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FOREWORD 

The article "lon-Exosphere with Anisotropic Velocity Distribution" 

will be published in the "Bulletin de la Classe des Sciences de 

l'Académie Royale de Belgique". 

A V A N T - P R O P O S 

Ifi travail intitulé "lon-Exosphere with Anisotropic Velocity 

Distribution" sera publié dans le Bulletin de la Classe des Sciences de 

l'Académie Royale de Belgique. 

VOORWOORD 

De tekst getiteld "lon-Exosphere with Anisotropic Velocity 
i 

Distribution" zal gepubliceerd worden in het "Bulletin de la Classe des 

Sciences de l'Académie Royale de Belgique". 

VORWORT 

Der Text "lon-Exosphere with Anisotropic Velocity Distribution" 

wird in dem "Bulletin de la Classe des Sciences de l'Académie Royale de 

Belgique". 



I O N - E X O S P H E R E WITH A N I S O T R p P I C V E L O C I T Y D I S T R I B U T I O N 

by 

M. S C H E R E R 

Abstract 

The influence of an anisotropy in the velocity distribution at the 

exobase on the state variables in an open ( 0 + , H + , e)-exosphere is 

studied for three different models corresponding respectively to an 

anisotropy in the velocity distribution of each species. Numerical calcu-

lations show that the effect of an anisotropy in the velocity distribution 

is more important for the electrons (model I I ) than for hydrogen ions 

(model I) or oxygen ions (model I I I ) . For reasonable values of the 

parameter characterising the anisotropy, the results do no differ 

qualitatively from those obtained in earlier kinetic polar wind models, 

i.e. the protons are accelerated outwards by a small charge separation 

electric field and the proton flow speed rapidly becomes supersonic. 



Samenvatting 

De invloed van een anisotropie in de snelheidsverdel ing aan de 
exobasis op de toestandveranderl i jken in een open ( 0 + , H + ,e ) -exosfeer 
wordt onderzocht voor drie verschi l lende modellen. Numerieke bere-
keningen tonen dat de invloed van een anisotropy in de snelheidsver-
del ingsfunct ie belangr i jker is voor de elektronen (model I I ) dan voor de 
waterstof ionen (model I ) en zuurstofionen (model I I I ) . Voor f y s i s c h 
aanvaardbare waarden van de anisotropie parameter verschi l len de 
resultaten kwantitatief niet van deze bekomen in vroeger gepubliceerde 
poolwindmodellen, nl. de protonen worden naar buiten toe versneld door 
een klein elektr isch veld gecreërd door een scheiding van ladingen; de 
protonenstroom bereikt zeer v lug supersonische snelheden. 
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Résumé 

L' inf luence d'une anisotropie de la distr ibution des vitesses à 
l'exobase sur les variables d'état dans une exosphère ouverte consituée 
d'ions d'oxygène et d 'hydrogène ainsi que d'électrons, a été étudiée 
pour trois di f férents modèles. Ces trois modèles correspondent à des 
anisotropies pour chaqu'une des trois espèces de part icules. Les calculs 
numériques montrent que l'effet de l'anisotropie est plus important pour 
les électrons (modèle I I ) que pour les ions d 'hydrogène (modèle I ) ou 
pour les ions d 'oxygène (modèle I I I ) - Pour des valeurs raisonnables des 
paramètres caractérisant l 'anisotropie, les résultats ne diffèrent pas 
qualitativement de ceux obtenus dans les modèles cinétiques du vent 
polaire déduits antérieurement : c . à . d . les protons sont accélérés v e r s 
l 'extérieur par le faible champ électrique de polarisation et la vitesse 
moyenne des protons tend rapidement vers une valeur supersonique à 
grande distance. 

- 3 -



Zusammenfassung 

Der E in f luss e iner An iso t rop ie in der G e s c h w i n d i g k e i t s v e r t e i l u n g 

d e r O , H Ionen und der E lek t ronen in e iner Of fene Exosphäre , is 

beschr ieben w o r d e n . Drei Versch iedene Modelle s ind besprochen 

w o r d e n . Im Modell I s ind die H + Ionen an iso t rop isch an der Exobase an-

genommen w o r d e n . In die Modelles II und I I I s ind die E lek t ronen und 

die 0 + Ionen a n i s o t r o p i s c h . Es is t geze ig t worden dass die An iso t rop ie 

im Modell II einen g rosseren E in f luss hat als in den Modelle I oder I I . 

