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O+, H+ and He+ ion distributions in a new polar wind model 
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Abstra&--In this paper it is shown how the hydrodynamic solutions of the polar wind can be 
fitted to the kinetic solutions applicable to the upper ionospheric polar regions where the 
Coulomb collisions are negligible. The bulk velocity and density distribution of the O+, H+ 

and He+ are determined for boundary conditions deduced from the OGO 2 observations by 
TAYLOR et al. (1968), and for unequal ion and electron temperatures. The results are compared 
to the observations of HOFFMAN (1971) (Explorer 31) near 3000 km altitude. 

&u&-Dans ce travail on montre comment on peut raccorder les solutions hydrodynamiques 
du Vent Polaire aux solutions cinetiques applicables aux regions superieures de l’ionosphere 
polaire oh lea collisions Coulombiennes sont negligeables. Lea distributions de vitesse moyenne 

et de densite des ions O+, H+ et He+ sont donnees pour des conditions de densite a 950 km 
deduites des observations de TAYLOR et al. (1968) (OGO 2) et pour des temperatures ioniques 
et Bleotroniques i&gales. Lea resultats sont compares aux observations de HOFFMAN (1971) 
(Explorer 31) au voisinage de 3000 km d’altitude. 

1. INTRODUCTION 

IN A RECENT paper, DONAHUE (1971) has clearly described the differences between 
hydrodynamic and exospheric Polar Wind models. He pointed out that both 
approaches are not contradictory but must be considered as complementary. The 
hydrodynamic model calculation introduced by BANKS and HOLZER (1968, 1969) 

or more recently by WUBASHI (1970) is appropriated for the collision-dominated 
region (ion-barosphere), while the kinetic approach outlined by DESSLER and CLOTJ- 

TIER (1968) and developed by LEMAIRE and SCHERER (1970,197l) can only be used 
in the collisionless region of the polar ionosphere (ion-exosphere). 

These two broad regions are separated by a narrow transition layer (100-200 km 
thick) where the Knudsen Number (Kn = the ratio of the Coulomb mean free path 
and the electron density scale height) increases rapidly from values much smaller 
than one to values larger than one. Neither the hydrodynamic Navier-Stokes 
equations, or any other higher approximation of the general transport equations 
(HOLT and HASKELL, 1965; CHAPMAN and COWLING, 1970), nor the kinetic or com- 
pletely collisionless theory can describe precisely the structure of this transition 
region. More suitable mathematical techniques must then be used, e.g. Monte- 
Carlo or Particle In Cell (PIC) methods. Until accurate observations of this transition 
layer are available, it is probably not yet necessary to go into these details; it may 
therefore be assumed that the barosphere and exosphere are separated by a surface 
called the Baropause. This is defined as the level where the velocity dependent 
deflection mean free path of the charged particles, 1, becomes equal to the electron 
density scale height, H, i.e. where Kn = 1. 

BANKS and HOLZER’S (1968, 1969) polar wind model is represented by the critical 
solution of the hydrodynamic transport equations in their Euler approximation. 
This is the unique hydrodynamic solution which, if prolonged in the exospheric 
region, would give a sufficiently small (scalar) pressure at very large radial distances. 
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The solution passes through a singular point which is a mathematical singularity for 
the non-linear differential equations considered. This singular point is at the altitude 
where the bulk velocity of the lightest ions changes from a subsonic to a supersonic 
flow regime. 

When O+ is the dominant ionic constituent, it has been shown by BANKS and 
HOLZER (1969) that the value of Kn at the singular point is slightly larger than 
1.18, if the electron and ion temperatures are equal. Consequently, the baropause 
(where Kn = 1) is located below the altitude of the singular point (where Kn 2 1.18). 
A similar result is obtained by MARUBASHI (1970) and is clearly shown in the Fig. 
14 of his paper. Therefore the singular point of the hydrodynamic theory is located 
in the exospheric region, and a kinetic theory can be used to describe the transition 
from the subsonic to the supersonic flow regime. Instead of prolonging the hydro- 
dynamic solution above the baropause into the collisionless region, where its validity 
is a priori not easy to prove, we show in this paper how it is possible to extend the 
model by a kinetic type of solution. 

