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NONLINEAR EVOLUTION OF PLASMA ENHANCEMENTS
IN THE AURORAL IONOSPHERE I:

LONG WAVELENGTH IRREGULARITIES

1. INTRODUCTION

Recently, large scale equatorward convecting plasma enhancements in the

diffuse auroral F-region ionosphere have been identified and studied [Vickrey

et al., 1980] using both radar and satellite measurements. Observed in

regions of diffuse auroral particle precipitation and associated field aligned

currents, these enhancements have overall latitudinal dimensions of a few

hundred kilometers, contain relatively steep poleward and equatorward edges,

and have been shown to be approximately field-aligned resembling vertical

slabs of ionization. Their occurrence, which is maximized in the evening-

midnight sector, is apparently not strongly related to magnetic activity nor

to E-region processes. The presence of plasma density irregularities asso-

ciated with these enhancements has been verified using satellite scintilla-

tion studies [Fremouw et al., 1977; Rino et al., 1978; Vickrey et al., 1980].

The scintillation data have indicated that the electron density irregulari-

ties are structured like L-shell aligned sheets [Fremouw et al., 1977; Rino

et al., 1978]. In addition, Rino and Matthews [1979] have shown that the

scintillation enhancements resulting from these irregularities cannot be ex-

plained in terms of a geometrical enhancement alone. A purely geometrical

enhancement occurs when the signal propagation path intercepts an axis trans-

verse to the magnetic field along which axis the irregularities have a high

degree of spatial coherence. Moreover, the source region of these scintilla-

tion causing irregularities has been demonstrated to be latitude limited

[Rino and Owen, 1980] and contained in a vertical slab of F region plasma.

Since these ionization enhancements are observed to convect equatorward,

their poleward edges could be unstable to the E x B gradient drift instabil-

ity [Simon, 1963; Linson and Workman, 1970) as observed in artificial iono-

spheric plasma clouds. Indeed, for observed [Vickrey et al., 1980] poleward

Manuscript submitted July 15, 1981. 1



density gradient scale lengths of L = 10-50 km and convection velocities of

approximately 200 m/sec (E° = 10 mV/m) reasonable growth rates for the E x B

gradient drift instability can be expected since y-'!(BL/cE o) 50-250 sec where

y is the E x B growth rate, B is the ambient magnetic field and c is the speed

of light. Moreover, it has been shown [Ossakow and Chaturvedi, 1979] that by

applying the current convective instability [Lehnert, 1958; Kadomtsev and

Nedospasov, 1960] the E x B stable equatorward side of the plasma enhancements

can be driven unstable by the ambient field aligned particle precipitation

currents in conjunction with the equatorward density gradients. Other mecha-

nisms that night account for these irregularities are structured low energy

particle precipitation and irregular field aligned currents. Keskinen et al.

[1980] showed that the nonlinear state of the irregularities in the equator-

ward edges of these plasma enhancements could be characterized by poleward

convecting plasma depletions and equatorward-moving enhancements. In addition,

it was demonstrated that these irregularities could be characterized by in-

verse power laws in the nonlinear regime. However, these studies addressed

only the linear and nonlinear evolution of the equatorward side of the plasma

enhancements and did not include the E x B unstable poleward edge.

In this report we study the stability and nonlinear evolution of "two

sided" models of plasma enhancements initially latitudinally confined in order

to provide a more realistic picture of the evolution of ionization enhance-

ments in the auroral F region ionosphere. In Section 2 we present a linear

stability analysis of the plasma fluid equations which describe the evolution

of plasma enhancements in the auroral F region ionosphere. The effects of am-

bient auroral electric fields of arbitrary magnitude and direction are in-

cluded. In Section 3 we describe the numerical methods used to solve these

equations. The results of these simulations are presented in Section 4 and a

discussion of these results is given in Section 5.

