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AB STRACT

In this pa per, a two-di men sional nu mer i cal study of a plasma den sity gra di ent ef fect on Farley-Buneman waves (FB

waves) is per formed via a two-fluid code in which the elec tron in er tia is ne glected while the ion in er tia is re tained. We fo cused

the sim u la tions on the in ter ac tion be tween a sin gle wave mode and the back ground E re gion where the ver ti cal den sity gra di ent

pro file and the weaker than FB thresh old am bi ent elec tric field were con sid ered. From 2D den sity con tour maps, it was found

that the FB wave grows in the re gion of 
v
ÑNe × 

v
E > 0 (where 

v
ÑNe is the elec tron den sity gra di ent and 

v
E is the elec tric field), the

ini tial growth rate was in rea son able agree ment with the pre dic tion of the com bined lin ear the ory of Farley-Buneman and

gra di ent drift in sta bil i ties, and the prop a ga tion speed was mod u lated by the gra di ent strength. Ac cord ing to the phase ve loc ity

eval u ated by the Fou rier anal y sis and peak to peak es ti ma tion method, the den sity gra di ents were found to have an ef fect of

low er ing the phase ve loc ity at sat u ra tion, which is smaller than ion-acous tic speed for large scale waves, and the re sults

dem on strated that the re duc tion of phase ve loc ity by a den sity gra di ent ef fect was larger for a lon ger wave length wave than

shorter wave length curve. It was also found that the plau si ble den sity gra di ent ef fects seem to be re lated to the thick ness of the

den sity gra di ent re gion and ver ti cal elec tric field where the FB wave was trav el ing. The thicker un sta ble layer would cause a

greater phase ve loc ity re duc tion than the thin ner un sta ble layer might cause, and the large driving electric field would reduce

the wavelength dependence of density gradient effect on the saturation phase velocity.
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1. IN TRO DUC TION

The ex is tence of plasma waves in the E re gion has been

known for sev eral de cades. Nu mer ous stud ies on those

plasma waves have led to a con clu sion that the mech a nisms

gen er at ing the plasma waves dem on strate Farley-Buneman

(FB) and the gra di ent-drift (GD) in sta bil i ties (e.g., see

Fejer and Kelley 1980; Farley 1985; Kelley 1989). If the

driv ing-elec tric-field is strong enough, the FB in sta bil ity

will gen er ate short-scale (at the or der of me ter or smaller)

FB waves (called type 1 waves in the ion o spheric phys ics

literature) di rectly. If there is a den sity gra di ent along the

direction per pen dic u lar to the mag netic field (ver ti cal gra -

dients at the mag netic equa tor, hor i zon tal gra di ents at high

latitude), the re gion can be come un sta ble for a much weaker

elec tric field via the GD in sta bil i ties and ex cite large-scale

waves usu ally of wave lengths at the or der of tens of me ters

or larger. The shorter wave length waves seen by ra dar (type 

2 waves) were pro posed to be gen er ated by a non lin ear cas -

cade pro cess (Mc Don ald et al. 1974; Keskinen et al. 1979;

Su dan 1983b; Farley 1985; Haldoupis et al. 2005).

Fol low ing the com bined lin ear the ory of Farley- Bune -

man and gra di ent-drift (FB-GD) in sta bil i ties, if the den sity

gra di ents ex ist along the am bi ent elec tric field which is

slightly weaker than the FB in sta bil ity thresh old elec tric

field, the short-scale FB waves can still be ex cited di rectly.

Be cause the thresh old con di tion var ies with the wave length

un der the den sity gra di ent con di tion, Farley and Fejer

(1975) at trib uted the type 1 spec trum broad en ing to the ef -

fect of the den sity gra di ent term of the FG-GD in sta bil ity

the ory. The ob ser va tion ev i dence of a den sity gra di ent ef fect 
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on type 1 waves was pre sented by Hanuise and Cro chet

(1981), who found the lower type 1 Dopp ler ve loc i ties as

their ra dar ob ser va tion shifted from higher to lower ra dar

fre quen cies. They at trib uted the lower in sta bil ity thresh olds

to a destabilized am bi ent plasma den sity gra di ent. It was also 

ap plied ex ten sively in nu mer ous stud ies such as the in ter pre -

ta tions of types 3 and 4 VHF au rora ech oes (e.g., see a re -

view by Moorcroft 2002). In situ rocket mea sure ments

(Haldoupis et al. 2000, 2005) of E-re gion elec tron den sity

pro file had shown that the den sity gra di ents ex isted widely

in any lat i tude E-re gion of 100 - 110 km al ti tude, and that the 

scale lengths of the destabilized plasma den sity gra di ent

orig i nated from spo radic E layer were smaller than 2 km.

How ever, Haldoupis et al. (2005) ar gued against a den sity

gra di ent ef fect on short-scale FB waves, be cause they found

no gra di ent drift ef fects on low er ing the FB in sta bil ity thre -

sh old and the wave length de pend ence of phase ve loc ity by

the ob ser va tion of two ra dar fre quen cies at 144 and 50 MHz. 

They also pointed out that the other sta tis ti cal HF ra dar stu -

dies in the au rora re gion (e.g., Hanuise et al. 1991; Mi lan et

al. 1997; Milian and Lester 2001; Lacroix and Moorcroft

2001) had also reached the same con clu sion. How ever, their 

stud ies had fo cused on the shorter scale FB waves of wave -

lengths of 1 and 3.15 m, and the rel e vant HF ra dar ob ser va -

tions were lo cated in the au rora re gion with a strong elec tric

field, where some phys i cal mech a nisms are still not com -

pletely un der stood and clearly need more ac cu rate study us -

ing more pre cise tech niques in clud ing nu mer i cal sim u la tion.

Sev eral of 2D non lin ear sim u la tions of short-scale FB

waves have been per formed re spec tively us ing a par ti cle

code (Janhunen 1994), hy brid code (Oppenheim and Otani

1996) and fluid code (Newman and Ott 1981; Fern et al.

2001). The 2D non lin ear sim u la tions of large-scale GD in -

sta bil ity were de vel oped by Mc Don ald et al. (1974); how -

ever, there is still no 2D non lin ear sim u la tion on FB-GD the -

ory, prob a bly be cause it is dif fi cult to com bine the short-

 scale FB in sta bil ity and large-scale GD in sta bil ity, es pe cially 

for par ti cle code and hy brid code which needs ex traor di narily

large com puter work ing space for large-scale range. In this

pa per, we ex tended the sim u la tion of FB in sta bil ity into

large-scale range con tain ing plasma den sity gra di ents by a 2D 

fluid code, and stud ied the pos si ble gra di ent ef fects on FB

waves. We found that the thick ness of the ver ti cal re gion and

ver ti cal elec tric field where hor i zon tal FB waves were trav el -

ing are pos si ble fac tors of the gra di ent ef fects on FB waves.