In LEMA~RE and SCHERER’S (1970, 1971) kinetic models, only the collisionless 
part of the polar ionosphere has been considered. The baropause was fixed at an 
arbitrary height of 2000 km where they assumed reasonable values of the 0+ and 
H+ ion densities and temperatures. 

As more precise experimental ion concentrations of the topside polar ionosphere 
are now available, we will use them to calculate new models, and show how it is 
possible to fit the hydrodynamic models for the barosphere to the kinetic models 
of the exosphere. 

A comparison of hydrodynamic and exospheric calculations has been presented 
by HOLZER et al. (1971). They have shown that the density and bulk velocity profiles 
obtained in both approaches are not much different if the same boundary conditions 
are chosen at an exospheric level where the Knudsen number is larger than 1, 
and where the flow velocity is already supersonic. This results from the fact that 
the collisionless transport equations (governing exospheric models) and the hydro- 
dynamic equations have the same leading terms when the collisions are unimportant, 
and when the bulk velocity is significantly larger than the sonic velocity. 

2. TRE MODEL 

From the OGO 2 mass spectrometer measurements (TAYLOR et al., 1968), it can be 
deduced that no+ = 7 x lo3 cmA3 and n =+ = 3.2 x lo2 cmB3 are typical ion con- 
centrations in the dusk region of the sunlit polar cap at an altitude of 950 km, and 
for a dip latitude of about 85”s. We have used these values and an electron density 
of n,- = 7320 cmUa as boundary conditions at the reference level of 950 km. Assuming 
a constant electron and ion temperature of 2500°K and a neutral atmospheric model 
of 1000°K (NICOLET and KOC~ARTS, private communication), we integrated the 
hydrodynamic continuity and momentum equations described by BANKS and HOL- 
ZER (1968, 1969). 

The H+ ions are produced by the charge exchange reaction (H + 0+ -+ H+ + 0), 
and they are supposed to diffuse through a medium constituted of H, 0 and He 
atoms, O+ ions and electrons in near static diffusive equilibrium. If nR+ and wn+ are 
respectively the Hf number density and bulk velocity, the continuity equation 
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and the Euler approximation of the momentum equation are respectively 
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nn+wu+A = nH+(h&H+&) A@,,) + [&H+ - &+)A dh = &f(h), (1) 

- w$ (yH+.O+ + vH+,H + vH+.He + vH+,O) - ( y) 1 + 

with 

kT=+ 
ca=-, 

mH+ 

W+ is the mass of the j-particles; Jc the Boltzmann’s constant; A is the section 
of the flux tube: A cc r-8; r is the geocentric radial distance ; and g is the gravi- 
tational acceleration at the altitude h. The term Te-m,+g/( T,- + T o+)mH+ corre- 
sponds in (2) to the upward electrostatic acceleration if nH+ < no+. (This last 
inequality is well satisfied in the collision-dominated region of the polar ionosphere 
where the hydrodynemic approximation will be considered.) The electrostatic 
polarization field is set up in the plasma by gravitional charge separation and results 
from the long-range interactions (Coulomb collisions with impact parameters larger 
than the Debye length, Ao) of the charged particles in the plasma. 

(3) 

The third term in the r.h.s. of equation (2) is the frictions,1 deceleration due to 
collision of H+ with the neutral atoms and 0+ ions (Coulomb interactions with 
impact parameters smsller than ;2,). The collision frequencies, vn+$, the production 
rate, qH+, and the loss rate, Zu+, are taken from BANKS and HOLZER (1969). 

Equation (2) was integrated by the Runge-Kutta method for boundary values 
at the reference level of 950 km altitude. 

