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ABSTRACT 

A review of the  theor ies  of l i g h t  ion flow from t h e  polar  cap i n  

t h e i r  hydrodynamic and evaporative forms i s  offered, Both types of theor ies  

should be able t o  provide correct  treatments of the phenomenon. Some 

d i f f i c u l t i e s  with the  hydrodynemic theory are  mainly in te rpre ta t ive  a d  should 

disappear i f  the  s o  ca l led  pressure gradient  force term i n  the  equations of 

motion i s  recognized as r ea l l y  i n e r t i a l  i n  nature.  An important new ins ight  

has been provided recently i n  an evaporative theory by the rea l iza t ion  t h a t  

t he  e l e c t r i c  f i e l d  i n  the  exosphere required t o  balance e lect ron and ion 

fluxes i s  qu i te  d i f fe ren t  from the  e l e c t r i c  f i e l d  of g rav i ta t iona l  sepsrrzl.ion 

usually used i n  ionospheric theory, However, an evaporative theory t h a t  i s  

based on r e a l i s t i c  boundary conditions as wel l  as an acceptable e l e c t r i c  f i e l d  

remains t o  be worked out.  The actual  s i t ua t i on  i n  the  polar ionosphere i s  

su f f i c i en t l y  complex t h a t  experimental s tudies  w i l l  undoubtedly be needed t o  

e s t ab l i  sh the  actual  conditions which e x i s t  t he r e ,  



About two years ago Banks and Holzer (1968) submitted a l e t t e r  

e n t i t l e d  "The Polar  Wind" t o  the  Journal  of Geophysical Research, A t  t h e  same 

time Axford (1968) s e n t  t o  t h e  same Journal a note on "The Po la r  Wind and t h e  

T e r r e s t r i a l  H e l i u m  Budget". The Banks a d  Holzer l e t t e r  contained t h e  outl-ine 

of a hydrodynamic treatment of the  outflow of plasma from the  po la r  cap 0% the  

e a r t h  along open f i e l d  l i n e s .  According t o  t h i s  theory t h e  expansion vebocity 

of helium and hydrogen ions could exceed the  speed of  sound a t  a very Pow 

a l t i t u d e .  Such l a rge  flow v e l o c i t i e s ,  a t t a i n e d  i n  regions where ion d e n s i t i e s  

i- +- 
are l a r g e ,  would produce very g rea t  f luxes of  H and He along t h e  tubes of  

nneagnetic f lux  which open i n t o  t h e  t a i l  of' t he  magnetosphere, A s  Axford 

pointed out i n  h i s  l e t t e r  such an e f lux  of helium ions from po la r  regions 

would r e s u l t  i n  a g lobal  loss  of  helium great  enough t o  balance the  radiogenic 

production r a t e  and so lve  the  ancient  problem of t h e  e a r t h ' s  helium budget,  

Others - Nishida (1966),  Bauer (1966),  Dessler and Michel (1966) - 

had discussed the  l o s s  of  ionized hydrogen on open f i e l d  l i n e s  previously,  But 

t h e i r  discuss ion had been based on the  t r a d i t i o n a l  s i n g l e  p a r t i c l e  @sl%is ion-  

l e s s  o r b i t a l  theory of evaporation from an exobase. The Bankrs, Bolzer ,  Axford 

theory was hydrodgPn&c i n  na ture ,  t h e  f l a w  of  plasma being d e t e r d n e d  by 

bulk p roper t i e s  o f  the  m e ~ w  ruld supersonic flow v e l o c i t i e s  f o r  protons were 

a t t a i n e d  far below t h e  base of 'the exosphere, 

The eventuet3, appewance of these  two l e t t e r s  i n  t h e  l i t e r a t u r e  gaw 

rise t o  a cantroversy - mainly between Dessler and C lou t fe r  ( 1969 )  on the  one 

h a n d  and Banks and Holzer (1969) an t he  ~ ' e k l a e f ~  %fie df sagz*eennen% concerns t h e  

qlaestion o f  whether a hydrecl;yn&c o r  s ing&e particle-evaporative apprcrach i s  

more appropriate i n  t r e a t i n g  %he plasma f l e w ,  According %o Dessler and 