2. NU MER I CAL MODEL FOR DEN SITY
GRA DI ENT EF FECTS ON FARLEY-BUNEMAN
WAVES

2.1 Nu mer i cal Model and Method of Data Anal y sis

It is known that a den sity gra di ent dis tri bu tion ex ists

within large scale space, where the wave length of two-

 stream waves (i.e., FB waves) about 1 ~ 30 m would be re -

garded as small scale. The past 2D sim u la tions of pure two-

 stream waves, such as par ti cle code or hy brid code, fo cused

only on a much smaller scale waves, so that the 2D sim u la -

tion of den sity gra di ent ef fect on two-stream waves cov er ing 

large scale space was prac ti cally non-ex is tent. Pfaff et al.

(1987) com pared the growth rate of FB waves cal cu lated by

Schmidt and Gary (1973) with the spec trum of elec tric field

fluc tu a tions mea sured in the CON DOR rocket flight and

found that, the fluid the ory is ac cu rate for FB waves with

wave length larger than 3 m, and the ki netic the ory should be

taken into con sid er ation for the smaller scale waves with

wave length smaller than 2 m. Our nu mer i cal model is ba si -

cally a fluid code, de tailed in a pre vi ous pa per (Fern et al.

2001). For the con ve nience of the read ers, we put the nu mer -

i cal model in Ap pen dix A. The nu mer i cal com pu ta tions

were per formed on a two-di men sional Car te sian mesh us ing

81 points in the x di rec tion (east-west) and 261 points in the 

z di rec tion (ver ti cal), where the length X of the sim u la tion

box in the x di rec tion for match ing small scale hor i zon tal

wave is far smaller than the length Z in the z di rec tion cor re -

spond ing to the large scale back ground space. A pe ri odic

bound ary con di tion is im posed on both elec tron den sity n

and elec tric po ten tial F in both x- and z-di rec tion, a sym met -

ric elec tron den sity gra di ent dis tri bu tion in the ver ti cal z-

 direction (see the sketch in Fig. 1) match ing the pe ri odic

bound ary is superposed on the con stant back ground. At t =

0, the elec trons are set to move uni formly at drift ve loc ity 
v

VD ,

and the ions as sume a con stant ve loc ity 
v

Vi0  = Wi E
v

0 ninB0,

where Wi and nin are the ion-gyro fre quency and ion-neu tral

col li sion fre quency re spec tively, 
v
E0  is the back ground driv -

ing elec tric field and B0 is the mag netic field strength. Then a 

den sity per tur ba tion with am pli tude dn n x  = 0 sin( )l  is su -

perposed on the back ground den sity, where l is the wave-

 num ber to be as signed. A com plete sim u la tion will pro duce

a data set of per tur ba tion den sity dn(x, z, t) for anal y sis.

By a se ries of com pu ta tions, the per tur ba tion den sity

dn(x, z, t) at each grid point at ev ery time step is ob tained. In

ad di tion to plot ting the 2D den sity con tour maps at some

sim u la tion time step to re veal the 2D evo lu tion of plasma

den sity, the spa tial-Fou rier anal y sis of plasma den sity vari a -

tion in the x-di rec tion at a fixed height z and at time t (we

sam pled only the first time step of ev ery 10 steps with out

loss of wave in for ma tion) is also made to ob tain the in for ma -

tion of dif fer ent wave modes,

(1)

The hor i zon tal wave length with wave-num ber k is 2 p/k,

which is well de fined by the hor i zon tal length X of our sim u -

la tion box. For ex am ple, the wave length of the 6th hor i zon tal

spa tial Fou rier mode is X/6, and so forth. Then the co ef fi -
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cient Ak (z, t) is plot ted as func tion of time t, from which we

may es ti mate the wave pe riod of each wave by mea sur ing

the time in ter val be tween two suc ces sive peaks, hence the

hor i zon tal phase ve loc ity can be de ter mined. We may also

iden tify each wave from the plots as a grow ing or damp ing

wave, since the wave will nei ther grow nor dampen at the

thresh old and en able us to es ti mate the FB-GD in sta bil ity

thresh old for the two-stream wave by a se ries of sim u la tions

at a dif fer ent elec tron drift ve loc ity. We may also eval u ate

the ab so lute am pli tude A Bk k
2 2  +  of each wave at ev ery

time step and then cal cu late the lin ear growth rate by least

square fit ting method. The es ti ma tion of growth rate will

help us es ti mate the FB-GD in sta bil ity thresh old.

2.2 A Test of the Nu mer i cal Model Us ing the Lin ear
FB-GD In sta bil ity The ory

The lin ear in sta bil ity the ory of the ion o spheric E-re gion

plasma waves had been pre sented, dis cussed, and ap plied in

nu mer ous pa pers. The FB-GD in sta bil ity mech a nisms can

ac count for den sity gra di ent ef fects on FB two-stream waves 

and be com bined math e mat i cally in the same dis per sion re -

la tion, which was de rived from the elec tron and ion equa -

tions of mo tion and con ti nu ity equa tion. For plasma waves

prop a gat ing per pen dic u lar to the mag netic field, the so lu tion 

of the dis per sion equa tion in the ab sence of neu tral wind

takes the fa mil iar form as so ci ated with the plasma wave fre -

quency w and growth rate g:

(2)

(3)

where y = n ni e i eW W , ne, ni, We, and Wi are the electron-

 neu tral col li sion fre quency, ion-neu tral col li sion fre qu -

ency, elec tron gyro-fre quency and ion gyro-fre quency re -

spec tively, 
v
k is the plasma wave vec tor, Cs is the ion acous -

tic speed, Ne is the mean elec tron den sity and a is the re -

com bi na tion co ef fi cient. 
v

Vd  is the rel a tive elec tron-ion drift

ve loc ity in wind less sit u a tion and is ap prox i mately equal to 

the Hall drift ve loc ity 
v v v

V E B Be     = ´ / 2 , and (LN)^ = Ne /

(ÑNe)^ is the scale length of elec tron den sity gra di ent per -

pen dic u lar to B-field and par al lel to E-field. (LN)^ is taken

as pos i tive if (ÑNe)^ × 
v
E > 0. Note that Eq. (3) is valid for ni

> w >> g, and that the sta bi liz ing re com bi na tion term 2aNe

is neg li gi ble for short-scale plasma waves which are of in -

ter est to E-re gion ra dio back scat ter stud ies. Thus, the growth

rate g in a wind less sit u a tion can be re writ ten as fol lows:

(4)

where the un der lined FB terms come from FB in sta bil ity

and the un der lined GD term is re spon si ble for GD in sta bil -

ity. It can be seen from the above equa tion that an am bi ent

elec tric field 
v
E and an elec tron den sity gra di ent 

v
ÑN e  con sti -

tute the agents that pro vide the free en ergy for desta bi li -

zation of E-re gion plasma. Here, we will ap ply our 2D nu -

mer i cal model to cross-check with the lin ear FB-GD in sta -

bil ity the ory. First, we uti lized the hy per bolic func tion to

es tab lish a sym met ric elec tron den sity pro file in the ver ti -

cal z di rec tion which is sim i lar to a real layer struc ture, i.e.,
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Fig. 1. The sketch graph for the lim ited ver ti cal scale of hor i zon tal FB

wave cov er ing ver ti cal den sity vari a tion Dn, where x rep re sent ing hor i -

zon tal di rec tion, z rep re sent ing ver ti cal di rec tion. The ver ti cal elec tric

field E0 is di rected down ward and mag netic field B0 di rected in ward.