Für normale Werte des A n i s o t r o p i e n s ind die berechneten Modelle n i c h t 

sehr ve rsch ieden von die jen igen k ine t i schen Polar Windes Modelle die 

v o r h e r v e r ö f f e n d l i c h t worden s ind : , Z . B . d ie Protonen werden d u r c h 

ein schwaches e lek t r i sches Feld nach Aussen besch leun ig t und ih re 

gesamte Geschwind igke i t bekömt sobal t supe rson isch . 
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1. INTRODUCTION 

Kinet ic models of the topside polar ionosphere were o r ig ina l l y 

developed under the assumption tha t ' the ve loc i ty d i s t r i b u t i o n at the 

exobase level could be approximated by a pseudo-Maxwel l -Bol tzmann 

d i s t r i b u t i o n [Lemaire and Scherer , 1970, 1971]. Later on , the inf luence 

of an asymmetry in the ve loc i ty d i s t r i b u t i o n func t ion was d iscussed, 

and i t was shown tha t the e f fec t was negl ig ib le small fo r reasonable 

values of the parameter charac ter iz ing the asymmetry [Lemaire and 

Scherer , 1972]. In th is paper we wil l s tudy the ef fect of an an isot ropy 

in the ve loc i ty d i s t r i b u t i o n . We assume that the ve loc i ty d i s t r i b u t i o n 

func t ion at the exobase is g iven by the b i -maxwel l ian 

/ \ 1 / 2 / V 
f [r , v ( r ) ] = Nf - £ - ) r—-PV- ) e xP 1 o ' o 1 2ukT„ / Z n k T ^ J * 

2 m 2 v.. - r r ^ — v. 2kTu H 2kT^ 
( 1 ) 

where r is the radial distance of the exobase, v ( r ) is the veloci ty o o 
vector at the exobase of a par t ic le w i th mass m, vn and v^ are the 

components of v ( r ) respect ive ly paral lel and perpend icu la r to the 

magnetic f i e ld , k is the Boltzmann constant , and N, T and T^ are 

th ree parameters which can be determined so tha t the calculated number 

d e n s i t y , temperature and temperature an iso t ropy at the exobase have 

g iven values. Accord ing to Mil ler (1972) and C lark et al. (1973) th is is 

a more real ist ic form fo r the h i g h - a l t i t u d e thermal electrons than is an 

isotropic Maxwell ian d i s t r i b u t i o n func t i on . 

Analy t ica l expressions fo r the number d e n s i t y , the escape f l u x , 

the paral lel and perpendicu lar momentum f l uxes , and the energy f lux in 

the open ion-exosphere recent ly have been determined [Schere r , 1978] 

under the assumptions that ( i ) the ve loc i ty d i s t r i b u t i o n at the exobase 

is g iven by ( 1 ) ; ( i i ) along a magnetic f ie ld l ine the potent ial energy of 

a charged par t ic le is a monotonic f u n c t i o n ; and ( i i i ) the magnetic f ie ld 

s t r e n g t h decreases monotonically to a constant value. 
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Since the magnetic field strength at the exobase is much larger than 
the interplanetary magnetic field, we assume in what follows that this 
constant is zero. It can be shown that, although this assumption 
simplifies the calculations, it will not modify the results and the con-
clusions of this study. 

For particles moving in a potential well, the formulae for the state 
variables do not depend on the magnetic field strength at infinity. 
Hence they are given by [Scherer , 1978] : 

( a ) the number density : 

n(s) = ± Nor [er fex(V x J - b erfex(Vx/b) ] (2) 

( b ) the escape flux : 

F ( s ) = I Np (2kTft/7tm)1/2 (3) 

( c ) the parallel and perpendicular momentum fluxes : 

P (s ) = ± N k T a 

PA (s ) = i NkT^a 

erfex(Vx ) - b J erfex(Vx/b) + ^ r ^ / a 

a erfex(Vx ) - r\V /Jn - bM erfex(Vx/b) 

(4) 

(5) 

( d ) the energy-flux parallel to the magnetic field : 

e (s ) = \ NkT n(2kT /7xm)1/2 [ l + t " 1 - q ( s ) ] l q il (6) 

In Eqs.(2)-6)we have used the following shorthand notations 

a = n / d - b ) ; n = B ( s ) / B ( s q ) -, 

p = 1 - n ; b^ = p/t ; t = T /T 
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v = [ - q ( s ) ] 1 / 2 ; q ( s ) = [i|/(s) " J ] / k T . , (7) 

M1 = a + 2 n + t r | 

e r f e x ( z ) = 
TH 

exp ( - x ) dx 

B ( s ) is t he magne t i c f i e l d s t r e n g t h , and t|/(s) is the to ta l po ten t i a l 

e n e r g y 

4i(s) = Ze ( s ) - G 
mM 

(8) 

Ze is t h e c h a r g e of a p a r t i c l e w i t h mass m; ( s ) is t he e l e c t r o s t a t i c 

po ten t i a l d u e to a v e r y smal l c h a r g e s e pa r a t i o n ; G is t he g r a v i t a t i o n a l 

c o n s t a n t , M is the mass of t h e p l ane t ; r is the r ad i a l d i s t a n c e , a nd s is 

a c o o r d i n a t e measu r ed a long t he magne t i c f i e l d l i ne . 

Fo r p a r t i c l e s e n c o u n t e r i n g a po ten t i a l b a r r i e r , h o w e v e r , t he 

e x p r e s s i o n s f o r c a l c u l a t i n g t he s ta te v a r i a b l e s do d e p e n d on B(«°). 