CPoutier the Pomer treatment produces something to be c d l e d  a 

while %he second produces, by deMnftiora, a 

whether t he  flow velocity i s  supersonic o r  subsonic i n  e i t h e r  case, More so  

perhaps i n  t h i s  argument than i n  most such disagreements t h e  a s c u s s i o n  

between t h e  par t i es  involved has been conducted i n  pr ivate  ra ther  than i n  t he  

l i t e r a t u r e ,  The author of t h i s  review has been able t o  follow the  developnent 

of t h i s  debate a t  f a i r l y  close hand. He was privileged t o  have several  

pr ivate  discussions with some of the  protagonists during the  period between 

the  subdss ion  of the f i r s t  versions of the  manuscripts of Banks and Holzer 

and sf Axford and t h e i r  eventual publication,  He has a l so  seen some sf t h e  

docments and various revisions of papers whi ch were produced during t h i s  

period, It i s  h i s  strong impression t h a t  posit ions on both s ides  have changed 

d r m t i  c d l y  since the o r i  g ina l  pre-publication confrontation and t ha t  the  

present o f f i c i a l  terms of reference d i f f e r  i n  many deep and m d m e n t d  

respects from those established at first,  Because by now the  dif&rences 

appear t o  be mainly semantic it i s  d i f f i c u l t  f o r  the  un in i t i a ted  observes t o  

understmd why the  debate continues with so  much vigor. The reasons a re  t o  

some extent  h i s t o r i c a l ,  The present shor t  ~ ~ e w  i s  offered as a dc%ipetssionate 

s t t e ~ t  t o  characterize and c r i t i c i s e  the  two va r i e t i e s  of  polar  plasma f l o w  

theor ies  as $hey now e x i s t ,  with an occmional reference to %he ear ly  and 

c w e n t  eontroversi es  , 



I n  t h i s  review the  model of the pol= wind which w i l l  be discussed 

w i l l  be t h a t  of Banks and Holzer (1969a, 1969b) i n  i t s  m s e e c e n t  published 

manifestat ion,  Unless a previous version i s  e q l i c i t l y  r e fe r red  t o  it should 

be assumed t h a t  the  current  theory i s  being discussed. This ,  t h e  most recent 

tmatment  by Banks and Holzer (1969eb, 1969b) begins w i  t h  a model atmosphere 

9 9 + 
i n  which Q and He ions a r e  crea ted  by photoionizat ion and H i s  produced 

+ 
by charge t r m s f e r  between 0 and H ,  I n  t h e  lower F2 region ion chemistry and 

"emsport  processes share i n  determining the  ion d e n s i t i e s ,  Above a c e r t a i n  

d l i t u d e  - 600 t o  1000 krn depending on t h e  model - t r w s p o r t  becomes d o ~ n a n l .  

9 
In t h i s  region,  where t h e  p r i n c i p a l  ion  i s  0 , the  e lec t rons  and t h e  saeygen 

ions are virtuaZly he ld  i n  d i f f u s i  ve equil ibrium with t h e  he lp  of the  e l e c t r i c  

f i e l d  s e t  up by g r a ~ t a t i o n a l  separat ion of ions and e1ectrons . I n  t h e  

c o n e n t i o n a l  theory of t h e  top-side hydros ta t ic  ionosphere t h i s  f i e l d  i s  

given by t h e  Pannekoek (1922) - Rosseland (1924) PormnuPa 

This force  i s  s u f f i c i e n t l y  l a rge  t o  compensate f o r  the  tendency of t h e  

e lec t rons  t o  a s t r i b u t e  themelves  i n  t h e  g r a ~ t a t i o n a l  f i e l d  with a s a c l e  

height  g r e e t e r  t h m  t h a t  s f  oxygen by %he r a t i o  of the  a t o d e  slSygen %o elec t ron 

mmses, Bu% the  Field i s  much t o o  g rea t  m ~ l y  $0 hold the  l i g h t   nor ions 
+ 4- 