(5)

where zpeak rep re sents the height of den sity peak, dz char ac -

ter izes the pos si ble scale size of ver ti cal vari a tion which

con trols the gra di ent shape, and G de ter mines the value of

the peak den sity. Fig ure 2 shows the den sity pro file with

zpeak = 390 m, dz = 72 m and G = 0.08 in a 2D sim u lated

space of X ´ Z = 30 m ´ 780 m. The gra di ent scale length

Lz  = N N ze e( )¶ ¶  of the den sity dis tri bu tion in Fig. 2 var -

ies with al ti tude z. Figure 3a shows the gra di ent scale

length Lz on the top half (390 ~ 780 m) of the sym met ric

den sity pro file of Fig. 2. The re gion of the smaller gra di ent

scale length which would yield larger GD ef fect is the fo cus 

of our sub se quent anal y sis.

In or der to study in de tail the in ter ac tion be tween wave

and ver ti cal den sity gra di ent and the gra di ent-drift ef fects on 

two-stream waves, we in tro duced an 0.1% per tur ba tion at

each height [i.e., dn = 0.001N0sin(kx)] with sin gle wave

mode k = 6 cor re spond ing to a hor i zon tal wave length of 5 m, 

and con sid ered a weaker down ward elec tric field Ez =

-11.2 mV m-1 (cor re spond ing to elec tron drift ve loc ity VD =

400 m s-1) which is not large enough to trig ger two-stream

waves di rectly by FB in sta bil ity alone. In other words, the

ex ci ta tion of a two-stream wave de mands the con tri bu tion of 
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Fig. 3. (a) rep re sents the height vari a tion of the gra di ent scale length Lz = N Ne e Ñ  on the up per half of the den sity pro file of Fig. 2 (i.e., 390 ~

780 m) and (b) rep re sents the cor re spond ing height vari a tion of the o ret i cal growth rate de rived from Eq. (4).

Fig. 2. The elec tron den sity dis tri bu tion over height z ob tained by Eq. (5)

with G = 0.08, dz = 72 m, and zpeak = 390 m. This dis tri bu tion is sim i lar

to a layer struc ture.

(a) (b)

z  
)

m(



GD in sta bil ity be cause the mag ni tude of po lar iza tion elec -

tric field is weaker than the thresh old value Eth = 12.2 mV m-1

(cor re spond ing to the thresh old drift ve loc ity VDth = 437 m s-1

ob tained from VDth = Cs(1 + y) and Cs = 356 m s-1, Ti = Te =

230 K). Other back ground pa ram e ters are listed in Ta ble 1,

where the mag netic field is per pen dic u lar to the x ´ z plane

and the elec tric field is in a down ward (ver ti cal z) di rec tion.

Sub sti tut ing all these sim u la tion pa ram e ters into Eq. (4), we

ob tained the the o ret i cal growth rate as a func tion of z as

shown in Fig. 3b, where the re gion of bot tom layer (0 ~ 390

m) is omit ted due to 
v v
Ñ × <N Ee    0 (no GD in sta bil ity). Judg -

ing from Fig. 3b, the evo lu tion of plasma waves should be

lim ited in the nar row re gion of the top layer at about 390 ~

499 m where the growth rate is larger than zero. Mean while,

2D sim u la tions of our nu mer i cal model yield a 2D gray scale 

map of den sity vari a tion at dif fer ent sim u la tion time as

shown in the top panel of Fig. 4, where the ex cited re gion

of plasma waves is close to the the o ret i cal pre dic tion (see

Fig. 3b), and the prop a ga tion speed var ied with ver ti cal po si -

tion re sulted from the dif fer ent gra di ent scale length (Lz) at

later time stage of sim u la tion (see top-right panel of Fig. 4)

from which we can find gra di ent-drift ef fects on phase ve -

loc i ties of FB waves pre dicted by FB-GD the ory. Fur ther -

more, the up ward elec tric field Ez = +11.2 mV m-1 (i.e., VD =

-400 m s-1) and a rel a tively weak down ward elec tric field

Ez = -8.4 mV m-1 (i.e., VD = 300 m s-1) were also stud ied. As a 

re sult, the up ward elec tric field Ez = +11.2 mV m-1 will ex -

cite the plasma waves in the bot tom layer as shown in the

mid dle pan els of Fig. 4 that still sat isfy GD in sta bil ity con di -

tion (
v v
Ñ × >N Ee    0), and the smaller down ward elec tric field

Ez = -8.4 mV m-1 will dampen plasma waves as shown in the

bot tom panel of Fig. 4 due to the larger neg a tive value of FB

term in Eq. (4). This re sult in di cates that, re gard less of the

di rec tion of elec tric field, GD in sta bil ity can help ex cite FB

waves at slightly smaller than FB in sta bil ity thresh old po lar -

iza tion elec tric field strength (Eth = 12.2 mV m-1). From the

above anal y sis, we see that our nu mer i cal model is qual i ta -

tively con sis tent with the lin ear FB-GD in sta bil ity the ory.

At the ver ti cal po si tion of max i mum gra di ent 
v
ÑN e , the

plasma waves have the high est growth rate and can grow to

sat u ra tion with out be ing af fected by the waves in the ad ja -

cent re gion where the gra di ent is weaker. So we picked the

height z = 438 m (at the 147th height) where the gra di ent

scale length is the small est with Lz ~ 1.2 km and 
v v
Ñ × >N Ee    0

to an a lyze the evo lu tion of plasma wave. Fig. 5 dis plays the

time vari a tion of the pri mary 5 m wave at z = 438 m for dif -

fer ent elec tron drift ve loc i ties de rived from dif fer ent down -

ward elec tric fields. It can be found that the thresh old drift

ve loc ity VD is about 348 m s-1 and con sis tent with the pre dic -

tion of FB-GD in sta bil ity the ory (see Fig. 6). More over, ac -

cord ing to the time vari a tion of wave am pli tude shown in

Fig. 5, the phase ve loc ity can be eval u ated in the ini tial

grow ing stage by the peak-to-peak method. Ta ble 2 listed the 

es ti ma tions of the phase ve loc i ties cor re spond ing to dif fer -

ent drift ve loc i ties, where the thresh old phase ve loc ity Vp is

about 273.49 m s-1 and the dif fer ences be tween sim u la tion

re sults and the o ret i cal val ues were smaller than 3%. On the

other hand, we can also fit the ab so lute am pli tude of a 5 m

wave in an early stage to find the lin ear growth rate by the

least squares method. Figure 6a ex hib its the es ti mates of lin -

ear growth for dif fer ent elec tron drift ve loc i ties, where the

closed cir cle rep re sents sim u la tion data and solid line rep re -

sents the o ret i cal es ti ma tion from Eq. (4) of FB-GD in sta bil -

ity the ory. Ba si cally, the lin ear sim u la tion data is in good

agree ment with the es ti ma tion of lin ear FB-GD the ory.