2



2. EQUATIONS OF MOTION AND LINEAR THEORY

For wavelengths greater than the ion mean free path we use fluid

equations tr escribe the ion and electron plasma. The following geometry

is used: the y-axis is in the north-south direction, the x-axis points

west, and the z-axis is downward along the magnetic field. In this report

we ignore the vertical density gradient which is weaker than the horizontal

plasma density gradients [Vickrey et al., 1980] in the typical diffuse

auroral plasma enhancements. The ion and electron fluids then obey the fol-

lowing equations [Chaturvedi and Ossakow, 1979]:

,1n

.-- + V.(n v) = 0 (1)

2in

+ V (n ) = 0 (2)

cTe VInx + cEAxi veics2 V n eEz

-e B n B 0 n my
eTi ei

IT c 6ne + s +v
mvni Vi n 6z - (3)

cExi +vin cEi cTi VInx v incTi VInv = +__ i ± i. n i.
-i B i B eB n Qi eB n

V i is2VIn cs216
$ Vi C 2 V nC 2  i + V (4)

n n n nz- 0

V.J = 0 (5)

Here n ( = i or e) is the species density and E is the total electric

field. Since we will be interested in low frequencies and long wavelengths,

we have ignored inertial terms in the electron and ion momentum equations
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(3) and (4). Equation (5) results from the assumption of quasineutral

fluctuations n n i  n. In addition, v and V refer to the electron and

ion velocities along the magnetic field giving rise to the diffuse auroral

current. The symbol v in denotes the ion-neutral collision frequency, Vei the

electron-collision frequency, c the speed of light, Te  Ti a T the species

temperature, cs the ion acoustic speed and 0 i(e ) the ion (electron) gyro-

frequency. We have neglected v en compared with vei and taken V /2 << I for

= i,e (F region approximation).

Any two of equations (1), (2), and (5) provide a complete description of

the problem. We will use the ion continuity equation (1) and (5). After

separating the total electric field into an ambient and fluctuating part

I E VI6p and transforming to a frame drifting with velocity

V (c/B) [z x-E - (v i/0i)E] we can write

0n c[ in]

+ xV6 *V - (Vi/ai)V 6&Y.V ±n

Si2  c 2 2
(vin cTi + e s2 V 2 n + s an (6)

eB 0 in I Vinz

VW. (nV by) + in a6 z ( -Vn
IinVei 0 c

_T/ 2 i 2e a2nV. n Vi~i z/(7)

where V - _(v0 - Vo). Linearizing (6) and (7) by separating n = no(y) + 6n

with 6n, 6cp - exp[i(kx + ky+ kzz - wt)],W W +iY, kL> 1, L 1 M

(1/n0 ) (1no/6y) we find a growth rate (kt - kz)
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V rv cE kv1
-o, 6-" L i  Bde .5 - D k 2-D kz2 (8)

S 2 .L .Ljj
z in ei
=k+ e

i .e

where we have assumed k i + kj - R k cos + y k sina and E =E cosx +X---- - --o o0-

Eosi8 j with k.2 = kx2 + ky2 , k 2 >> k 2, D = (Ve/n i)cs2 and D=
0 y IL z I. =(einei s

(cs in) + [(Vin/ )2/ 6eiin/"ei) + (kz 2 /k12))]1 . The growth rate y

in eq. (8) is maximized for k-vectors propagating at angles a satisfying

sin(2u-0) = sina (9)

where = (kz/k)(i /Vin )(BV d/cE0) and we have taken kz/k, to be fixed. For

typical parameters, k /k- 10-4, V /n i 10-4 , vd c 60 m/sec (Jii = I pA/m2

at a density of n = lO5cm-4)and E 1 10 mV/m (cE /B - 200 m/sec) we find

C 0.3. To lowest order for fixed we find from (9) the result that

a 0/2 +L2 sin( /2. In other words, for 0, the linear growth rate maxi-
2

mizes away from the direction perpendicular to the initial density gradient

by the angle a =" 0/2 +L2 sin $/2). As a result the maximum growth rate from (8)