S u b s t i t u t i o n of B(°°) = o in to the f o rmu l ae d e d u c e d e a r l i e r [ S c h e r e r , 

1978] , y i e l d s f o r the e s c a p i n g p a r t i c l e s : 

( a ) t he numbe r d e n s i t y : 

n ( E ) ( s ) = | N or [ e r f e x ( V c ) + Z(V ) ] exp [ - q(<*>)] - [b e r f e x ( X / b ) 

+ Z (X ) ] exp [ - tq(<*>) ] f o r t * 1 (9) 

n ( E ) ( s ) = I Na e r f e x ( V ) - b e r f e x ( X / b ) + 4 - (V -X) 
c ' - . - ^ - c 

exp [ - q («0 ] (10) 

f o r t = 1 

( b ) t he escape f l u x : 

F ( s ) = \ Nn (2kT„ /7 tm) 1 / 2 t exp [ - q(°°) ] - exp [ - t q ( « ) ] 

f o r t t 1 

/ ( t - 1) 

(11) 
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F ( s ) = J Nn (2kT /7tm)1/2 [ l + q ( ® ) ] exp [ - q(o>)] for t = 1 (12) 

( c ) the parallel and perpendicular momentum f luxes : 

P < E ) ( S ) = \ MM « e r f e x ( V j + 

2 

2 t ^ _Q_ 
c J n t - i c t - l Z ( V J 

b 3 er fex(X/b) + ^ ^ X - ^ Z (X) 

exp [ -

exp [ - t q ( ® ) ] 

for t t 1 

q(°°)] 

(13) 

P ( E ) ( s ) = ^ NkT a II 2 |] e r f e x ( V c ) - b 3 er fex (X/b) + ^ [ V c - b2X 

+ f (v 3 - X 3 ) ] exp [ - q ( m ) ] for t = 1 

and 

P_[ E ) (s) = \ NkT^a 
trj V 

fl e r f e x ( V c } " J ^ l W n + M2 Z ( V 

M1 b er fex(X/b) - j g f a + M2 Z(X) exp [ - tq(oo) ] 

for t M 

exp [ - q(°°) ] 

(15) 

p [ E ) ( s ) = i NkT Of 

Vn 

a e r f e x ( V c ) - M b erfex(X/b) 

aV + ? a V j - M,X - ^ (1 + ? ) X c 3 c 1 3u 2 exp [ 

for t 

q(«0] (16) 

1 

( d ) the energy f lux parallel to the magnetic field : 
9 

e ( s ) = I NkTn (2kT (/7tm)1/2 q 
1 + tv-

1 + t - l 

1 
t - l I - q ( s ) exp [ - tq(°°) ] 

exp [ - q(°°) ] 

for t M (17) 
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£(s) = | NkT (2kT /ran) 1 / 2 r] exp [ - q(»)] [1 + q(«)] (2+V~) - q(oo) 

for t = 1 (18) 

In formulae (9 ) to (18) we have used the shor thand notat ions : 

V
2 = q(oo) - q(s) ^ O ; X2=pq(°°) - q(s) ^ o 

y 2 ( x / y ) with y 2 5 n/(t-l) 

Z(x) = 

if t > 1 

,2 _ 
- p erfex(x/P) with p = n / O - t) if t < 1 

tft (z) = ^ exp(- z 2 ) exp(x 2) dx 

(19) 

(20) 

(21) 

For the bal l is t ic par t ic les the number dens i t y and the paral lel and 

perpend icu la r momentum f luxes can be determined b y means of the 

fo l lowing formulae [Sche re r , 1978] 

n ( B ) ( s ) = N a exp [ - q(s)] - b exp [- q(s)/b ] - 2 n ( E ) ( s ) (22) 

P ® ( s ) = NkT a 
II II 

P ^ B ) ( s ) = NkT^ a 

exp [- q(s)] - b 3 exp [- q(s)/b 2] - 2P,f E )(s) (23) 

a exp- [- q(s)] - M^b exp [- q(s)/b ] 2 P X
( E ) ( S ) 

(24) 

where n ^ E ^ ( s ) , and are respec t ive ly g iven by ( 9 ) and 

( 1 0 ) , (13) and (14 ) , and (15) and (16) . 

To i l l us t ra te the inf luence of an an iso t ropy in the ve loc i ty d i s t r i -

bu t ion f u n c t i o n , we consider an ( 0 + , H + , e) exosphere. A t the exo-

base, assumed to be at 1000 km above the polar cap, the re la t ive 

number densi t ies are g iven by 
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n e ( s o } : V ( s o } : n H + ( s o ) = 1 : 0 - 9 : 0 - 1 0 (25) 

Hence the q u a s i - n e u t r a l i t y cond i t i on 

n e (26) 

is sa t i s f ied at the exobase. 

The parameters N g , NQ+, and e n t e r i n g in the ve loc i t y d i s t r i b u t i o n 

( 1 ) , w r i t t e n down f o r each species, can be de te rmined by means of (25) 

(see append ix A ) . Moreover we assume tha t T, = T n + = T ,,+ = 
l , e 1 , 0 a. , H 

3000 K . The in f luence of the an i so t ropy t = T / T t 1 in the 
II J-

d i s t r i b u t i o n (1 ) wi l l be s tud ied f o r t h r e e d i f f e r e n t k inds of models. 