2.3 The Be hav ior of a Lon ger Wave length Wave

In or der to study the be hav ior of a lon ger wavelength

wave, we con sid ered a 10m wave and ex tended hor i zon tal

space size from X to 60 m, that is, the sim u la tion box size is X

´ Z = 60 m ´ 780 m. Fig ure 7 shows the gray scale map of

den sity vari a tion for smaller elec tron drift ve loc ity VD =

300 m s-1 (i.e., Ez = -8.4 mV m-1). It re veals that the 10 m wave

re ceiv ing larger GD ef fects than 5 m wave can be ex cited by

a smaller elec tric field by which 5 m wave can not be ex cited

as shown in the bot tom panel of Fig. 4. The es ti ma tions of

growth rates for the 10 m wave with dif fer ent elec tron drift

ve loc i ties were shown in Fig. 6b, which were close to the the -

o ret i cal val ues. The cor re spond ing es ti ma tions of phase ve -

loc i ties were listed in Ta ble 2, where the dif fer ences of 5 and

10 m waves for the same elec tron drift ve loc ity in lin ear re -

gime are very small and the phase ve loc ity de pends only on

the elec tron drift ve loc ity. This is in agree ment with Eq. (2)

for the lin ear FB-GD the ory. From a se ries of qual i ta tive anal -

y sis and quan ti ta tive es ti ma tion, it is con firmed that our nu -

mer i cal model is ac cu rate for sim u lat ing FB-GD in sta bil ity.

3. THE RE SULT OF A SIM U LA TION IN A
NON LIN EAR STAGE

3.1 The Sat u ra tion Sim u la tions As so ci ated with
Gra di ent Ef fect

FB-GD in sta bil ity the ory pre dicts that the phase ve loc -

ity of FB wave in the pres ence of a den sity gra di ent ef fect

does not de pend on the scale size of the wave. This the ory
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Fig. 4. The gray scale maps of den sity vari a tion n(x.z) for 5 m wave at dif fer ent sim u la tion time, where the top panel for down ward elec tric field Ez =

-11.2 mV m-1 (i.e., VD = 400 m s-1), the mid dle panel for up ward elec tric field Ez = +11.2 mV m-1 (i.e., VD = -400 m s-1), and the bot tom panel for

down ward elec tric field Ez = -8.4 mV m-1 (i.e., VD = 300 m s-1).
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Fig. 6. The plots of the lin ear growth-rate of two-stream waves with re spect to the elec tron drift ve loc ity for 5 m wave (a) and 10 m wave (b), where the 

solid line rep re sents the the o ret i cal val ues ob tained by Eq. (4) with Lz = 1.2 km, the closed cir cle rep re sents the sim u la tion re sults and the dash line rep -

re sents the thresh old value.

Fig. 5. Plots of the co ef fi cient A(z, t) of cos(kx) as a func tion of time t in the en vi ron ment of dif fer ent drift ve loc i ties, where z is the 147th height (i.e., z = 

438 m) and k = 1.256 m-1 is the 6th hor i zon tal Fou rier mode (5 me ter wave) in the X ´ Z sim u la tion box with X = 30 m and Z = 780 m.

(a) (b)



has been con firmed by the sim u la tion found in sec tion 2.2;

how ever, it is un der stood that the re sults of ra dar ob ser va -

tions were most prob a bly the re sult from the sat u rated two-

 stream waves. Ac cord ing to the sat u ra tion the ory of two-

 stream waves, phase ve loc ity in sat u ra tion re gime will be

close to the ve loc ity of the mar gin ally un sta ble wave cor re -

spond ing to the thresh old ve loc ity of lin ear the ory (e.g., Lee

et al. 1974; Su dan 1983a, b; Hamza and St-Maurice 1993;

Otani and Oppenheim 1998). Re sults of pre vi ous lin ear si -

mulations with dif fer ent elec tron drift ve loc i ties (Fig. 6)

showed that, the dif fer ent scale waves suf fered from den sity

gra di ent ef fect have dif fer ent thresh old. Nev er the less, in or -

der to ex plore the pos si ble sat u ra tion the ory for den sity gra -

di ent ef fect, we will ex tend the anal y sis in the lin ear re gime

of pre vi ous sec tion 2.2 into highly non lin ear stage and try to

eval u ate the phase ve loc ity at sat u ra tion. Here it should be

un der stood that a wave is said to be sat u rated if its en ergy

gain equals to its en ergy loss in the non lin ear pro cesses.

Fig ure 8 shows the time evo lu tions of 5 , 10, and 15 m waves 

at z = 438 m cor re spond ing to Lz ~ 1.2 km for the same elec -

tron drift ve loc ity VD = 400 m s-1 (i.e., Ez = -11.2 mV m-1). It

re veals that the waves ceased grow ing af ter max i mum am -

pli tude was reached, i.e., af ter en ter ing the highly non lin ear

stage and be came sat u rated, and the max i mum am pli tude is

larger for lon ger wave length wave. From the gray scale map

of den sity vari a tion as shown in Fig. 9, we found that the pri -

mary waves with max i mum am pli tude are very prom i nent in

the highly non lin ear stage, so we can ap ply the peak-to-peak

method to eval u ate the hor i zon tal phase ve loc ity of the pri -

mary waves at z = 438 m where the max i mum gra di ent with

Lz = 1.2 km was lo cated. The rel e vant data was listed in

Ta ble 3.1, which clearly re veals that the phase ve loc i ties of

dif fer ent wave length waves were ap prox i mately the same in

the lin ear re gime, and be came smaller in the sat u rated re -

gime. The lon ger wave length wave had a smaller phase ve -

loc ity than the shorter wave length wave in the sat u rated re -

gime, which seems to be re lated to the max i mum am pli tude.

The vari a tions of phase ve loc i ties for dif fer ent scale waves

at sat u ra tion are con sis tent with the wave length de pend ence

of phase ve loc i ties re sulted from den sity gra di ent ef fect.

Al ter na tively, we also made sim u la tions for 5, 10, and

15 m waves over the same 2D space size of X ´ Z = 90 m ´

780 m with fixed grid points of 241 ´ 261, leav ing other

back ground con di tions (in clud ing the ver ti cal den sity gra -

dient dis tri bu tion, VD = 400 m s-1, Lz = 1.2 km) un changed.

The re sults as listed in Ta ble 3.2 were con sis tent with that of

Ta ble 3.1. Con sid er ing the res o lu tion and com puter re source 

in the fol low ing se ries of sim u la tions, we shall adopt a vari -

able hor i zon tal space size with a fixed wave mode pegged at

k = 6 for dif fer ent waves and is the same res o lu tion for dif -

fer ent wave length curve.