2

can be written to lowest order

IVei 1 rVin CE k 1
- cos(./2)d- -- -tn B cos.(. /2> -, v

Q2L~ B k dje ± -k - Dik
kz 2 in Vei (10)

=k + 0 i 1 (10)
e

For ambient electric fields perpendicular to the initial density gradient

( 0), eq. (8) implies that the maximum growth rate occurs for a - 0, i.e.,

k along E x. This can be written
0--



ei IV in cE 0
Qe L i B Vd De - k2- Dkz2  (

2 + Vin 'eiIX

i

where 0 k z/k . Note that by comparing eq. (10) and (11) the linear growth

rate, for arbitrary k, is reduced when E is not exactly perpendicular to

Vn , i.e., 0 because of the cos 2 (a/2) factor in (10). In regions of the

plasma enhancements where an /ay < 0 and for wavelengths whose perpendicular0

and parallel diffusive damping are negligible we find the condition for

unstable growth [(V in/i)(cE ox/B) + 61Vd11 > 0 where we have taken, for

example, the currents to be downward, i.e., Vd < 0. For westward electric

fields E > (B/c)(0i/in)II IVd/V the effects of the. field-aligned currents. OX '

will be to reduce (0 < 0) or enhance (0 > 0) the E x B instability growth

rate. However, when n0/6y > 0 the condition for unstable growth becomes

1(Vin/fi)(cEox/B) + O1VdI] < 0 and could be satisfied for large enough cur-

rents with IVdI > (Vin/i)(cEox/BIeO) if 0 < 0. The expression for the

growth rate y in equation (11) can be maximized as a function of 0 = kjj/kx, a

measure of field-alignment,using /B= 0 giving

i ddv in CE ox ±[CEox V2 n) 2  
( e ivin](2

Using typical diffuse auroral F region parameters v n/ i  10, ve /9 10-
in iei e

Eox 10 mV/m, Jii = neVd 1 pA/m2 , B - 0.5G, no  105cm- 3 this gives

l0m I 10-4, i.e., approximate field alignment. Inserting these parameters

into eq. (11) with L - 20 km, D A 0.2 m2/sec and D11 - 108m2/sec we find that

the fastest growing linear modes have growth times y- 102 sec.
max
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3. NUMERICAL SIMULATIONS

Equations (6) and (7) can be written in dimensionless form by

introducing the following scaled quantities _ = n0/No, by = 6/BL, x = x/L,

y = y/L, z = z/L, t = ct/L as follows (where we have dropped the tilde for

clarity)

an + n b6p pn 6q pn +6p an() (2n a2n\ a2n
at ax ay ay x - 1  x = c2\z2xa + T--2} +c3 z (13)

a 2 6 Y 1 (ana c)p + n a28
_nay n ny 'ziI

5x z  +y 2 y ax x / + C~ z  +n az

an + n c n c 1 ,a2n + 2 n + i 2 n (14)
ox C6~ by 7az 8 n Cy nCz

with ci, i = 1, ... , 9 dimensionless constants given by cl = Vin/Ci

C2 =  ( Vn/ li) (Ti/eBL) +  ( vei/ ae)(cs2 1Ci c Q, c3 = s2/ Vin L, c4 0 e li/ Ve i,

in~~~~~i 1 ie s
c5 = E /B, E B, c7 iL)V /, c8  =T/eBL, c9 =(2e'i/Vevi) c8.