The solid lines in Fig. 1 show a family of hydrodynamic solutions corresponding 
to different hydrogen ion bulk flow speeds, wu+, or upwrtrd diffusion fluxes, Pu+, 
at the reference level. These H+ diffusion fluxes range from Fn+ = 6.4 x lo6 cm-2 
set-1 to 3.2 x 10' cm-2 see-l at 950 km altitude for the curves shown in Fig. 1. 

The total collision frequency, vH+, and the mean free path of the H+ ions have been 
calculated at each altitude. These quantities are de&red by 

and 
vH+ = vH+,c+ + vH+,H+ + vH+.H + vH+,O + vH+,H~ (4) 

&+ = *H+, (5) 

where the partial collision frequencies, v~,~, are quoted from BANICS and HOLZER 
(1969) and SPITZER (1956). The vertical bars in Fig. 1 show the baropause altitude, 
h,, where I n+ is equal to the electron density scale height, 

(6) 
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Fig, 1. Hydrogen ion bulk uekx&y versus altituda. The solid fines on the right 
hand side correspond to a family of hydrodynamic (type f and 2) solutions for five 
difF%rent values of the upward H+ bulk velocity at the reference level of 950 km. 
The ion and electron temperatures ar% squal to 2500’K. The vertical lines on each 
of these curves show the baropause altitudes. Only on% of these solutions fits the 
kinetics solution shown by the solid lin% on the left hand side. The dot$ed line 
cormsponds to ths solution when T,- = Tit = 3000°K. In aI1 of these models 
the n%utral particles are distributed according to the Xieofet and Kockarts model 
with a temperature of 1000°K. For comparison the dashed line gives Q+ in a 
kinetic model whose bttropause would be at 950 km and Xe- = Ti+ = 3000°K. 

Above this level the Coulomb collisions with imp&z parameters smaller than 
the Debye length, iz,, become negligible. The global effect of the long-range particle 
in~r~~tion~ ~~oulomb ~ol~~io~ with impact parameters larger than &J can be 
described by a polsrixation electric field E. For steady state conditions this electric 
field is derivable from a potential, BD,, whose altitude dependence is determined 
to maintain the local and global quasi-neutrality. 

From Liouville’s equation which reduces here to Vlusov’s equation, it can be 
shown that the density of particles in phase space is oonstsnt along the partiole 
trajectories 

f(v, h) =fh fL,l. (7) 
Therefore if f(v,, h,) is determined at the baropause, the velocity distribution 

and its moments (density, flux, pressure . . . ) are determined at any altitude in the 
exosphere. The resulting density, flux, pressure tensors, etc. distributions are 
solutions of the ~ollisio~ess transport equations. 

Any parametric functioa of the velocity v,, whose Y first moments are equal to the 
Y corresponding moments of the actual velocity distribution can be chosen for 
f(v,, h,). In the following paragraph a! one-parametrio Maxwellian function is 
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chosen for each kind of particle j, 

0 ; for zloll < 0, and v. > wl,escaP 

f,(vo, ho) = 
Nj(&r2 exp [- g] ; otherwise. 

The subscripts 11 and _L denote the components parallel and perpendicular to the 
magnetic field; ‘u~,_~ is the velocity necessary for a particle j to escape along the 
open magnetic field lines. T, is assumed to be equal to the j-ion temperature at 
the baropause. The parameters, N,, are determined to match the density (the 
first moment off) to its actual value just below the baropause: n,(h,-), 

n,@o+) = s f,(vo> ho) dvo = n&o-). 

As the H+ ions are accelerated outwardly and do not have to overcome a barrier 
of potential to escape from the polar ionosphere, ~~~~~~~~~~ = 0 (LEMAIRE and 
SCRERER, 1970). Due to the truncation of the velocity distribution (8) to exclude 
incoming particles, it can be deduced from (8) and (9) that 

N 
nH+(h‘,+) = + = n,+(h,-), 

and 

FE+&,+) = 

(10) 

(11) 

From (10) and (11) it can be seen that the effusion velocity of the H+ ions is 
given by 

wH+(ho+) = 
J 

2kTH+ 
- = 0.8 c. 
mEr+ 

(12) 