M a d  H e  in d i f a s f v e  equ i l ib r im,  PC6 ae~e$er&%es them up~rard a d  a m a s s  

f l o w  results. 33.e f l a w  is impeded by the $"rfc%ionaP drag which r e su l t s  

mostly from Coaorab esllfsisxas of t he  l i g h t  ions with o;s3"gen ions, k c c o s a n g  

t o  t h e  o r i g i n a l  mdeP sf Banks an6 Holzer (1968) supersonis speeds ( g r e a t e r  



-I= 
then were a t ta ined by the %a f l u i d  w e l l  belov 1000 kma, %-foweve~$, 

+ 
%his  r e s u l t  was obta ined  far  a very &nsmaE ad hsc O ~ s t r i b u t i o n  - one i n  

+ 
which the  0 sca le  height  w a s  t h a t  of n e u t r a l  oxygen, I n  %heir recent  models 

Banks a d  Holzer pm&c"c more g r a d u a  a c c e l e r a t i  on t o  Flow velocities 

exceeding Mach 1. Nevertheless, these  flows r e s u l t  i n  very l a rge  escape 

8 -2 -1 + 6 fluxes,  of  t h e  order of 5 r 10 cm s e c  f o r  H and 2 x 10 sec-l  for  

-% 
He 

The c o n t r o m ~ s y  which has followed t h e  mnouncement of the  or ig in& 

Banks a d  Holzer paper i s  reminiscent of t h e  Parker-Chamberlain debate which 

p i t t e d  P w k e r f s  hydrod;ynmic s o l a r  wind agains-i; Chmberlain 's  evaporative 

s o l a r  breeze ,  (See Dessler ,  1967.) Dessler  and Clout ier  (1969) have argued 

t h a t  most of t h e  aceelera t ion of l i g h t  ions  would o e c w  i n  t h e  exosphere. 

There, c o l l i s i o n s  would be so infrequent t h a t  t h e  flow should be describable 

i n  t e r n s  of  t h e  standard s ing le  p a r t i c l e  orbi"c  theory of atmospheric escape 

modified by t h e  g r a ~ t a t i o n a l l y  induced e l e c t r o s t a t i c  f i e l d  of Eq. ( I ) ,  

DessEer and Clout ier  have objected p a r t i c u l w l y  t o  a l i g h t  ion  pressure 

gradient  term i n  t h e  h y d r o d y n ~ c  equations of moeion, h d  indeed it i s  

& f f i c u l t  t o  understand the  concept of hydrogen ions  exer t ing  a force on t h e  

wdrogen ion f l u i d  throu& a gradient  i n  t h e  hydrogen ion p r e s s w e  i n  a region 

+ + 
where t h e  K , H mean f ree  path i s  s o  long t h a t  these  ions cmnot  be regmded 

as i n t e r a c t i n g  d i r e c t l y  with each other ,  This problem has caused conceptual 

a f f i c u l t i e s  l o r  mmy who have t r i e d  t o  wnderstand t h e  h y d r o d p e c  version 

4= + 
of the  B m d  H e  p o l w  wind. 