3.2 Sim u la tions for Gra di ent Ef fects Re lated to 2D
Struc ture of FB Waves

From the sat u ra tion sim u la tions of sec tion 3.1, we had

dem on strated the wave length de pend ence of phase ve loc ity

re sulted from non lin ear pro cesses. We also showed that the

ver ti cal den sity gra di ent dis tri bu tions with dif fer ent range

and den sity peak can af fect the vari a tion of sat u ra tion phase

ve loc ity. As a mat ter of fact, the ar gu ments for den sity gra di -

ent ef fects on two-stream waves were pre sented in a re cent

study (Haldoupis et al. 2005), so the ex plo ra tion for the re la -

tions be tween gra di ent dis tri bu tion and the wave length de -

pend ence of phase ve loc ity is worth while. Here, we con -

sidered three lay ers of den sity dis tri bu tion de rived from
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Fig. 7. The grey scale maps of den sity vari a tion n(x, z) at a dif fer ent sim u la tion time, where the sim u la tion started with 10 m wave per tur ba tion and the

elec tron drift ve loc ity is VD = 300 m s-1 (i.e., the down ward elec tric field Ez = -8.4 mV m-1).
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Fig. 9. The gray scale map of den sity vari a tion n(x, z) for dif fer ent wave scale with same elec tron drift ve loc ity VD = 400 m s-1 (i.e., Ez = -11.2 mV m-1)

in the highly non lin ear stage, where the di men sions of 2D sim u la tion space are 30 m ´ 780 m for 5 m wave, 60 m ́  780 m for 10 m wave and 90 m ´

780 m for 15 m wave re spec tively, but the grid points for three di men sions are 81 ´ 261 pts.

Fig. 8. The time vari a tions of 5, 10, and 15 m waves at z = 438 m where the gra di ent length is Lz = 1.2 km and elec tron drift ve loc ity is VD = 400 m s-1

(i.e., the down ward elec tric field Ez = -11.2 mV m-1).



Eq. (5) as shown in Fig. 10, where case (C) has larg est

thick ness, case (A) has small est thick ness and case (B) is

be tween them, but their gra di ent vari a tions are anal o gous.

Two dif fer ent hor i zon tal waves (5 and 10 m wave) were

stud ied us ing vari able hor i zon tal size X as de scribed in

section 3.1. Con cur rently, the elec tron drift ve loc ity VD =

400 m s-1 (i.e., Ez = -11.2 mV m-1) was as sumed and the

other back ground pa ram e ters re main the same as in Ta ble 1.

Fig ure 11 re veals the evo lu tions of 10 m waves at some fixed 

height [i.e., z = 414 m for case (A), z = 438 m for case (B),

and z = 462 m for case (C)] cor re spond ing to gra di ent scale

length Lz = 1.2 km for the three dif fer ent lay ers of Fig. 10. It

also reveals in Fig. 11 that the max i mum sat u ra tion am pli -

tude increased with in creas ing den sity peak. The es ti ma -

tions of phase ve loc i ties for dif fer ent wave scale at max i -

mum sat u ra tion am pli tude were listed on Ta ble 4. It could be

found that the wave length de pend ence of phase ve loc i ties

de creased with de creas ing den sity peak of the layer.

From the grey scale maps of den sity vari a tion at sat u ra -

tion of a 10 m wave for three dif fer ent lay ers as shown in

Fig. 12, we can see that the ver ti cal scale of hor i zon tal wave

de pends on the thick ness of lay ers with dif fer ent den sity

peaks and means that the lay ers will limit the ver ti cal evo lu -

tion of 2D waves, where the layer with smaller den sity peak

(rep re sent ing smaller ver ti cal den sity vari a tion) such as case

(A) cor re sponds to smaller ver ti cal scale of 2D wave. Thus,

through the above sim u la tions and anal y sis, it is in ter est ing

that the ver ti cal scale of 2D waves par al lel to ver ti cal den sity 

gra di ent will af fect the hor i zon tal wave length de pend ence of 

phase ve loc i ties from GD ef fect. The re sult is pos si bly as so -

ci ated with the ver ti cal den sity vari a tion cor re spond ing to

ver ti cal scale of 2D wave. In fact, the lim ited ver ti cal scale of 

2D waves in a large scale den sity gra di ent dis tri bu tion also

may cover the part of ver ti cal den sity vari a tions as shown in

the sketch of Fig. 1, so it can be ex pected that the wave length 

de pend ence of phase ve loc i ties for small ver ti cal scale waves

will be un clear.
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Fig. 10. Three den sity layer dis tri bu tions with dif fer ent peaks and an -

alogous gra di ent vari a tion de rived from Eq. (5). Case (A): dz = 12 m

and G = 0.04, case (B): dz = 24 m and G = 0.08, case (C): dz = 36 m and

G = 0.12.
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Fig. 12. The grey scale maps of den sity vari a tion n(x, z) in the highly non lin ear stage for three lay ers with dif fer ent den sity peaks and anal o gous

gradient vari a tion. The sim u la tion started with a 10 m wave per tur ba tion and the elec tron drift ve loc ity VD = 400 m s-1 (i.e., Ez = -11.2 mV m-1).

Fig. 11. The time vari a tions of 10 m wave with elec tron drift ve loc ity VD = 400 m s-1 (i.e., Ez = -11.2 mV m-1) at some fixed height cor re spond ing to Lz

= 1.2 km for three dif fer ent den sity dis tri bu tions.



3.3 Simulations for Gra di ent Ef fect Re lated to Strong
Elec tric Field

In or der to em pha size GD ef fect in the pre vi ous sim u la -

tions of sec tions 3.1 and 3.2, we con sid ered the elec tron drift 

ve loc ity VD = 400 m s-1, which is slightly smaller than the

thresh old value VDth = 437 m s-1 (i.e., Eth = 12.2 mV m-1) of

the FB in sta bil ity. How ever, a strong elec tric field of ten ap -

pears in the equa to rial elec tro-jet and po lar re gion. Thus, we

shall also study den sity gra di ent ef fect un der the en vi ron -

ment with large drift ve loc i ties which are larger than or near

thresh old value. In or der to em pha size the prom i nent in flu -

ence of FB in sta bil ity we shall also con sider a weaker den -

sity gra di ent dis tri bu tion with its max i mum gra di ent cor -

responding to a scale length Lz = 6 km at the lo ca tion z =

1437 m (i.e., the 480th height). In or der to in ves ti gate gra di -

ent ef fect on the wave length de pend ence of phase ve loc i ties, 

three dif fer ent wave lengths of 5, 10, and 15 m were stud ied

by a 2D sim u la tion with weak gra di ent layer dis tri bu tion,

where hor i zon tal space size X is 6 times of the wave length

and ver ti cal space size is Z = 2.4 km with to tal grid points of

81 ́  801. Three elec tron drift ve loc i ties, namely, VD = 470 m s-1

(Ez = -13.16 mV m-1), VD = 450 m s-1 (Ez = -12.6 mV m-1) and 

VD = 430 m s-1 (Ez = -12.04 mV m-1) were con sid ered leav ing 

other back ground pa ram e ters un changed. When the sim u la -

tions of the waves reached max i mum am pli tude in the highly 

non lin ear stage, we used the pre vi ous meth ods of sec tion 3.1 

to an a lyze phase ve loc ity of hor i zon tal waves at fixed ver -

tical po si tion. Ta ble 5 rep re sents the es ti ma tions of phase

velocities Vp of dif fer ent scale waves for three drift ve loc i -

ties VD at z = 1437 m. It was found that the dif fer ences among

the sat u ra tion phase ve loc i ties of dif fer ent scale waves de -

creased with in creas ing driv ing elec tric field (i.e., elec tron

drift ve loc ity). In other words, the wave length de pend ence

of the den sity gra di ent ef fect on phase ve loc i ties of dif fer ent

scale waves was weak ened by in creas ing the driv ing elec tric 

field. Thus, we be lieve that the back ground elec tric field is

an im por tant fac tor for the re duc tion of gra di ent ef fect on

FB waves.