Among the family of hydrodynamic solutions described above and shown in Fig. 1, 
there is only one for which the bulk velocity, wu+(FVO-), and the diffusion flux, F,+(h,-), 
at the corresponding baropause altitude, are precisely equal to the effusion velocity 
(12) and the escape flux (11). This hydrodynamic solution adopted here to describe 
the collision-dominated region is not necessarily the same as the critical solution 
selected by BANKS and HOLZER (1968, 1969) in their full hydrodynamic model 
calculation in order to pass through the singular point. However, at some reasonable 
distance below the baropause, both the critical solution and the solution for which 
the diffusion and escape fluxes are equal give nearly the same velocity proties. 

Above the baropause level, where the Knudsen number is larger than one, the 
kinetic theory of LEMAIRE and SCHERER (1970, 1971) is used to describe the dis- 
tributions of the bulk velocity, the density, the parallel and perpendicular 
components of the kinetic pressure, etc. 

3. RESULTS AND DISCUSSIONS 

The solid line at the right hand side of Fig. 1 shows the result of such a cal- 
culation for an electron and proton temperature of 2500’K. For higher values of 
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these temperatures, the H+ bulk velocity and escape flux are enhanced as shown by 
the dotted line in Fig. 1, which corresponds to a model with an electron and ion tem- 
perature of 30OO“K. 

For comparison, the dashed line in Fig. 1 gives the H+ velocity profile for a full 
kinetic model with the ‘baroprtuse’ located a 950 km and a temperature of 3000°K 
for the charged particles. 

The increase of the acceleration of the light ions in the transition region near the 

IO- 

Fig. 2. Density distributions of oxygen, hydrogen and helium ions vs. altitude. 
The solid lines correspond to a polar wind modal for which the electron and ion 
temperatures are equal to 3000°K (T N = 1000°K). For comparison the dashed 
lines give the density distributions in the case of hydrostatio diffusive equilibrium. 

baropause is a consequence of the electric force and of the rapid decrease of the 
frictional force with increasing streaming velocity when wn+ approaches sonic values 
(wnc - c). 

While in the full hydrodynamic polar wind models the transition from the sub- 
sonic to the supersonic regimes is a smooth and monotonic function of s,ltitude (as 
in a Lava1 nozzle), in our models it has a steeper gradient in the altitude range where 
the collisions start to become less important. 

The solid lines in Fig. 2 show the density distributions of O+ and H+ in a 3000°K 
polar wind model. The dashed lines correspond to a model where the ions would 
be in diffusive equilibrium above the reference level. 

The slower decrease of the 0+ density in the dynamic case (solid line) is a con- 
sequence of the larger polarization electric field intensity, E, which maintkns local 
and global quasi-neutrality, i.e. n,-(h) = no+(h) + n,+(A) and .F*- = Fo+ + Fn+. 
This can be seen in Fig. 3 where the ratio of the electric and gravitational forces 
acting upon an 0+ ion is given as a function of altitude for both of these models. 
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The dashed line gives the classical PANNEKOEK (li%?)-ROSSELAND (1924) polariz- 
ation field for a m~ti~mponent ionosphere. At low altitudes, where O+ dominates, 
the electric force is equal to one half of the gra~tational force for the oxygen ions. 
At higher altitudes where H+ would be the major constituant in a diffusive equilib- 
rium mode, it is reduced by a factor of 16, so that ]eZ/mugl = 0.5. 

The solid line gives the value of ]eE/mo+g] for the dynamic model described in 

0 0.2 04 06 

Fig. 3. Ratio of the electric end grsvitationel forces acting upon an O+ ion vs. 
altitude. The solid line corresponds to e polar wind model for which the electron 
end ion temperatures are equal to 3000°K. The dsshed line gives the corresponding 
ratio in the csse of hydrostatic diffusive equilibrium for the same temperatures 
end reference level conditions. The altitude where the H+ ions become more 
abundant than the O+ ions are also shown for both the dynamic end statio models. 