In model I we assume tha t the ve loc i t y d i s t r i b u t i o n of the e lec t rons and 

oxygen ions is i so t rop ic ; i . e . T = T o r t = 1 and T n + = II J_/6 6 H / ^ 

T Q+ or tg+ = 1. The ve loc i t y d i s t r i b u t i o n of the h y d r o g e n ions, 

howeve r , is an iso t rop ic ( T ._.+ t T ._.+) and in Sec II some resu l t s II , n x , H co r respond ing to d i f f e r e n t va lues of T ,,+ are i l l u s t r a t e d . In model II 
II , n 

t he ve loc i t y d i s t r i b u t i o n of the ions is i so t rop ic = tQ+ = 1) and the 

ve loc i t y d i s t r i b u t i o n of the e lec t rons is a b imaxwel l ian w i t h T t 
T . The numer ical resu l t s ob ta ined f o r t h i s model are d iscussed in 

X / e 
Sec. I I I . F ina l l y , in Sec IV , we i l l u s t r a t e model I I I f o r wh ich the 

ve loc i t y d i s t r i b u t i o n s of the e lec t rons and h y d r o g e n ions are i so t rop ic 

( t = t H + = 1 ) , whereas the ve loc i t y d i s t r i b u t i o n of the o x y g e n ions is 

assumed to be an iso t rop ic ( T n + t T A + ) . A l l numer ica l ca lcu la t ions K il ,0 1 , 0 ' 

are made fo r the magnet ic d ipole f ie ld along the magnet ic f i e ld l ine 

i n t e r s e c t i n g the magnet ic pole. 
O 

2. INFLUENCE OF AN ANISOTROPY IN THE HYDROGEN VELOCITY 

D I S T R I B U T I O N FUNCTION 

Assuming t ha t at the exobase the ve loc i t y d i s t r i b u t i o n s of the 

e lec t rons and oxygen ions are g i ven by a pseudo Maxwei l ian ( i . e . 
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t = trt+ = 1 or T = T = T and T~+ = T A+ = T rt+). we will 
e 0 e ii ,e i , e 0 ii ,0 i , 0 " 

study the effect of an anisotropy in the velocity distr ibution function of 

the hydrogen ions. Early kinetic model calculations of the topside polar 

ionosphere [Lemaire and Scherer, 1969, 1970] have shown that the 

electrostatic potential at the exobase can be determined by the condition 

W = F H + ( 8 O ) + V ( s o > 
(27) 

which expresses the fact that the electron flux equals the total ion 

f lux. Moreover it was shown that the hydrogen ions move in a potential 

well; i .e. all hydrogen ions are accelerated outwards by the electric 

force, and escape. Therefore the escape flux of the hydrogen ions can 

be calculated by means of formula (3) or, taking into account (A1), 

1/2 
F H + ( s o ) = V V 

with 
1/2 iR+ = ( 2 ^ H+/;imH+) ' nH+(so) 

(28) 

(29) 

The escaping electrons and oxygen ions, on the contrary, have to 

overcome a potential barrier and their escape flux is given by (12) 

which, according to (A3) and (A4), is equivalent to 

F (sQ) = a hCQj) [1 + q j(®)] exp [ - q.. (») ] (30) 

where j stands for the subscripts e and 0 , and where we have used 

the shorthand notations 
-1 

h(Q.) = 1 + erf(Qj) - ^ Q. exp(- Q*) (31) 

Q j = [ q j ( - ) ] 1 / 2 
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S i n c e t he h y d r o g e n escape f l u x d e p e n d s on t,,+ ( t he pa r ame te r c h a -
rt 

r a c t e r i z i n g t he a n i s o t r o p y ) the h e i g h t s of the r e d u c e d po ten t i a l b a r r i e r s 

q.(<») wi l l a lso d e p e n d on t +. D i f f e r e n t i a t i o n of (30) w i th r e s p e c t to 
J n 

ti_i+ y i e l d s n 

d F . ( s ) 
1 

d t + 
H 

d q (o3) 

' - H — j d t H + 

(32) 

w i t h 

a = a Q h(Q ) exp [ - q (») ] 
J J J J J Q j + ^ [ 1 + q j ( œ ) ] h ( V 

• exp [ - q̂ . (» ) ] > 0 (33) 

F rom the d e f i n i t i o n of q ( s ) in (7 ) and ( 8 ) , it fo l l ows t h a t 

q.(oo) = - ( z . e cp(s ) - G m. M/r ) / kT 
J . J 0 J 0 H >J 

and 

d q . (°°) Z . e d cp(s ) 
_ J 2_ 
kT d t + 

Il . j H 

(34) 

(35) 

S u b s t i t u t i o n of (35) in the r i g h t - h a n d s i de of (32) y i e l d s f o r t he 

e l e c t r o n s (Z = - 1) 
e 

d F (s ) e o r d c p ( s ) 
e o e o 

d V kT d t + 
e H 

(36) 

and f o r t he o x y g e n ions (Z q + = + 1) 

d F -+ ( s ) e a + d cp(s ) 
0 o _ 0 o_ 

d V " k v d v 
(37) 
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After differentiation of the relation (27) with respect to t H + , and tak ing 

into account (28 ) , (36) and (37) we obtain 

Th i s shows that the electrostatic potential at the exobase is a de-

creas ing funct ion of the an i sot ropy parameter t H + . Th i s result is 

i l lustrated in F ig . 1 ( c u r ve I ) . Con s i de r i ng (35) and (38) we can 

conclude that the he ight of the potential bar r ie r decreases for the 

electrons (see F ig. 2a, c u r ve I ) and increases for the o x y g e n ions (see 

F ig. 2b, c u r ve I ) , whereas for the h y d r o g e n ions |q H
+ ( 0 0 ) | , the depth 

of the potential well decreases v e r y rap id ly with inc reas ing va lues of 

t H + (see F ig. 2c, c u r ve I ) . 