This d i f f i cu l t y  as  sepmate from t h e  question of" whe"&er the  

hydrogen ion  pressure tenser e m  be rep~pessented as a s c d a r  %hrou& the 



over t h e  d t i t u d e  r w g e  i n  quest ion,  That i s ,  even i f  i t i s  grisnted t h a t  

+ 9 
e o l l i s i o n s  between H and t h e  more abundernt 0 ions are  frequent enoufTh, as 

4 
Btmks and Holzer a s s e r t  (without p roof ) ,  t o  r a n d o ~ z e  t h e  H v e l o c i t i e s ,  t h e  

9 + + 
fist remains %hat H co l l i s ions  with H ions are  needed if a r e a l  H pressuFe 

g r a a e n t  force i s  t o  e x i s t ,  (1969a, l969b) indeed has examined a 

simple andae?;ous case of d i l u t e  gas flowing through a porous plug, He f inds  

t h a t  rmdodziiilg @olUs ions  of gas molecules with a dense matrix of seae te r ing  

spheres 6a.n m & n t ~ n  t h e  p a r t i a l  pressure tensor  essen-kiially ios%ropic  i n  

s p i t e  sf the  m a s s  f l m  m d  t h e  low densi ty  of gas moleculles. But %his 

demonstration obviously has only a p l a u s i b i l i t y  value f o r  t h e  question st hand. 

9 9 
h d  it has not  mu& t o  say t o  t h e  problem of t h e  H - H aeeeleratiow. 

Resolut i on of t h e  problem depends on reeogni zing t h a t  the  pressure 

gra&ent tern i n  t h e  hy*odynec f l u i d  equation of motion represents  a force 

p e r  u n i t  volurae only i n  t h e  sense t h a t  ran i n e r t i a l  force i s  a force. It has 

as m c h  r e d f  t y  as c e n t r i f w a l  o r  s a r i o l i s  forces do, It i s  perfec%ly 

p e r ~ s a i b l e  t o  regard it as a force f i e l d  ac t ing  an t h e  f l u i d ,  bu t  i t  i s  not  

t o  be e m e e t e d  t h a t  a physical  source f o r  such a f i e l d  can be i s o l a t e d .  The 

pressure g~etuen- t  " = d l y t t  represents  a gradient  i n  the ne t  parol;iele momentturn 

per  wi t  aapea, Thus, i n  Newtonts second law of motion, it i s  t o  be f o m d  on 

t h e  i n e r t i a  o r  r i g h t  h m d  s ide  of t h e  equation, F = dpfdt  i n  9un fneE-l;i& 

coo rana t e  syslem, 

I n  f ac t ,  s t a r t i n g  w i t h  %he Bsltmmn equatf on in an i n e r t i d  system 

afid evduaenng t h e  average Lima variazion o f  the moment-m per mi% vol~me sf 

the  a t h  species i n  a n a y  cowonen$ f l u i d  l ea& %s the %&liar equation of 



S s 
where Fi i s  the  force ac t ing  on each p a r t i c l e  of the  s p e c i e s ,  v i s  .a some- 

what syzibolic llaver&gell c o l l i s i o n  frequency and t h e  o the r  terms have obvious 

d e f i n i t i o n s  ( ~ 0 1 %  and HaskePl, ~ 9 6 5 ) ~  The two t e r n  on the  l e f t  hand s i d e  of 

( 3 )  can be regarded as giving the  t o t a l  ex te rna l  f ~ r c e  ac t ing  on a u n i t  volume 

of the  s t h  species .  The second of these i s  a f r i c t i o n a l  o r  drag force,  The 

f i r s t  term m i & % ,  f o r  example, be the  sum of g r a ~ i t a ~ t i o n a l  and e l e c t r o s t a t i c  

f i e l d  f a r c e s .  The s i g h t  hand s i d e  of ( 3) i s  j u s t  the  net; r a t e  of charge per  

u n i t  volume of the  momentum of  t h e  species ,  The two i n e r t i a l  terms t h e r e  

a t t e s t  t o  t h e  f a c t  t h a t  the re  a re  two ways i n  which t h e  momentum densi ty  of 

t h e  s t h  species  can change as  a r e s u l t  of forces a c t i n g  i n  a volume element 

which i s  f ixed  i n  the  coordinate system and through which the  f l u i d  i s  moving. 

lit can change e x p l i c i t l y  with time o r  as  a  r e s u l t  s f  a s p a t i a l  d i f ference  

be-tween t h e  mount of momentum flowing i n t o  and out  of the  volume element. 