Fig. 2. It can be seen that the electric field, which accelerates the H+ ions, is much 
larger than in the static case. As a consequence, the electric potential, ~~(~)~ 
decreases faster along a given line of force in a dynamic model than in a static 
one: [(I+& = - 1.9 V in the former case; [@,I$ = -0.7 V in the latter one, for 
ho = 1250 km (baropause) and h, = 10,000 km. 

It can also be seen from Figs. 2 and 3 that in dynamic models O+ remains the 
predominant constituent up to higher altitudes. 

It may be of interest to note that in the Polar Breeze model (DESSLER and 
CLOUTIER, 1968), the value of ]eE/mo+g[ was assumed to be constant and equal 
to 0.5. 

The last column in Table 1 summarizes some experimental results obtained by 
HOFFMAX (1971) when Explorer 31 was near 3000 km altitude in the sunlit polar 
cap region. Column A gives the ion densities and fluxes calculated in the previously 
discussed dynamic model correspondiug to an eleotron and ion temperature of 
3000°K. However, it is unlikely that the electrons and the different ions species 
are cooled at the same rate by collision with the low temperature neutral gas. 
Furthermore, heating by conduction and the transport of energy by convection will 
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Table 1. Comparison of ion densities and escape fluxes in two theoretical models with 
HOFFMAN’S (1971) observations at 3000 km altitude 

A B HOFFMAN (1971) 

4500 e- 
1500 o-i- 

T,-, ,+I%1 3000 4000 H+ 
3750 Ho’ 

)r0+[cmS3] 1.X 130 YO-100 
nH+[cm-3] 21 36 20-30 
IbEe+[cm-3] 0.87 

P,l+[c~n-2 see-’ 1 3 i\ 10’ 6.7 :: IO7 6 ‘: 107 
P,,+[clnP2 set-l] 7.1 > 10” 5 ‘I 10” 

affect in a different way the electrons, the heavy and the lighter ions. Reasonable 
values for the electron and ion temperatures seem to be: T,- = 45OO”K, ToJ- = 
1500°K, T,+ = 40OO”K, THe+ = 3750°K. Indeed the electron and ion density scale 
heights in the polar topside ionosphere deduced from 0GO 2 and OGO 4 ion meas- 
urements (TAYLOR et al., 1968) or from Alouette I results (THOMAS and RYCROFT, 

1970) can be interpreted with these unequal temperature values. 
The results shown in the column B of Table 1 for an altitude of 3000 km are 

obtained for these temperatures by the method described in this paper and for 
nc+ = 7000 cm-3, nn+ = 320 cm-3, nnHc+ = 7 cm-3 which are number densities 
measured by TAYLOR et aE. (1968) at 950 km altitude in the polar ionosphere. The 
agreement with HOFFMAN’S (1971) observations is quite satisfactory. 

4. THE ASYMMETRY OF THE VELOCITY DISTRIBUTION 

It has been argued that the velocity distribution function f(v,, r,,) given by (8) 
is a questionable boundary condition for exospheric models because the H+ ions 
have a large initial bulk velocity at the baropause (HOLZER et al., 1971). It has 
also been suggested that a better approximation for fH+(vO, h,) would be 

0; for voll < 0, 

fn+(vo, h,) = 
N,+ (-$$!$---2 exp (- &[(z+, - un+)2 + v,~]); otherwise, 

(13) 

where Nn + and uu+ are the actual density nn+(h,-) and bulk velocity, zun+(ha-), 
just below the baropause. 