The electrostatic potential d i s t r ibut ion in the exosphere and the de-

duced electric field are plotted respect ive ly in F ig . 3 and F ig. 4 for 

three model calculations co r re spond ing to the parameter va lues t H + = 

0.25; 1, and 4. Close to the exobase the electrostatic potential is a 

rap id ly decreas ing funct ion of altitude, and the electric field is almost 

independent of the t H + - v a l u e s . At h i gher altitudes the electric field de-

creases with increas ing va lues of the an i so t ropy . A s a consequence of 

th is the electric force acting on the thermal electrons d imin i shes, and 

therefore the escape f lux of the electrons will increase. T h i s result 

follows also from formulae (36) and (38) . Moreover , from (37) and (38) 

we can deduce that the escape f lux of the o x y g e n ions decreases for 

increas ing va lues of t H + , so that the electron escape f lux is almost 

completly balanced by the h y d r o g e n ef f lux. F inal ly, the influence of an 

an i sot ropy in the h yd rogen - i on velocity d i s t r ibut ion pn the flow speeds 

of the electrons and. h y d r o g e n ions is i l lustrated in F ig . 5 where the 

flow speed is defined by 

< o (38) 

W j ( s ) = F j ( s ) / n j ( s ) (39) 

the s ub s c r i p t j s tand ing for e and H + . 
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t = Tm / T a 

F i g . 1 . - T h e electrostat ic potential at the exobase as a 

funct ion of the an isotropy parameter for aniso-

tropic velocity d i s t r i b u t i o n s of the h y d r o g e n ions 

( c u r v e I ) , e lectrons ( c u r v e I I ) and o x y g e n ions 

( c u r v e I I I ) . 
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t = T „ / T i 

Fig. 2a . - The reduced potential bar r ie r he ight for the 

electrons as a funct ion of the an i sot ropy para -

meter for anisotropic velocity d i s t r ibut ions of the 

h y d r o g e n ions ( c u r v e I ) , electrons ( c u r v e I I ) , 

and o x y g e n ions ( c u r ve I I I ) . 
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Fig. 2 b . - The reduced potential bar r ie r he ight for the 

o x y g e n ions as a funct ion of the an i sot ropy 

parameter for an isotropic velocity d i s t r i bu t i on s of 

the h y d r o g e n ions ( c u r ve I ) , e lectrons ( c u r v e 

I I ) , and o x y g e n ions ( c u r v e I I I ) . 
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t = T ( ( / T a 

F ig . 2 c . - The reduced potential well depth for the h y -
drogen ions as a function of the anisotropy para-
meter for anisotropic velocity d istr ibut ions of the 
hydrogen ions ( c u r v e I ) , electrons ( c u r v e I I ) , 
and oxygen ions ( c u r v e I I I ) . 
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ELECTROSTATIC POTENTIAL / V 

Fig. 3 . - The e lect rosta t ic potent ia l d i s t r i b u t i o n in the 

exosphere fo r t h ree d i f f e r e n t hyd rogen ion ve lo-

c i t y d i s t r i b u t i o n s co r respond ing respec t i ve ly to 

the an iso t ropy parameter values t u + = 0 .25; 1; 4. 
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Fig.  4 . -  The  electrostatic  electric  field  distribution  in the exosphere  for  three 

different  hydrogen  ion velocity  distributions  corresponding  respectively 

to the anisotropy  parameter  values  t + = 0.25;  1;  4. 



FLOW SPEED/km s'1 

5.-  The  electron  and  hydrogen  ion  flow  speed  in  the 

exosphere  for  three  different  hydrogen  ion  velo-

city  distributions  corresponding  respectively  to 

the  anisotropy  parameter  values  tH+  = 0.25;  1; 4. 
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3. INFLUENCE OF AN A N I S O T R O P Y IN T H E E L E C T R O N V E L O C I T Y 

D I S T R I B U T I O N FUNCTION 

In what follows we assume that the velocity distribution of the ions 
is given by a pseudo-maxwellian ( i . e . t H + = tQ+ = 1, or = T„ H + = 
Ta h + and Tq+ = T|, Q+ = T x Q+) and we will study the effect of an 
anisotropy in the velocity distribution of the electrons. The escape f lux 
of the hydrogen ions is given by (28) where t H + = 1, and the oxygen 
ion escape f lux is still defined by (30). Hence 

d V ( S o ) 

d t = o (40) 

d F +(s ) Cr o 
d t 

6 V V d »̂o* 
k V d t (41) 

where aQ+ is defined by (33). 