4. SUM MARY AND DIS CUS SION

We have car ried out 2D sim u la tions of den sity gra di ent

ef fects on the phase ve loc ity at sat u ra tion of two-stream

waves. The sim u la tions were fo cused on the pure in ter ac tion 

be tween sin gle hor i zon tal wave and a ver ti cally sym met ric

elec tron den sity layer. The struc ture of the elec tron den sity

layer de fined by Eq. (5) is char ac ter ized by two para meters:

G and dz. The ra tio G/dz de ter mines the min i mum gradient

length (max i mum growth rate of FB-GD in sta bil ity) of the

layer, and dz de ter mines the thick ness of the un sta ble layer.

Our sim u la tion re sults in the lin ear re gime were con sis tent

with the pre dic tions of lin ear FB-GD in sta bil ity the ory, and

con firmed the wave length de pend ence of phase ve loc ity in

the sat u rated re gime. How ever, our sim u la tions also re -

vealed that the ver ti cal scale of 2D wave and ver ti cal po lar -

ized elec tric field are pos si bly re lated to the wave length de -

pend ence of phase ve loc ity. The gra di ent scale length Lz is

an im por tant pa ram e ter in the lin ear the ory of FB-GD in sta -

bil ity, but the layer’s thick ness (char ac ter ized by dz) has

gone un no ticed by the re search ers. The re sults of this study

clearly show that the thick ness of the un sta ble layer has

strong ef fect on the re duc tion of the phase ve loc ity of FB

wave on its way evolv ing from lin ear stage to sat u ra tion

stage. The thicker un sta ble layer would cause more phase

ve loc ity re duc tion than the thin ner un sta ble layer.

Since the evo lu tions of waves were lim ited in an un sta -

ble re gion, we can ap ply dif fer ent den sity peak to find the

pos si ble re la tions be tween phase ve loc ity at sat u ra tion and

the thick ness of the un sta ble layer. From the sim u la tions

found in sec tions 3.1 and 3.2, it was shown that the wave am -

pli tude at sat u ra tion in creased with in creas ing thick ness of

un sta ble layer, and the phase ve loc ity at sat u ra tion de creased 

with in creas ing sat u ra tion am pli tude. In gen eral, the lon ger

wave length waves have larger sat u ra tion am pli tude, be cause 

they have lower thresh old there fore have larger un sta ble re -

gion to gain en ergy from back ground den sity gra di ent. How -

ever, if the den sity peak of a layer is small, that is, the un sta -

ble re gion is small, then the waves will ob tain only small en -

ergy from back ground den sity gra di ent and sat u ra tion am -

pli tude will also be re duced. Be cause a den sity layer has dif -

fer ent gra di ent scale length at dif fer ent height, the waves

with weaker elec tric field will be lim ited in the larger den sity 

gra di ent re gion of the layer. So the den sity peak of the layer

with ver ti cal den sity vari a tion is closely re lated to the ver ti -

cal prop a gat ing range of waves which can rep re sent the ver -
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ti cal scale of 2D waves. In other words, the smaller den sity

peak will re sult in a weaker gra di ent ef fect on FB waves.

Sim i larly, we be lieve that the ver ti cal range of FB waves will 

be lim ited in the E-re gion, be cause the com plex en vi ron ment 

in clud ing elec tric field vari a tion, neu tral wind, col li sion fre -

quency vari a tion and den sity gra di ent can af fect the gen er a -

tion of FB waves. Thus, based on the pos si ble lim ited ver ti -

cal scale of 2D waves, we be lieve that the weaker gra di ent

ef fect on FB wave will be found in the E re gion. How ever,

ra dar ob ser va tions only pres ent 1D in for ma tion of FB waves,

and our 2D sim u la tions can ac count for the re la tions be -

tween 2D prop erty of FB waves and den sity gra di ent ef fect.

In ad di tion, the strong elec tric field E will also re duce

den sity gra di ent ef fect be cause the pre dom i nant FB in sta -

bil ity tends to cause dif fer ent wave scales reach ing ap prox -

i mately the same phase ve loc ity. Sec tion 3.3 had dem on -

strated that the wave length de pend ence of phase ve loc ity

from GD ef fect is un clear. Haldoupis et al. (2005) in di cated 

that the past ob ser va tions of HF and VHF au rora ra dar

(e.g., Hanuise el al. 1991; Haldoupis et al. 2000; Lacroix

and Moorcroft 2001) could not find GD ef fect on FB waves,

but ne glected a point that the very strong po lar ized elec tric

field might ex ist in au rora re gion. The past stud ies of ra dar

ob ser va tions (e.g., St.-Maurice et al. 1986; Ravindran and

Reddy 1993; Nielsen et al. 2002) also in di cated that the

large elec tron drift ve loc ity de rived from strong elec tric

field would heat plasma and cre ate larger phase ve loc ity.

Thus, the lower phase ve loc ity de rived from GD ef fect may 

be raised by the large elec tron drift ve loc ity, so that the

lower phase ve loc ity which is lower than nom i nal ion

acous tic speed (~360 m s-1) is not eas ily found. In other

words, the re duc tion of GD ef fect on FB waves, in clud ing

the wave length de pend ence of phase ve loc ity and the lower 

phase ve loc ity, can be ex plained by the ex is tence of a strong

ver ti cal elec tric field.

In sum, our 2D sim u la tions with a sym met ric den sity

layer were con sis tent with the lin ear FB-GD the ory, so we

can ex am ine den sity gra di ent ef fects on FB waves. We have

dem on strated, by the sim u la tion of a sin gle wave, that the

ver ti cal den sity vari a tion in volv ing 2D prop erty of FB waves

and po lar ized elec tric field will af fect the dis play of den sity

gra di ent ef fect on FB waves. Of course, the E-re gion ion o -

sphere con tains the in ter ac tion of mul ti ple waves and the

other pa ram e ters vary ing with ver ti cal height, such as neu -

tral wind, elec tric field, col li sion fre quency, plasma tem per -

a ture and so on. One ad van tage of nu mer i cal sim u la tion is

that, one can al ways iso late a spe cific fac tor from all the

others by nu mer i cal sim u la tion but not by ra dar experiment.

Our sim u la tions can clar ify pos si ble fac tors from com plex

en vi ron ment vari ables. This pa per sug gests that the in for -

mation of 2D wave scale and elec tric field vari a tion is im -

por tant in the study of den sity gra di ent ef fects on FB waves

such that more ob ser va tion data of other vari ables as so ci ated 

with den sity gra di ent ef fect is needed in the fu ture.

Ac knowl edge ments   This pa per is sup ported in part by the 

Na tional Sci ence Coun cil of Tai wan un der the con tract

num bers NSC 96-2111-M-224-001.

REF ER ENCES

Boris, J. P. and D. L. Book, 1973: Flux-cor rected trans port. 1.