Use of t h e  c s n t i n d t y  ( f i r s t  moment) equation p e r n i t s  ( 3 )  ts be w r i t t e n  i n  the  

where each term an the ri&t h w d  side is still e q l f c i t l y  iner"i;al, %he 

first t e r m  esld the second a r e  t r a d i t i o n a l l y  reeogrrized as i n e r t i d .  The 



second s c c o w t s  for  momentum ehmg~es which r e s u t  from s p a t i d  var ia t ions  i n  

the mean f l o w  veloci ty ,  The %bird -&em atn-comes f o r  a ehgzaage of moenentm 

because of a s p a t i d  var ia t ion i n  the r a t e  at which momentu i s  t rans fe r red  

across a surface moving with t he  mean veloci ty  of the species,  it i s  t h i s  

term which can be defined t o  be 

where Y is  the  pressure  tensor. I n  turn  ( 5 )  may sometimes reduce t o  
ik 

where the s ca l a r  pressure i s  given by 

I n  the case of quasi-eqdlibrium, with the  help of an energy equation, the 

p ~ s s u r e  may be re la ted  t o  the  species temperature through 

mus, for  a sifnple one dinnentionill s t e a w  s t a t e  flow ( 4 )  can some- 

t i e s  be writ%en in $he for= 



S p e c i d  cases, such as the diffusive equilibrium of a n e u t r a l  gas species i n  

e% graetebt ional  f i e l d ,  

e m  be i n t e r p r e t e d  i n  terms of momentum changes under the  influence of a force 

as wel l  as t h e  t r a d i t i o n a l  form i n  which t h e  downward d i rec ted  g r a v i t a t i o n a l  

force pe r  u n i t  v o l w  is balanced by t h e  upward ( i n e r t i a l )  force  exer ted  by 

t h e  pressure gradfento  In  the  dynamic i n t e r p r e t a t i o n  the  g r a v i t a t i o n a l  force 

ac t s  t o  e x t r a c t  from the  gas moraentum which has been imparted t o  it by contact  

with a hot  surface  such as t h e  ea r th .  O r  f r e e  expansion of  a gas i n  a force 

f r e e  region described by 

(with s u i t a b l e  boundary condit ions)  can be regarded as an accelera t ion of 

f l u i d  motion produced by s pressure gradient  force per  u n i t  volume and usua l ly  

i s ,  But it can a l s o  be understood as a constant momentum flow with interchange 

poss ib le  between two f o m  of momentm, one representing t h e  momentw t r a n s f e r  

by rmdorn motion of p a r t i c l e s  across a surface moving with t h e  f l u i d  and t h e  

o t h e r  being the  momentum of  t h e  mean f l u i d  motion nS as (us) . I t  r a r e l y  

m&es my dtf ference  which point  of view i s  adopted except i n  a ease l i k e  t h a t  

+ + + 
~f the  H flow i n  t h e  polar  wind where, throu& t h e  i n t e r ~ n l i s n  of B , O 

+ 
c e P l f s i m s  there mar exist a scalar p a d i d  H p E s s u r e  gradient even thou& 

+ 4- 
H fens do no t  coll ide w i t h  M i o n s ,  Mere Lo regard t h e  pmssure gra&ienl  as 

4- 
accelerating the H f l a w ,  is ve%y ~rtifi~i;La. - like t ransforafng t o  a rotat ing 



ccaordina* ssy.s"c;m w l a e x  no mraqgr-go-rowd e x i s t s ,  BuL to regard the  eonbination 

-t- 
of e l e c t r i c ,  gravit&tionaL m d  f r i c t i o n a l  forces as prac%haeing a smdom B 

momentum gradient as wel l  as ew orgarnized ne t  f l u i d  acceEeration is  per fec t ly  

n&waE, The continuity equation w i l l  determine the apport ioment between 

t h e  two momentum terms. 