The escape flux of the electrons is now given by (11) which, 
taking into account (A3) and ( A 4 ) , is equivalent to 

F (s ) = a t 1 / 2 A [t , q (®)]/B(Q ) (42) e o e e e e e 

with 

A [ t e , q e ( « ) ] = t f i exp [ - q e ( « ) ] - exp [ - t e q e ( » ) ] J / ( t g - 1) , (43) 

B(Qe) = 1 + erf(Q f i) - S(Qe) (44) 

and where S(Q ) is defined in ( A 4 ) . 



Differentiation of (34), (43) and (44) yields 

d q (°°) e 
"e d t 

e Z d cp (s ) 
_ q ( o o ) _ — 

e kT d t J.,e e 
(45) 

d A [t ,q (°°)1 e e 
d t 

d cp(s ) 
e - Y -rr-e e d t 

(46) 

with 

K = 1 - [1 - ( t e - 1) qe(oo)] exp [ ( t g - 1) q e ( » ) ] j 

. ( t e - 1)" exp [ - teqe(oo)] > 0 

e Z 
= e kT exp [ - t f i q e (® ) ] - exp [ - qe(°°)] / ( t e - 1) > 0 

i . e 

(47) 

(48) 

d B(Q ) 'd cp(s ) e _ , o 
= A. - Li d t e d t e (49) 

with 

e Z 
\ = - , 6 S(Q ) > o e kT e 

-L>e 
(50) 
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= 2 % Q
e
 exp [- Qe

2] - S(Qe) (t - 1) > o (51) 

It can easily be shown that the functions B . v , \ and u are 
e e e e 

positive. Calculating the derivative of the escape flux F (s ) with 

respect to t g , and taking into account the results (46) and (49) yields 

d F ( s ) d <p(s ) 
ƒ ° - T - v - — 2 -
d t e e d t 

e e 

(52) 

with 

I e e e 

v = a t 1 / 2 
e e e 

Pe + [ + M e / B ( Qe ) ] A [ t e ' q e ( 0 o ) ] | / B ( Q e ) > 0 ( 5 3 ) 

ye + \ A tte,qe(«»)}/B(Qe)J/B(Qe) > 0 (54) 

From the zero flux condition (27) and the results (40), (41) and (52) 

the following relation is deduced : 

= tVe + 6 V V / k T 0 + J " ' > 0 ( 5 5 ) 

Hence, the electrostatic potential at the exobase will increase with the 

electron anisotropy parameter t g . This is in accordance with the 

numerical results plotted in Fig. 1, curve II. 

Substitution of (55) in (52) gives 

d F ( s ) 
e o 

d t = e ZQ+ a0+ Te [V
E
 k T q + + eZn+ > o (56) 0+ "0+̂  

which shows that the electron escape flux increases with t . On the 

other hand it can be shown from (34) that 

d q . (°°) 

d t dT 
II > J 

d cp ( s ) o 
d t 

< o (57) 
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where the subscript j stands for 0+ and H + . From (57) it can be 
concluded that the height of the potential barrier that the escaping 
oxygen ions have to overcome, will decrease with an increasing 
anisotropy t (see f ig . 2b, curve I I ) . As a consequence of this the 
oxygen escape f lux f q + ( s

0 ) w ' " ' n c r e a s e ' n order to balance the en-
hanced electron escape f lux , the hydrogen ion escape flux F

H
+ ( S

0 ) 
being constant. From (55) it can be deduced also that |qH

+(°°) j , the 
depth of the potential well of the hydrogen ions, increases with t . 
Th is is illustrated in Fig. 2c, curve I I . The height of the potential 
barrier of the electrons decreases very strongly in the interval t ^ 1, 
for larger values of the parameter t the decrease of q (») is much less 
(see f ig . 2a, curve I I ) . 

The electrostatic potential distribution and the deduced electric 
field in the exosphere are plotted respectively in F ig . 6 and Fig. 7 for 
f ive model calculations corresponding to the values t = 0.25; 1; 2; 3 
and 4. Although the electrostatic potential increases with t , the 
general behaviour is not influenced; near the exobase, cp(s) is a rapidly 
decreasing function of altitude which tends asymptotically to zero at 
greater distances. The electric field decreases with altitude for the f ive 
models illustrated in F ig. 7. 

The relative number densities of the electrons and hydrogen ions 
are plotted in F ig. 8a. The larger values of t correspond to the 
smaller values of the hydrogen ion density. This is also true for the 
electron concentration at higher altitudes. Near the exobase, however, 
the electron number density distribution is an increasing function of t . 
The altitude for which the oxygen ion density becomes negligible small 
as compared with the hydrogen ion density ( i .e . the altitude for which 
n ( s ) = n u + ( s ) ) depends very strongly on the t -value. For t = 0.25 e n e e 
this happens at about 4500 km; for t = 1 at 6500 km, for t = 2 at 
10000 km and for t = 4 above 20000 km. Since for the extreme values e 
of t considered here ( i . e . 0.25 and 4) the electron density changes by 
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Fig. 6 . - The electrostatic potential d i s t r ibut ion in the exosphere for f ive 

different electron velocity d i s t r ibut ions co r re spond ing respect ively to 

the an i sot ropy parameters va lues t = 0.25; 1; 2; 3; 4. 
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ELECTRIC F IELD / v m J 

Fig. 7 . - The electrostatic electric field d i s t r ibut ion in the exosphere for f ive 

different electron velocity d i s t r ibut ions co r re spond ing respect ively to 

the an i sotropy parameter va lues t = 0.25; 1; 2; 3; 4. 