c x -y )( deL + (v e~ )( 8' /.cc=2 v i ie n ~ i e

In the following numerical simulations we take advantage 
of the fact

that the fastest growing, most dangerous modes from linear theory are almost

field-aligned, i.e., kii/k ± << 1 where ki1(k1 ) is the component of k parallel

(perpendicular) to the magnetic field. These waves are of most interest to

us and, as a result, we solve equations (13) and (14) in a plane containing

these modes which is nearly perpendicular to the magnetic field while fixing

the value of kii/k x -< 1. A similar approach has been adopted in numerical

studies of drift-wave [Lee and Okuda, 1976] and trapped-particle [Matsuda and

Okuda, 1976] instabilities in laboratory plasmas. The system of equations

(13) and (14) was first transformed to the x y z coordinate system (as shown

in Fig. 1) by a simple rotation about the y-axis by the angle = kii/k x << 1

using
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-= cosO - sin e

b- = sin 0 + cos 0 --

where 0 is the angle for maximum linear growth rate defined by eq. (12) for

a definite set of a parameters vin /i, cE /BVd, V i/. Since U << 1 this

transformation can be written b/Zx - 6/-x', /)z ey = /y = '

with 6/2z - 0. As a consequence the three dimensional problem is reduced to

two-dimensions. By solving equations (13) and (14) in the x'y'z' coordinate

system a small but finite k, is effectively introduced into the model.

Equations (13) and (14) were then solved numerically on a mesh

consisting of 258 grid points in the north-south direction (y-direction) and

102 grid points in the east-west direction (x-direction) with constant grid

spacing of 1 km. As a result, the simulation plane, which is taken to be

essentially horizontal at an altitude of 350 km in the diffuse auroral F

region, has a north-south and east-west extent of 256 and 100 km, respec-

tively. The field aligned currents are taken to be constant in space and

time over the grid. The plasma density n in equation (13) was advanced in

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

trapezoid scheme [Zalesak, 1979] which is second order in time and fourth

order in space. At each timestep the self-consistent electrostatic poten-

tial by of the plasma enhancement in eq. (14) was determined using a

Chebychev iterative method [McDonald, 1980] with a convergence criterion of

10- 4 . Periodic boundary conditions were imposed in the east-west direction

with Neumann boundary conditions (a/3y = 0) in the north-south direction. A slab
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approximation is used to model the zero order convecting plasma enhancements

in the diffuse auroral ionosphere with the north-south profile given by

n (y') = N {i + 4.5 [tanh(y'-yl)/L+ tanh(Y2 -y')/L)] } (1 + c(x',y')) witho o

N = 1 x 105cm- 3, yl = 50 km, and Y2 = 125 km. This gives a maximum plasma

enhancement density to background ratio of approximately 10. The initial per-

turbation c(x',y') has a root mean square value of 0.01 and has a radially

Gaussian dependence on x' and y'. We now drop the prime notation for clarity.

4. RESULTS

In the following we consider the linear and nonlinear evolution of

plasma enhancements in the diffuse auroral F region ionosphere in an approxi-

mately horizontal plane at 350 km altitude almost perpendicular to the magne-

tic field. We take the following typical parameters [Vickrey et al., 1980;