In  the  ionosphere t he  volume force on an ion ic  species i s  taken t o  

be 

care m u s t  be exercised i n  determining the  e l e c t r i c  f i e l d .  If no more than a 

condition of quasi e l e c t r i c a 3  neutral5 t y  

i s  imposed t he  r e s u l t  is  the  t r a d t i o n l z l  Pmnekoek-Rosselarad f i e l d  (1). 

Recently, however, Lernaire and Scherer (1970) as we l l  as dockers (1969) ( i n  

connection with the  so l a s  wind) have emphasized t h a t  such a f i e l d  w i l l  not 

pareqtee epuaLity s f  pos i t ive  ion and e lect ron Fluxes. Indeed, i n  the  

presence of such a f i e l d  i n  t h e  exosphere electrons w i l l  escape wi th  a f lux 

exceeding the posi tave ion flu by a% least the square root, of t h e  ion  %o 

elect ron mass ratis. Suck a s t a t e  of sff&rs i s  impossible, sf course In 



t h e  Pace of t h i s  tendency f o r  the bezse of the emsphere t o  becoae posi t ively  

charged the  e l e c t r i c  field, will incr-ease in the exosphere, The ion  f l u  will 

correspondingly increase and the  electron f l ux  will decrease until the t w o  are 

equal, Thus it i s  t o  be expected t ha t  the e l e c t r i c  f i e lds  w i l l  be l a rger  and 

the  ion ve loc i t i es  greater  i n  t h e  exosphere than otherwise would be cF1,Lculated, 

In  the hydrodynamic theory of Banks and Holzer it would appear t ha t  the 

ambipolar character of the  flow i s  preserved t h r o u a  the e x p l i c i t  imposilfou?, 

of a condition t h a t  the ion and electron fluxes be equal. 



Lemaire rtnd Scherer i n  t h e i r  ca lcula t ion have considered the  escape 

4- 
of H ions  i n t o  the  magnetospheric t a i l  when t he  e l e c t r i c  f i e l d  i n  the  

exosphere is  modified t o  insure not only ( v i r t u a l )  charge neu t r a l i t y  bu t  equal 

ion and e lec t ron  fluxes as well .  Theirs  i s  an evaporative type of ca lcula t ion 

+ + 
i n  which the  dens i t i e s  of 0 , H and e lect rons  a re  f ixed at the  base of t he  

exosphere (2000 km fo r  Te = Ti = 3000°~), the  ions and e lect rons  are  assumed 

-to be i n  a Maxwell-Boltzmann d i s t r i bu t i on ,  and the  escape fluxes determined by 

%he veloci ty  of d i s t r ibu t ion  a t  the  exobase and the  f i e l d  configuration above. 

9 + 
They obtain the mass flow ve loc i t i e s  of 0 , e and H and the  outward f luxes ,  

+ 
The e l a s t i c  force varies from 0.5 m ( ~ ' ) ~  a t  2000 km thraugh about 0 .& m ( O  ) @  at 

+ 
6000 km t o  l e s s  than 0 .1  m(0 ) g  tlbove 10,000 km. I n  the  neares t  comparable 

model of Banks and Holzer the force i s  much smaller  - 0.12 and 0 .Oh i n  t he  sfme 

+ 
uni t s  at  5000 km and 6000 km. The H ve loc i t i e s  i n  the high f i e l d  evaporative 

model a r e  correspondingly l a r g e r  than i n  t he  hydrodynamic model a t  comparziPle 

a l t i t u d e s  - about 13.5 km sec-l compared t o  5.5 km seccl a t  4000 km f o r  

examgle , 
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Unfortmately, these compmisons lose  most of t h e i r  s i gn i f i cmce  

when i t  i s  a~ealized thak the model chosen by Lemaire and Scherer d i f f e r s  

r a d i c a l w  from m y  of those s tudied by Bmks and Holzer, The e'osmael- authors 