F ig . 8a . - The relative number densit ies of the electrons and hyd rogen ions in 

the exosphere for five different electron velocity d i s t r ibut ions 

co r re spond ing respect ively to the an i sotropy parameter va lues 

t = 0.25; 1; 2; 3; 4. 



less than one order of magnitude, it can be concluded that the oxygen 
ion density decreases much less rapidly with altitude for larger t 
va lues. T h i s is i l lustrated in F ig . 8b, which shows that at 5000 km the 
oxygen ion density is two orders of magnitude larger for t = 4 as 
compared with the corresponding value for t = 1. At 20000 km altitude 
there is a difference of 5 orders of magnitude between the two models. 
T h i s is a consequence of the much higher oxygen ion escape f lux which 
results in many more oxygen ions at higher alt itudes. 

For the hydrogen ions, the escape f lux is independent of t and 
the density decreases with t , s ince the flow speed w H + ( s ) will increase 
with t . T h i s is i l lustrated in f i g . 9 where the flow speed distr ibution e 
of the hydrogen ions is plotted for different values of t . I he fiow 
speed of the electrons is also g iven in F i g . 9. S ince, to a f i r s t 
approximation, the total electron f lux equals the constant hydrogen ion 
f l u x , the behaviour of the electron flow speed distr ibution will be the 
inverse of the behaviour of the electron number density d istr ibut ion; 
i .e . if h g ( s ) is an increasing (or decreas ing) function of t g / then w g ( s ) 
will be a decreasing (or increas ing) function of t . Moreover, the 
altitude at which two c u r v e s ( e . g . t = 1 and t = 2) of the flow speed 6 c 
intersect is the same as the altitude at which the corresponding c u r v e s 
of the number density intersect. Although the flow speed of the oxygen 
ions increases s igni f icant ly with t (several orders of magnitude 
between the model t = 0 . 2 5 and t = 4) the values sti l l remain v e r y e e 
small compared to the hydrogen ion flow speed. 

From the analytical formulae of the state variables summarized in 

Sec I we can calculate the temperature distr ibution by means of 

T ( s ) = \ [ T „ ( s ) + T x ( s ) ] (58) 
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F ig . 8 b . - The relative o x y g e n ion number dens i ty in the exosphere for f ive 

different electron velocity d i s t r ibut ions co r re spond ing respect ive ly to 

the an i sot ropy parameter va lues t = 0.25; 1; 2; 3; 4. 
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Fig. 9.- The electron and hydrogen ion flow speed in the exosphere for f ive 

di f ferent electron velocity distr ibutions corresponding respectively to 

the anisotropy parameter values t = 0.25; 1; 2; 3; 4. 



where the parallel and perpendicular temperatures are g iven by 

T A ( S ) = P^ (s)/k n(s) ( 5 9 ) 

T (s) = [P (s) - mw(s) F(s)]/k n(s) (60) 

The electron temperature and the ion temperatures are illustrated respec-

tively in F igs. 10a and 10b. For t = 1 the electron temperature in the 

exosphere is a monotonic decreasing function of altitude, and larger t -

values correspond to make higher temperatures. For t < 1 the electron 

temperature increases rapidly just above the exobase and reaches a 

maximum, after which it decreases very sharp ly. Th i s is illustrated in 

Fig. 10a for the parameter value t = 0.25. A similar behaviour of the 

electron temperature distribution was found for the values t = 0.1; 

0.5; 0.75. For t = 0.9 (not plotted in Fig. 10a) the electron tem-

perature remains almost constant between the exobase (1000 km) and 

2000 km, but above this altitude T ( s ) decreases. 

The influence of t on the hydrogen and oxygen ion temperatures 

is much less important than on the electron temperature. Fig. 10b 

shows that the ion temperature distr ibutions decrease with t . 

4. I NFLUENCE OF AN A N I S O T R O P Y IN THE O X Y G E N ION V E L O C I T Y 

D I S T R I B U T I O N F U N C T I O N 

Finally we will consider an ( 0 + , H + , e) exosphere in which the 

velocity distribution of the electrons and hydrogen ions is g iven by a 

pseudo-maxwellian (i.e. t g = t H + = 1 or T g = T^ e
 =

 e
 a n d T H + = 

T ,.+ = T u+) whereas the velocity distribution of the oxygen ions is a 
II / H 

bi-maxwellian. To s tudy the influence of t_+ on the electrostatic 
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Fig. 10a.- The electron temperature distribution in the exosphere for five 

different electron velocity distributions corresponding respectively to 

the anisotropy parameter values t = 0.25; 1; 2; 3; 4. 