Schunk and Walker, 1973; Banks and Kockarts, 1973] L = 20 km, vin /C7i = 2 x

10- 4, V ei/e = 2 x 10- 4 , E = 10 mV/m Te = T.i = 10000K and J11 = 1 PA/m
2

(which gives a current velocity of Vd 60 m/sec with N 0 1 x 105 cm-3). In

addition, we assume that the diffuse auroral particle precipitation current

Jll is downward (Vd < 0) and spatially and temporally uniform over the entire

plasma enhancement. In order to find the location and magnitude of the maxi-

mum linear growth rates to be expected with this set of parameters we first

compute e = k /kx as given in eq. (12) with Vd -IVdI = - 60 m/sec. This

gives two values for e which are e+ = 1.4 x 10- 5 and e = - 6.5 x i0-4 . The
m

first- value 0+ gives a maximum linear growth rate ymax - 1.1 x 10- 2sec -1 on

the poleward side (no/ay < 0) with linearly damped perturbations max 3 x

10- 3sec- I on the equatorward side (ano/ay > 0). The second value e- gives

only a marginally unstable growth rate of a 2.1 x 10 4 sec -1 on the

9



equatorward side with damped fluctuations ymx - 2.3 x 10-sec-lon the

poleward side. These results agree with the experimental observations

[Vickrey et al., 1980] that the largest linear growth rates occur on the

poleward side of the convecting plasma enhancements. In this case the

effect of the field-aligned currents is to enhance the E x B gradient-drift

instability growth rate on the poleward side. The currents are too weak for

the cases studied observationally to give appreciable growth on the equator-

ward side of the plasma enhancements. We will then consider the evolution

of modes satisfying 0+ = ki/k x = 1.4 x 10-
5 .

We consider two models with different initial electric field

configuracions. Model 1 has E = 10 mV/m, E = 0 while Model 2 takesox oy

E = 8 mV/m, E = 2 mV/m. Figure 2a-2d gives the evolution of theox oy

plasma enhancement using Model 1 (no northward electric field). Figure 2a

shows the initial configuration which includes the small perturbation.

Figure 2b illustrates the linear regime of the simulations and shows unstable

growth on the poleward side of the plasma enhancement as predicted by the

linear result given by eq. (11). One can note the depletion jetting to the

equatorward side of the enhancement in analogy to the initial evolution of

the E x B gradient drift instability in artificial ionospheric plasma clouds

[Zabusky et al., 1973; Scannapieco et al., 19761. Figure 2c gives the

structure of the plasma enhancement at t = 1000 sec and shows steepened fin-

gers which are beginning to elongate. Finally Figure 2d displays the plasma

enhancement at t = 1600 sec in the well-developed nonlinear regime. The

poleward edges of the principal fingers (striations) have steepened, become

quasi-one dimensional and bifurcated. The length scales on Figure 2a-d are

distorted with the depletions longer and narrower than is depicted.

10



Figure 3a-b give sample one-dimensional spatial power spectra at

t = 1600 sec both in the east-west (P(k )) and north-south (P(k )) directions
x Y

respectively for Model 1. These power spectra are defined as follows

P(k) J dky P(kx,ky)

and

P(k y) fdk x P(kx,k )

where P(kx,k y) (Lx L y) [n(k x,k y)/N is the spectral density, 6n =N-N

with N the peak plasma enhancement density, and L L is the area of the
0 xy

numerical simulation plane. For both cases these power spectra are well-

fitted with an inverse power law with spectral index n x 2-2.5 for 2r/kx x

between approximately 100 and 3 km and n y 2 for 2n/ky between 256 and 3 km.

Figure 4a-4d illustrate the evolution of the plasma enhancement using

Model 2 with a westward electric field E = 8 mV/m together with a north-ox

ward component E = 2 mV/m using the same initial conditions as in theoy

previous case (Eoy = 0) at t = 0, 550, 1000, and 1600 sec. As in model 1,

these electric field components give two values for e which are
m

+ -5 -- 4 +
0 1.7 x 10 and 0 = -5.03 x 10 . Since a gives the largest linear

growth rate of y 8.0 x 10- 3 sec-  on the poleward side, we consider

in Model 2 those modes satisfying 9+ = kfk = 1.7 x 10- 5 . Figure 4a

gives the initial configuration which is identical to Fig. 2a. Figure 4b

shows the isodensity contours of the plasmas enhancement at t = 550 sec where

one can note a westward tilt to the fingers on the unstable poleward side and

decreased depletion jetting to the equatorward side in comparison to Fig. 2b.