In such an interpretationfn+(v,, h,) is chosen to approximate as closely as possible 
the actual velocity distribution for the outward flowing particles (v,-,, > 0). How- 
ever, due to the truncation procedure (to exclude incoming particles: w,,,, < 0), 
the density and effusion velocity just above the baropause are not equal to nn+(h,-) 
and w,+(h,-) respectively. Therefore zero-order discontinuities in all the moments 

of the velocity distribution occur across the baropause boundary. MARUBASHI 

(1970) has tried to remove this inconsistency by calculating an appropriated value 
for un+ so that it is also equal to the ‘effusion’ velocity. The density discontinuity 
across the baropause has, however, not been removed in this attempt. 
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In our interpretation, f(v,,, h,) is an appropriated boundary value for Vlasov’s 
equation. It may be quite different from the actusl velocity dist~bution, but its o 
first moments coincide with those of the actual velocity ~stribution at the baro- 
pause and at any other altitude as a consequence of Liouville’s theorem (7). For 
these moments which satisfy the collisionless transport equations, there will be no 
zero-order discontinuity across the bsropause in the present interpretation. For 
instance, to match any number of moments off&, ho) to their actual value at the 
boundary surface, a linear combination of truncated ~Iaxwe~~n functions can be 
used for f(vO, h,), 

m(v(),, - u(8))2 m%U2 -- 
2kTf’ 1 2kTy’ ’ (14) 

where the parameters 2y@), ufs), T\;‘, 5!‘$?_)) can be determined by matching conditions 
at the baropause (e.g. equation (9)). 

Although kinetic model calculations have been made by SCEERER (private 
communication) for such a velocity distribution (14), it is, however, not necessary 
for the purpose of this paper to run into such a mathematical complication. As only 
the two first moments of the velocity distribution (density and bulk velocity) are 
availabIe from experimental observations, (8) or (13) are sufficient approximations 
for the present aim. 

If (13) is used instead of (8) in the kinetic model calculations, it can be shown that 
the effusion velocity is given by 

f%+(~*+) = J 2kTa+ e-@ + 2/;;. U.Erfc( - U) 
rrm+ 

H ~~~C~ -U) ’ 

where 

uz = yk;“+” 
H+ 

(15) 

(16) 

In the ‘symmetric’ case (au+ = U = 0), equation (12) is recovered, and w,+(h,+) 
is smaller than c, the critical velocity of the hydrodynsmic theory. For au+ = 0.48 c, 
wa+(h,+) = c. When u nf is mueh larger than c, wn+&,+) C %nt. 

For 0.48 c < in+ < co, as in HOLZER’S et al. (1971) semi-kinetic model, 
c < Wn+&c) < 00; and the hydrodynamic solution, which will fit this supersonic 
effusion velocity cannot be one of the fully subsonic solutions (type 1; e.g. in Fig. 1) 

with a bulk velocity never reaching supersonic values. Neither can it be a subsonic 
solution with a bulk velocity larger than that of the critical solution (type 2; e.g. 
in Fig. 1). [Note that this second type of solution has been found to fit the kinetic 
models when uu+ = 0 or more generally when 0 < us+ < O-48 c.] The solutions of 
type 2 must, however, be excluded when u s+ > 0.48 c because they are not defined 
beyond the altitude where wu+ becomes equal to c (see BANKS and HOLZER, 1969, 
for a description of the different branches of the hydrodynamic solutions). Moreover, 
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the critical solution separating the types 1 and 2 must also be excluded. Indeed, 
for this peculiar solution the baropause had to be located in the supersonic region, 
above the altitude of the singular point. But this contradicts the fact that the 
Knudsen number is already larger than 1 at the singular point (Kn 2 l-18 when 
T,- = Ti+; see BANKS and HOLLER, 1969), and that the baropause (where Kn = 1) 
is consequently located in the subsonic region, i.e. below the altitude of the singular 
point. There remains another branch of hydrodynamic solutions (type 4) for which 
the bulk velocity is supersonic in the whole altitude range and for which wn+ increases 

I 10 50 

H+ VELOCITY [km sec-~ 

Fig. 4. Hydrogen ion bulk velocity VS. altitude. The solid line corresponds 
to a model with uH+ = 0 (symmetric case). The dashed line corresponds to 
a model with u=+ = 0.28 c = 1.41 km see-l (asymmetric case). The vertical 
bars indicate the location of the baropause. In these models it is assumed that 

T,- = Ti+ = 3000°K and TN = 1000°K. 

rapidly with decreasing altitudes in the collision-dominated region. Although 
among this fourth type of hydrodynamic solutions there is one which will fit any 
kinetic model with un+ > 0.48 c, it is obvious that they are of no help in a description 
of the polar wind flow because of their behavior in the low altitude range. 