/ 



Fig. 10b.- The oxygen and hydrogen ion temperature distributions in the exo-

sphere for five different electron velocity distributions corresponding 

respectively to the anisotropy parameter values t = 0.25; 1; 2; 3; 4. 



potential at the exobase, we can proceed as in Sec. 3, since the 
formula for the escape flux of the oxygen ions is given by (42) (after 
changing the subscript e to O ) . The calculations can, however, be 
simplified by noting that for values of t Q + which are not extremely 
large, the total ion flux is, for all practical purposes, given by the 
hydrogen flux, and therefore, to a first approximation, relation (27) 
reduces to 

w = w 
(61) 

where the escape fluxes'F and FH+ are given respectively by (30) and 
(28) in which tLJ+ = 1. The electrostatic potential at the exobase can 
then be determined in a self consistent way by means of condition (61) 
which does not contain thé parameter t Q +. Hence 

d cp(s ) 

d t + " 

and from (34) it follows that 

° ~ o (62) 

d q0+(°°> 
V d t 0 + "O" 

q +(co) < o (63) 

d q (°°) 
J — = o (64) 

d v 

where j stands for the subscripts e and H + . This shows that <p(so), the 
electrostatic potential at the exobase; qe(«°), the height of the potential 
barrier that the escaping electrons have to overcome; and |q H +( ° ° ) | , 
the depth of the potential well in which the hydrogen ions move, do not 
vary with t Q +. The height of the potential barrier the escaping oxygen 
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ions have to overcome will,, decrease with These results are 
illustrated numerically by curves III in Figs. 1, 2a, 2b and 2c. 

The electrostatic potential distribution in the exosphere shown in 
Fig. 11 for the model calculations corresponding to the values t Q + = 
0.25; 1; 2; 3; 4; is an increasing function of t Q +. The electric field 
distributions in the exosphere are plotted in Fig. 12 for t Q + = 0.25; 1; 
2; and 4. Numerical calculations have shown that, for increasing values 
of t Q +, the densities of all kinds of particles increase. On the other 
hand, the escape flux of the hydrogen ions and the electrons does not 
depend on t Q + , and therefore the flow speeds of the electrons and the 
hydrogen ions will decreaise with t Q + as is illustrated in Fig. 13. 

5. CONCLUSIONS 

To our knowledge, no measurements of anisotropies of the ion 
temperatures in the exosphere are available, and the measured 
anisotropic electron temperatures (Miller, 1972; Clark et a h , 1973) show 
that these values strongly depend on the geomagnetic activity and on 
the geomagnetic latitude. From the numerical results discussed in Sec. 
2, 3 and 4, it follows that the effect of an anisotrbpy in the veJocity 
distribution of each species is much more pronounced for an anisotropy 
in the electron velocity distribution than it is for an anisotropy in the 
ion velocity distributions. Reasonable values of t will probably never 
reach the extreme values 0,25 and 4 considered in the present model 
calculations. Therefore jt can be concluded that the polar wind model in 
the exosphere can not be changed significantly by introducing an 
anisotropy in the velocity distribution at the exobase. The great 
advantage, however, of a polar wind model with an anisotropic velocity 
distribution is that the calculated proton temperature anisotropy at the 
exobase is no longer restricted to the constant value 1 - - as it was for 
the earlier kinetic model calculations [Lemaire and Scherer, 1975]. 
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Fig.  11.-  The  electrostatic  potential  distr ibut ion  in  the 

exosphere  for  f ive  di f ferent  oxygen  ion  velocity 

distr ibut ions  corresponding  respectively  to  the 

anisotropy  parameter  values  tQ+  = 0.25;  1; 2; 3; 

4." 
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F ig . 12. - The electrostatic electric field distr ibution, in the exosphere for four 

different o x y gen ion velocity d i s t r ibut ions co r re spond ing respect ively 

to the an i sotropy parameter values t _ + = 0.25; 1; 2; 4. 



F ig . 13.- The electron and hydrogen ion flow speed in the 
exosphere for four different oxygen ion velocity 
distr ibut ions corresponding respectively to the 
anisotropy parameter values t_+ = 0.25; 1; 2; 4. 
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A P P E N D I X A 

For partic les moving in a potential well, as is the case for the 
hydrogen ions, the total number density at the exobase can be 
calculated by means of formula (2 ) which yields 

For a g iven value of the number density n ( s Q ) , the parameter N can be 
determined easi ly by ( A l ) . 
For particles encountering a potential b a r r i e r , as is the case for the 
electrons and oxygen ions, the total number density at the exobase is 
g iven by 

where the partial number densities of the escaping and ball ist ic 
particles are determined respect ively by ( 9 ) and (10) , and (22) . Hence 
we obtain 

n (s Q ) = i N 1 ( A l ) 

n(s ) = n ( E ) ( s ) + n ( B ) ( s ) o o o (A2) 

n ( s Q ) = | N {1 + er f (Q) - S(Q) } 1 (A3) 

with 
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Q = [q(°°)  ] 
1/2 

S(Q)  = < 

exp  [-  Q2] 

fa  Q exp  [-  Q2] 

^ er f  (pQ)  exp  [-  t Q2] 

for K = t - 1 > o 

for t = 1 

for  p2  = 1 - t > o 

(A4) 

and 

2 z 2 
e r f ( z )  = ^ /o  exp  [-  x ] dx (A5) 

Th i s  shows  that,  for  a given  value  n(sQ )  of  the  number  density  at  the 

exobase,  the  parameter  N depends  on  q(<*>)  which  is  proportional  to  the 

height  of  the  potential  bar r ie r . 
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