This tilt is reminiscent of ionospheric plasma cloud structuring [Perkins

and Doles, 1975] in ambient electric fields which are not initially perpen-

dicular to the initial plasma cloud density gradient. The tilt can be ex-

plained, in part, by referring to the discussion following eq. (9) which
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states that the linear growth rate maximizes away from the direction perpen-

dicular to the initial plasma enhancement density gradient when

E * Vn 0 0. The decreased depletion jetting to the equatorward side of

<1 the plasma enhancement in Fig. 4b as opposed to Fig. 2b can be resolved by

noting than the linear growth rate in Model 2( 140) is reduced from Model 1

(S=0) due to the cos2 (a/2) factor in eq. (10). Figure 4 c gives the

structure of the plasma enhancement at t = 1000 sec for Model 2 which also

appears slightly less developed than in Fig. 2c which contains no northward

electric field component. Finally, Fig. 4d details the plasma enhancement at

Cl t = 1600 sec for Model 2. One notes that the eastward edge of the large

finger on the westward side of the grid is slightly stepper than the westward

edge (E - Vn 0 0). This may lead to L-shell aligned east-west kilometer
0 0

size structures due to secondary.E x B instabilities although the present

simulations do not have adequate spatial resolution to develop such an

hypothesis. In addition, there is more pronounced bending of the fingers in

Fig. 4d in comparison to Fig. 2d and less bifurcation on the poleward tips

of the striations. As mentioned previously, these features can be explained,

in part, by the small northward electric field components.

Figure 5a-b give the one-dimensional east-west P(k)x and north-south

P(k ) spatial power spectra at t = 1600 sec for Model 2. The power laws and
y

spectral indices are similar to Model 1.

5. SUMMARY AN~D DISCUSSION

We have studied, through numerical simulations, the nonlinear evolution

of plasma enhancements in the diffuse auroral F region ionosphere. We have

12



shown that equatorward convecting plasma slabs initially limited in latitudi-

nal extent can be destabilized on the poleward sides by a combination of the

effects of convection and field aligned currents. These simulations indicate

that this destabilization leads to striation-like structures (elongated in

the north-south direction) which can form and cascade from long wavelengths

1- 100 km) to shorter scale sizes (- I km) on the order of an hour. The

one-dimensional irregularity spatial power spectra in the east-west direction

P~kx = k-nx
kx , n 2-2.5, for 27/k between 100 km and 3 km while in thex x x x

north-south direction P(k ) c ky , n 2, for 2iu/k between 256 km and
y y y

3 km.

In this paper we have studied the quasi-two dimensional linear and

nonlinear evolution of models of plasma enhancements in the diffuse auroral

F region ionosphere. This has been accomplished by solving the plasma fluid

equations in a horizontal plane approximately perpendicular to the magnetic

field. The observed plasma enhancements are three dimensional [Vickrey et

al., 1980]. However the horizontal gradients are much steeper

than the vertical denstiy gradients allowing one to approximately

model the plasma enhancements by vertical slabs. In addition, we have not

included a full spectrum of finite kiL modes in these simulations. However,

since the modes with maximum linear growth rate have k i/k << 1, the import-

ant structuring processes will occur in the plane nearly perpendicular to the

magnetic field.

Finally, we note that we have not addressed the source mechanism of the

plasma enhancements, their coupling to other levels, e.g., E-region, the

nature of the intermediate wavelength irregularities (X - 1 km) in the plasma

enhancements, and the role of neutral winds. These topics will be discussed

iai future studies.
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Fig. 1 - Coordinate system used in simulations. The x'y' is the simulation plane.
The x',x,z',z axes are coplanar.
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Fig. 3 - One dimensional (a) x power spectra P(k,) and (b) y power spectra
P(ky) at t = 1600 sec for model 1. In (a) kF, = 27r/100 km-1 while in (b) kp..
= 2ff /256 kin- 1. The dots represent the numerical simulation results; the solid
curve is a least squares fit to modes 2-30 in the x-direction and to modes 2-80 in
the y-direction. The units of P(k,), P(ky) are km.
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Fig. 5 - One-dimensional (a) x-power spectra P(k,) and (b) y-power spectra

P(k.,) at t =1600 sec for model 2 in same format as Fig. 3.
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