+ + 2 
have fixed the respective number densi t ies  of H and 0 t o  be 10 and 

2 9 x 10 cm3  a t  2000 km. The c loses t  approximation t o  t h i s  model cons iden4  

by Banks and Holzer is  t h e i r  case fo r  Te = Ti 3 3000'~ and TN = 1000°K. I n  

9 + 
t h a t  case the  H density at 2000 km is  about 4 r l o2  cma3 and the  0 density 

3 -3 9 1 .5  x 90 cm . It is  par t ly  because of the reduced H density t h a t  Leandre 

- 1 and Scherer f ind a proton escape f lux of only 2 x 10' sec  where Bmks 

8 -2 -a 
a d  Holzer get 2,7 x 10 em see  f o r  t h e i r  model, A t  high a l t i tudes  (above 

4- 
$000 km) the  r a t i o  of H number densi t ies  i s  about 10 f o r  the  two cases,  

The question of which model i s  more r e a l i s t i c  cannot be answered by appeal t o  

experiment i n  view of the recent asser t ion by Hoff'man iuld h i s  coworkers (1969) 

t h a t  m y  previous l i g h t  ion density measurements may have given values much 

too  lapgee 

4- 
Related t o  the  question of whether the  H number dens i t i es  in .  %he 

Banks and Holzer models w e  too large is the  f ac t  t ha t  these models begin 

with very large  neu t ra l  hydrogen dens i t i es  - more than twice those which 

+ 
Lymm a and Ba.lmer a airglaw emission r a t e s  would supporto The large H 

dens i t i es  and fluxes are a consequence and so  are  the  large  vePticaL flows 

9 
o f  0 r e q ~ r e d  t o  supply the  ions for charge exchmge with hydrogen. The flow 

f 
of O need ns% cora$inue beyond the  prodtlc%ism% zone a~il i n  fac t  "chero w i l l  be 

s return dswaward f l ux  of neutral smgen a"6;m La camter i%, But the flow o f  

+ 
B outward mus"c'be suppl ied  by neu t ra l  hydrogen atom r i s i n g  thmugh the  

thermsphere ,  It i s  t o  he emphasized &so t h a t  %he escape fluxes calcule,ted 



by Bmks %u%$ Iiolzer are a factor o f  about Wo larger -k;l.aa~ the r a t e s  at which 

f r i c t i o n  w i l l  allow hydrogen a tom t o  emerge from t h e  mesosphere, Thus i f  these 

9 
H ve loc i t i es  are r e a l i s t i c  the  ve r t i c a l  hydrogen ion flow over the polar cap 

w i l l  require appreciable l a t e r a l  flow of hydrogen a t  high aLtitudea from lower 

9 
l a t i t udes  or the  hydrogen (and H ) number densi t ies  w i l l  drop a t  high a t i t u d e  

and br ing  down the  e f f l ux  t o  a l eve l  t h a t  diffusion i n  t h e  lower thermosphere 

can support.  Meier (1970) has noticed a pronounced deficiency i n  t he  L p a  a 

airglow below 400 km over t he  polar  cap, indicat ing very great  depletion of 

neu t ra l  hydrogen i n  t he  thermosphere there.  It i s  possible t ha t  t h i s  

observation i s  a manifestation of such an e f f e c t ,  

9 
Banks and Holzer f ind  t h a t  the  flow of 0 p e r s i s t s  above the l e v e l  

9 4- 
where it i s  required t o  support the  H production, The calculated 0 ve loc i ty  

2 
which i s  of t he  order of 10 rn sec-l  a t  a few thousand kilometers seems large .  

6 
Lemaire end Scherer calcula te  an 0 velocity l e s s  than 1 cm sec-l  a t  these 

al%itudes even i n  the  presence of the  stronger e l e c t r i c  field of t h e i r  model. 