Therefore, no hydrodynamic solution with a subsonic flow velooity in the low alti- 
tude (collision-dominated) region can be found to fit kinetic models with supersonic 
effusion velocities (i.e. un+ > 0.48 c). It can be concluded that only kinetic models 
with effusion velocities smaller than c (i.e. un+ < 0.48 c) are to be considered in 
exospheric theories of the polar wind. 

It will now be shown that the effect of the asymmetry parameter, un+, on the 
density and bulk velocity distribution is small unless unrealistic values of uu+ are 
assumed in (13). 

The dashed lines in Figs. 4 and 5 give the bulk velocity and density distribution 
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Fig. 6. Oxygen aad hydrogen ion densities vereu8 altitude. The solid lines 
correspond to a model with %+ = 0 (eymmetric caee). The da&xl lines 
correepond to a model with UE+ = 0% c = 141 km aeawl (aeymmetrio case). 
The dotted line show BANKS and H~LZER’B (1969) hydrodynamic model, In all 

these modele it is twnumd that Td- = T*+ = 3000°K and TN = IOOO’K. 

in an tcsymmetrie case, i.e. for %n+ = 0.28 c = 141 km ~9. The solid lines show 
the corresponding ~s~butions for the symmetric cascit, i.e. for uH+ = 0. In both 
models T,- = T,+ = 3OOO’K. 

When uu+/c is increwed from 0 to 0~28, (i) the effusion velocity is increased from 
0.8 c to 0.91 c ; (ii) the baropctuse density of H+ is decreased by 7 per cent; (iii) 
the escape flux is increased by 3 per cent ; and (iv) the barop&uBe altitude is lowered 
by 66 km aa a co~q~e~ce of the larger mean velocity e,t the baropause. Indeed 
the mean free path of e, charged particle increases with its velocity (see equation (a)) 
and the Knudsen number becomes equal to 1 at a lower level where no+ is larger. 

This example shows that the degree of asymmetry of the velocity distribution 
f(vO, hO) at the baropause has not the considerable importance that has sometimes 
been inferred. 

For ~rnp&~son, the dotted lines in Pig. 5 give the density ~~butio~ of B-s 
and HOLZER’S (1969) hydrodynamic model with the same neutral and charged par- 
ticles temperatures as in the model A. As the ion densities in this work are much 
larger than in our models, the singular point of their hydrodynamic model is located 
at a much higher altitude thsn the baropause in our models which are based on 
observed ion densities at a reference level of 950 km. 

CoacLTJsIoas 

It has been shown in this paper that kinetic and hydrodynamic models can 
be fitted together at the baropause level which is the common frontier of the 
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collision-dominated plasma (governed by hydrodynamic transport equations) and 
the ion-exosphere (where the collisionless transport equations are suitable). 

For observed ion densities at a reference level of 950 km and reasonable values 
for the temperatures, a hydrodynamic solution has been determined to fit the effusion 
velocity and the escape flux at the level where the collision mean free path becomes 
equal to the density scale height. The solution so obtained is not the usual critical 
solution but has a slightly larger bulk velocity in the subsonic (low altitude) region. 
The density and flux of II+ and He+- are in satisfactory agreement with the ob- 
servations at 3000 km. 

It has also been shown that the asymmetry of the velocity distribution cannot 
be too large unless a full supersonic hydrodynamic solution is to be used to describe 
the flow of H+ in the collision-dominated (low altitude) region. In this paper the 
degree of asymmetry remains a free parameter in the velocity distribution (13). 

In more elaborated models this parameter can a*lways be chosen to fit some sup- 
plementary boundary condition. However, the effect of such an asymmetry on 
the bulk velocity and density distributions has been shown to be relatively unim- 
portant,. 
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