SHASTA, a fluid trans port al go rithm that works. J. Com -

put. Phys., 11, 38-69, doi: 10.1016/0021-9991(73)90147- 2.

[Link]

Chou, S. Y. and F. S. Kuo, 1996: A nu mer i cal study of the wind

field ef fect on the growth and observability of equa to rial

spread F. J. Geophys. Res., 101, 17137-17149, doi: 10.1029/

96JA01404. [Link]

Farley, D. T., 1985: Theorey of equa to rial electrojet waves:

New de vel op ments and cur rent sta tus. J. Atmos. Terr.

Phys., 47, 729-744, doi: 10.1016/0021-9169(85)90050-9.

[Link]

Farley, D. T. and B. G. Fejer, 1975: The ef fect of the gra di ent

drift term on type 1 electroject ir reg u lar i ties. J. Geophys.

Res., 80, 3087-3090, doi: 10.1029/JA080i022p03087.

[Link]

Fejer, B. G. and M. C. Kelley, 1980: Inonspheric ir reg u lar i ties.

Rev. Geophys., 18, 401-454, doi: 10.1029/RG018i002

p00401. [Link]

Fern, C. L., S. Y. Chou, and F. S. Kuo, 2001: Sim u la tions of

spec tral asym me tries of pure two-stream waves in the

equa to rial electrojet. Chin. J. Phys., 39, 141-162.

Haldoupis, C., K. Schlegel, and G. C. Hussey, 2000: Auroral

E-re gion elec tron den sity gra di ents mea sured with EISCAT. 

Ann. Geophys., 18, 1172-1181, doi: 10.1007/s00585- 000-

 1172-x. [Link]

Haldoupis, C., T. Ogawa, K. Schlegel, J. A. Koehler, and T.

Ono, 2005: Is there a plasma den sity gra di ent role on the

gen er a tion of short-scale Farley-Buneman waves? Ann.

Geophys., 23, 3323-3337. [Link]

Hamza, A. M. and J. P. St-Maurice, 1993: A tur bu lent theo re -

tical frame work for the study of cur rent-driven E re gion

irreg u lar i ties at high lat i tudes: Ba sic der i va tion and ap pli -

ca tion to gra di ent-free sit u a tions. J. Geophys. Res., 98,

11587-11599, doi: 10.1029/92JA02836. [Link]

Hanuise, C. and M. Cro chet, 1981: 5-50-m wave length plasma

in sta bil i ties in the equa to rial electrojet, 2. Thwo-stream

con di tions. J. Geophys. Res., 86, 3567-3572, doi: 10.1029/ 

JA086iA05p03567. [Link]

Hanuise, C., J. P. Vil lain, J. C. Cerisier, C. Se nior, J. M.

Ruohoniem, R. A. Green wald, and K. B. Baker, 1991:

Statisical study of high-lat i tude E re gion Dopp ler spec tra

ob tained with the SHERPA HF ra dar. Ann. Geophys., 9,

273-285. [Link]

Janhunen, P., 1994: Per pen dic u lar par ti cle sim u la tion of the E

re gion Fairly-Buneman in sta bil ity. J. Geophys. Res., 99,

11461-11473, doi: 10.1029/94JA00206. [Link]

Kelley, M. C., 1989: The Earth’s Ion o sphere: Plasma Phys ics

and Elec tro dy nam ics, Vol. 43, Ac a demic Press, San Diego.

Plasma Den sity Gra di ent Ef fects on Farley-Buneman Waves 657

http://dx.doi.org/10.1016/0021-9991(73)90147-2
http://dx.doi.org/10.1029/96JA01404
http://dx.doi.org/10.1016/0021-9169(85)90050-9
http://dx.doi.org/10.1029/JA080i022p03087
http://dx.doi.org/10.1029/RG018i002p00401
http://dx.doi.org/10.1007/s00585-000-1172-x
http://www.ann-geophys.net/23/3323/2005/angeo-23-3323-2005.html
http://dx.doi.org/10.1029/92JA02836
http://dx.doi.org/10.1029/JA086iA05p03567
http://cat.inist.fr/?aModele=afficheN&cpsidt=19714562
http://dx.doi.org/10.1029/94JA00206


Keskinen, M. J., R. N. Su dan, and R. L. Ferch, 1979: Tem po ral

and spa tial power spec trum stud ies of nu mer i cal sim u la -

tions of type II gra di ent drift ir reg u lar i ties in equa to rial

electrojet. J. Geophys. Res., 84, 1419-1430, doi: 10.1029/

JA084iA04p01419. [Link]

Lacroix, P. J. and D. R. Moorcroft, 2001: Ion acous tic HF ra dar

ech oes at high lat i tudes and far ranges. J. Geophys. Res.,

106, 29091-29103, doi: 10.1029/2001JA000024. [Link]

Lee, K., C. F. Ken nel, and F. V. Coroniti, 1974: On the mar gin -

ally sta ble sat u ra tion spec trum of un sta ble type I equa to rial 

electrojet ir reg u lar i ties. J. Geophys. Res., 79, 249-266,

doi: 10.1029/JA079i001p00249. [Link]

Mc Don ald, B. E., T. P. Coffey, S. Ossakow, and R. N. Su dan,

1974: Pre lim i nary re port of nu mer i cal sim u la tion of type 2

ir reg u lar i ties in the equa to rial electrojet. J. Geophys. Res.,

79, 2551-2554, doi: 10.1029/JA079i016p02551. [Link]

Mi lan, S. E. and M. Lester, 2001: A clas si fi ca tion of spec tral

pop u la tions ob served in HF ra dar back scat ter from the E

re gion auroral electrojets. Ann. Geophys., 19, 189-204.

Mi lan, S. E., T. K. Yeo man, M. Lester, E. C. Thomas, and T. B.

Jones, 1997: Ini tial back scat ter oc cur rence sta tis tics from

the CUT LASS HF ra dars. Ann. Geophys., 15, 703-718,

doi: 10.1007/s00585-997-0703-0. [Link]

Moorcroft, D. R., 2002: Out stand ing is sues in the the ory of

radar au rora: Ev i dence from the fre quency de pend ence of

spec tral characterictics. J. Geophys. Res., 107, 1301, doi:

10.1029/2001JA009218. [Link]

Newman, A. L. and E. Ott, 1981: Non lin ear sim u la tions of type

I ir reg u lar i ties in the equa to rial electrojet. J. Geophys.

Res., 86, 6879-6891, doi: 10.1029/JA086iA08p06879.

[Link]

Niel sen, E., C. F. del Pozo, and P. J. S. Wil liams, 2002: VHF

coherent ra dar sig nals from the E re gion ion o sphere and

the re la tion ship to elec tron drift ve loc ity and ion acous tic

ve loc ity. J. Geophys. Res., 107, doi: 10.1029/2001JA

900111. [Link]

Oppenheim, M. and N. Otani, 1996: Spec tral char ac ter is tics of

the Farley-Buneman in sta bil ity: Sim u la tions ver sus ob -

servations. J. Geophys. Res., 101, 24573-24582, doi:

10.1029/96JA02237. [Link]

Otani, N. F. and M. Oppenheim, 1998: A sat u ra tion mech a nism

for the Farley-Buneman in sta bil ity. Geophys. Res. Lett.,

25, 1833-1836, doi: 10.1029/98GL50868. [Link]

Pfaff, R. F., M. C. Kelley, E. Kudeki, B. G. Fejer, and K. D.