In  t he  Lernaire, Scherer calculat ion it i s  assumed tha t  no irnpozf;mt 

upward flow has developed below the base of the  exosphere other than the  

di f fus ive  flow requixed t o  supply t he  evaporative escape flux.  I f  a@celera"son 

of l i g h t  ions by the  gravi ta t ional ly  induced e l ec%r i c  Field below the  exobase 

has produced a mass fLm velocity which i s  an appreciable f ract ion of escape 

9 9 + 
w%oc i ty ,  even though H , 0 col l is ions  have maintained the H ions i n  

t hema1  equilibrium, the evaporative treatment would need modification be fore 

i k  C O U ~ ~  he compared with a Eaydrommic f l u id  ealcula l ion,  



ary t h e  present  s t a t e  of a f f a i r s  appears t o  he as follows. 

In  the  h y d r o d y n d c  treatment a more convincing demonstra"ton i s  s t i  ll needed 

4. + 4. + 
t h a t  H , 0 and He , 0 c o l l i s i o n s  j u s t i f y  regarding the  light Ion pressure 

as  i s o t r o p i c ,  Other models, involving l e s s  hydrogen should be considered md 

+ 
the  problem of supplying n e u t r a l  hydrogen and 0 ions during the  n ight  %o thl?. 

charge exchange react ion zone over t h e  po la r  cap must be at tacked,  ( ~ e s s l e r  

md Mchel  [1966] discuss some of these  problems. ) In  the  orbital-evaporatfve 

theory %he important modification of t h e  e l e c t r i c  f i e l d  introduced by Lemaire 

wid Seherer and by Jockers o f f e r s  the  hope of reconcil ing t h e  evaporative and 

hydroQne%&c theor ies  - not only f o r  the po la r  wind/bn'eeze but  f o r  t h e  s o l a r  

wind as we l l ,  However, i n  t h e  case of t h e  polar  problem some more a t t e n t i o n  

t o  the  lower boundary conditions and the  use of models eompar~ble wi th  those 

used i n  t h e  hydrodynamic treatment i s  indicated .  Both types of treatment 

should l e a d  t o  coneordmt r e s u l t s ,  It i s  o b v i ~ u s  t h a t  i f  appreciable mass flow 

i s produced below %he baropause r e s o r t m u s t  be had t o  a hydro@namie type of 

approach i n  t h a t  region t o  f i x  t h e  lower boundary conditions f o r  a s t r i c t l y  

o r b i t a l  exospherie ca lcula t ion,  Some argue t h a t  t h e  individual  species  

coupled equations of mo"con solved by Bmks and Holzer are  not t r u ly  hydrodynmie 

i n  t h a t  t h e  hydromamie a p p r o ~ m t i o n  c a l l s  f o r  all csns%iluen%s i n  a 

c o n t i n u  f l u i d  t o  flow toge the r ,  This i s  pa r t  of the  semmt ie  quar re l  

reP"erred t o  i n  t h e  in t roduct ion,  U1-t-inately t h e  fmpo&m% question i s  whether 

~ 1 %  of %he cmefal physics i s  contained i n  t h e  tqua.$ioxlis, whether t h e  boundwy 

con~tirsns a r e  r e d a s t i  c a d  whether approxirc;st%ons ewbsyed are neat %as9 

severe.  At %he present ,  w i ~ h  the % m p e > i C a t  exceptions noted,  there seem Lo 

be no r e s o n  t o  suspect f a i l u r e s  i n  t h i s  regard i n  e i t h e r  t h e  B u s - H o l z e r  o r  



Lemaire-Schees ealcula"r,ions. The suspicion i s  skmug,  howe'lrer, %ha% resolut ion 

of a l l  controversy w i l l  be provica(?dl as it was i n  t he  solar wind, by some 

defini.ti9re experiments of the s o r t  already begun by Hoff'mm (6970). 
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