROGRA4 OPFICE

OICY ATTN DIAAP A. WISE 5001 EISENHOWER AVENUE

OICY ATTN DIAST-5 ALEXANDRIA, VA 22333
0ICY ATTN DT-18Z R. MORTON 0ICY ATTN DACS-3MT J. SHEA
QICY ATTN HQ-TR J. STEWART

OICY ATTN w. WITTIG DC-7D CHIEF C-E SERVICES DIVISION

DIRECTOR U.S. ARMY COMtMUNICATIONS CMD

DEFENSE NUCLEAR AGENCY PENTAGON RM 10269

*ASHINGTON, D.C. 20305 WASHINGTON, D.C. 20310

0ICY ATTN STVL OICY ATTN C-E-SERVICES DIVISION
04CY ATTN TITL
01CY ATTN ODOST
03CY ATTN RAAE COMMANDER

FRADCON TECH'NICAL SUPPORT ACTIVITY

COMMAINDER DEPARTMENT OF THE ARMY
FIELD COMMAND FORT MONMOUTH, N.J. 07703

DEFENSE NUCLEAR AGENCY 0ICY ATTN DRSEL-NL-RD M. BENNET

KIRTLAND AFO, NP 87115 OICY ATTN DRSEL-PL-ENV H. OCE
OLCY ATTN FCPR 0ICY ATTN J. E. QUIGLEY

DIRECTOR
INTERSERVICE MJCLEAR WEAPONS SCHOOL

, IRTLAND AFO, N 87115
OICY ATTN DOCUMENT CONTROL

JOINT CHIEFS OF STAFF
WASHINGTON, D.C. 20301

OICY ATTN J-3 *FCCS EVALUATION OFFICE

15



COMWER C0saCER
HARRY DIAMOND LABORATORIES NAVAL SURFACE WEAPNS CENTER
DEPARTMENT OF THE ARMN OAMmGEN LABORATORY
2800 PWDQER MILL ROAD OAHLGREN, VA 22448
ADELPHI, MD 20783 OICY ATTN CODE OF-I. A. IUTLER

(CNwOI-IMNER ENMELOPE: ATTN: OELD-R)
OICY ATTN DELMD-TI M. WEINER COMMND|NG rQFFICER
OICY ATTN DELAD-RB R. WILLIAM NAW SPACE SYSTEMS ACTIVITY
OICY ATTN DELMD-W F. WIMENITZ P.O. BOX 92960
0ICY ATTN DELI-NP C. MDARED .WORLOiAY POSTAL CENTER

LOS ANGELES, CA. 90009
0ICY ATTN CODE 52

COMAWER
U.S. ARMY COMM-ELEC ENGAG INSTAL AGY OFFICE OF NAVAL RESEARCH
FT. mUAOUCA, AZ 85613 ARLINGTON, VA 22217

CICY ATTN CODE 4.65

OICY ATTN CCC-EIEIO GEORGE LANE OICY ATTN CODE 461
OICY ATTN CODE .02
OICY ATTN CODE 4.20

CCtMM NDER OICY ATTN CODE 421
U.S. ARJ4Y FOREIGN SCIENCE & TEOI CTR
220 7TH STREET, ME COMW&ER
CHARLOTTESVILLE, VA 22901 AEROSPACE DEFENSE COMMAD/DC

OICY ATTN DRXST-SO DEPARTMENT OF THE AIR FORCE
O1CY ATTN R. JONES ENT AFS, CO 80912

OXCY ATTN DC MR. LON

C0MMNER C0MqkNDER
U.S. ARMY MATERIEL DEV & READINESS CPO AEROSPACE DEFENSE COt4001XPO
5001 EISENHOWER AVENUE DEPARTMENT OF THE AIR FORCE
ALEXANDRIA, VA 22333 ENT AFB, CO 80912

OICY ATTN DRCLOC J. A. BENDER OCY ATTN XPOQQ
OICY ATTN XP

AIR FORCE GEOPHYSICS LABORATORY
COIMMANER HANSCOM AFS, MA 01731
U.S. ARMY NUCLEAR AND CHEMICAL AGENCY OICY ATTN OPR MAROLD GARDNER
7500 BACKLICK ROAD OICY ATTN OPR-l JAMES C. ULWICK
BLUJG 2073 OCY ATTN LKB KENNETH S. W. CHAMPION
SPRINGFIELD, VA 22150 OICY ATTN OPR ALVA T. STAIR

01CY ATTN LIBRARY GICY ATTN PHP JULES AARONS
OICY ATTN PHO JURGEN SUCHAJ

DIRECTOR OICY ATTN PtC JOHN P. MU.LEN
U.S. ARMY BALLISTIC RESEARCH LABS
ABERDEEN PROVING GROUND, MD 21005 AF WEAPONS LABORATORY

OICY ATTN TECH LIB EDWARD BAICY KIRTLAND AFB, hM 87117
01CY ATTN SU.

COMMANDER AICY ATTN CA ARTHUR H. GURNTHER
U.S. ARMY SATCOl AGENCY 0CY ATTN DYC CAPT J. BARRY
FT. MOFMUTH, NO 07703 OICY ATTN DYC JOHN M. KAM9I

DICY ATTN DOCUMIENT CONTROL OCY ATTN DYT CAPT MARK A. FRY
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LOS ANELES, CA 90009 OIC7 ATTN DOC CON FOR 3141
(SPACE DEFENSE SYSTEMS) OICY ATTN DOC CON FOR SPACE PMOECT 3IV

OICY ATTN SZJ

18



SAN)IA LASORATORIES BOEING COPANY, THE

LlVERIORE ABOCATORY P. 0. BOx 3707
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