Baker, 1987: Elec tric field and Plasma den sity mea sure -

ments in the strongly-driven day time equa to rial electrojet,

2. Two-stream waves. J. Geophys. Res., 92, 13597-13612,

doi: 10.1029/JA092iA12p13597. [Link]

Ravindran, S. and C. A. Reddy, 1993: Vari a tion of type I plasma 

wave phase ve loc ity with elec tron drift ve loc ity in the

equa to rial electrojet. J. Geophys. Res., 98, 21581-21591,

doi: 10.1029/93JA01051. [Link]

Schmidt, M. J. and S. P. Gray, 1973: Den sity gra di ents and the

Fairly-Buneman in sta bil ity. J. Geophys. Res., 78, 8261-

 8265, doi: 10.1029/JA078i034p08261. [Link]

St-Maurice, J. P., C. Hanuise, and E. Kudeki, 1986: On the de -

pend ence of the phase ve loc ity of equa to rial ir reg u lar i ties

on the po lar iza tion elec tric field and the o ret i cal im pli ca -

tions. J. Geophys. Res., 91, 13493-13505, doi: 10.1029/

JA091iA12p13493. [Link]

Su dan, R. N., 1983a: Uni fied the ory of type I and type II ir reg u -

lar i ties in the equa to rial electrojet. J. Geophys. Res., 88,

4853-4860, doi: 10.1029/JA088iA06p04853. [Link]

Su dan, R. N., 1983b: Non lin ear the ory of type I irregularites in

the equa to rial electrojet. Geophys. Res. Lett., 10, 983-986,

doi: 10.1029/GL010i010p00983. [Link]

Zalesak, S. T., 1979: Fully mul ti di men sional flux-cor rected

tran s port al go rithms to flu ids. J. Comput. Phys., 31, 335-

 362, doi: 10.1016/0021-9991(79)90051-2. [Link]

AP PEN DIX A: NU MER I CAL MODEL OF
SIM U LA TION

Our nu mer i cal model was de scribed in a pre vi ous pa per

(Fern et al. 2001). The x-axis of the rect an gu lar co or di nate

sys tem points to the east, the y-axis points to the north and

the z-axis points up ward. The gov ern ing equa tions con sist of 

the con ti nu ity equation of plasma,

(A1)

the elec tron and ion ve loc ity equa tions,

(A2)

(A3)

and the equa tion for quasi-neu tral ity con di tion,

(A4)

where 
v v v v v v
J ne V V ne v V vi e i D e       = - = - -( ) ( ) is the cur rent

den sity and n is the num ber den sity of the plasma; KB is the
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Boltzmann con stant; nin, nen, Wi, We, Ti, Te, 
v
B, 

v
¢E , 

v
VD , 

v
ve , and 

v
vi  are the ion-neu tral col li sion fre quency, the elec tron-

 neutral col li sion fre quency, ion gyro-fre quency, elec tron

gyro- fre quency, ion tem per a ture, elec tron tem per a ture,

mag netic field, per tur ba tion elec tric field, mean flow elec -

tron drift ve loc ity, per tur ba tion elec tron and ion ve loc ity

re spec tively; 
v

Vi  and 
v

Ve  can be taken as 
v v

V vi i=  ; 
v

Ve  =  
v

VD  + 
v
ve .

Sub sti tut ing all these phys i cal quan ti ties into Eq. (A4), we

ob tain Eq. (A5):

(A5)

where F(x, z) is the po ten tial func tion for the per turbed

elec tric field 
v
¢E , i.e., 

v v
¢ = -ÑE F.

The east ward mean flow drift ve loc ity 
v

VD  of the elec -

trons is driven by a ver ti cally down ward zero or der po lar iza -

tion elec tric field 
v v v
E V BD0 0= - ´  , where 

v
B B e y= 0

$  is a con -

stant mag netic field B0 of 0.28 G point ing to the north. The

ion-neu tral col li sion fre quency nin and elec tron-neu tral col li -

sion fre quency nen are as sumed to be con stant in our sim u la -

tion range with nin = 2.5 ´ 103 s-1 and nen = 4.0 ´ 104 s-1. The

ion and elec tron tem per a tures are as sumed to be 230 K. The

back ground plasma can be re garded as uni form with num ber 

den sity of 1.0 ´ 1011 m-3. These back ground pa ram e ters are

sim i lar to that used in the past stud ies of equa to rial electrojet

(Mc Don ald et al. 1974).

The nu mer i cal com pu ta tions were per formed on two-

 dimensional Car te sian mesh us ing 81 points in the x di rec -

tion (east-west) and 261 points in the z di rec tion (ver ti cal).

Pe ri odic bound ary con di tion is im posed on both elec tron

den sity n and elec tric po ten tial F in the x and z di rec tion.

Flux-cor rected trans port (FCT) tech nique (e.g., Boris and

Book 1973; Zalesak et al. 1979) has been ap plied to carry

out the time in te gra tion of the con ti nu ity Eq. (1). A de tailed

dis cus sion of the ap pli ca tion of FCT tech nique to study ion -

o spheric ir reg u lar i ties can be re ferred to (Chou and Kuo

1996). At t = 0, the elec trons are set to move uni formly at

drift speed 
v

VD , and the ions as sume a con stant ve loc ity 
v

Vi0  = 

W i inE B
v

0 0n , which is the steady state ve loc ity of ions un der 

the com bined force from elec tric field 
v
E0  and the ion-neu tral

col li sion (note that nin >> Wi). Then a den sity per tur ba tion

with am pli tude dn = n0 sin(kx) is superposed on the back -

ground den sity N0, where k is the wave-num ber to be as -

signed. At each time step of com pu ta tion, the elec tron ve -

locity at each grid point is cal cu lated from Eq. (A2), and the 

ion ve loc ity at each grid is ob tained by solv ing the dif fer en -

tial Eq. (A3) us ing 2nd or der Runge-Kutta scheme. These ve -

locities and den si ties at each grid are sub sti tuted into Eq. (A5)

to solve for the elec tric po ten tial F(x, z) us ing the suc ces -

sive-over-re lax ation (SOR) tech nique. Then, the plasma

den sity dis tri bu tion n(x, z) at time t + dt is cal cu lated by the

FCT scheme to com plete one cy cle of the com pu ta tion. In

or der to guar an tee the nu mer i cal ac cu racy, we set the ab so -

lute er ror limit in the po ten tial solver as small as 10-4. The

sim u la tion is called to stop when ever the rel a tive er ror of

any grid fails to con verge to within this er ror limit within

10000 steps of SOR it er a tion. This cri te rion sets a limit for

den sity gra di ent, be yond which the off-di ag o nal terms be -

come so much larger than the di ag o nal terms in Eq. (A5) that 

the SOR cal cu la tion fails to con verge. That means that, the

sim u la tion will be stopped when the den sity gra di ent be -

comes so sharp that the small waves with scale-length com -

pa ra ble to the grid size starts to grow.
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