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FOREWORD

This paper has been presented at the Conferefice "on Theoretical
Ionospheric Models", held at the University Park, Pennsylvania, from
June 14 to 16, 1971. It will be published in The Journal of Atmospheric

and Terrestrial Physics.

AVANT~PROPOS

Ce travail a été présenté 3 la Conférence ''on Theoretical Iono-
spheric Models"” qui s'est tenue i University Park, Pennsylvania, du 14 au

16 juin 1971. Il sera publié dans The Journal of Atmospheric and Ter-

restrial Physics.

VOORWOORD

Deze tekst werd voorgedragen tijdens de "Conference on Theo-
retical Ionospheric Models'" welke gehouden werd te University Park,
Pennsylvania, van 14 tot en met 16 juni, 1971. Hij zal gepubliceerd worden

in The Journal of Atmospheric and Terrestrial Physics.

VORWORT

_ Dieser Text wurde wiahrend der Konferenz "on Theoretical Iono-
spheric Models' in University Park, Pennsylvania (14-16 Juni, 1971)

vorgestellt. Er wird in The Journal of Atmospheric and Terrestrial Physics

herausgegeben werden.



o', B* and He® ION DISTRIBUTIONS IN A NEW POLAR WIND MODEL

by

J. LEMAIRE

Abstract

In this paper it fs 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 negligeable.
The bulk velocity and density distribution of the 0+, w and He+ are
determined for boundary conditions deduced from the 0GO 2 observations by
Taylor et al. (1969), and for unequal ion and electron temperatures. The

results are compared to the observations of Hoffman (1971) (Explorer 31)
near 3000 km altitude. .

Résumé

Dans ce travail on montre comment on peut raccorder les solutions
hydrodynamiques du Vent Polaire aux solutions cinétiques applicables aux
régions supérieures de 1'ionosphére polaire oi les collisions Coulombiennes
sont négligeables. Les distributions de vitesse moyenne et de densité des
ions 0+, H' et Hetﬂsont données pour des conditions de densité a 950 km dé-
pératures ioniques et électroniques inégales. Les résultats sont comparés
aux observations de Hoffman (1971) (Explorer 31) au voisinage de 3000 km
d'altitude.



Samenvatting

In dit artikel wordt getoond hoe de hydrodynamische oplossingen
voor de Pool Wind aangepast kunnen worden aan de kinetische oplossingen
welke toepasselijk zijn in de polaire gebieden van de hogere atmosfeer,
waar de Coulombiaanse botsingen kunnen verwaarloosd worden. De gemiddelde
snelheid en de verdeling der deeltjes dichtheid voor O+, M en He+ worden
berekend, rekening houdend met randvoorwaarden welke afgeleid werden van
dien zijn de temperaturen der ionen en elektronen onderling verschillend.
De resultaten worden vergeleken met de waarnemingen van Hoffman (1971)

welke met behulp van Explorer 31 op 3000 km hoogte genomen werden.

Zusammenfassung

In dieser Arbeit wird es gezeigt wie man die Losungen der hydro-
dynamische Gleichungen fiir den Polar Wind zu die kinetische Modelle der
polaren Exosphdre einrichten kann. Die mittlere Geschwindigkeit und
Densitdt Distributionen der O+, H+ und He+ Ionen sind fiir Bedingungswerte
die von Taylor et al. (1968) Beobachtungen (OGO 2) genommen sind, und fiir
ungleiche Ionen- und Elektronentemperaturen berechnet worden. Die Resultate
sind mit die Beobachtungen von Hoffman (1971) (Explorer 31) fiir eine Hdhe

von 3000 Km verglichen worden.



1. INTRODUCTION

In a recent paper, Donahue (1971) has tclearly described the
differences between hydrodynamical and exospheric Polar Wind models. He
pointed out that both approaches are not contradictory but must be considered
as complementary. The hydrodynamic model calculation introducted by Banks
and Holzer (1968, 1969) or more recently by Marubashi (1970) is appropriated
for the collision dominated region (ion-barosphere), while the kinetic
approach outlined by Dessler and Cloutier (1968) and developed by Lemaire
and Scherer (1970, 1971) can only be used in the collisionless region of the’

polar ionosphere (ion-exosphere).

These two brbad 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. WNeither the hydro-
dynamical 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 completely 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 this details ; it may therefore be assumed that
the barosphere and exosphere are separated by a surface called the 255223253;
This is defined as the level where the velocity dependent deflection mean free
path of the charged particles, %, becomes equal to tﬁe electron density fcale

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's

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. The solution passes through a singular point

which is a mathematical singularity for the non-linear differential equations
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considered. This singular point is at the altitude where the bulk velocity

of the ligthest ions changes from a subsonic to a supersonic flow regime.

When 0+ is the dominant ionic constituant,vit 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 > 1.18). A similar result is obtained by
Marubashi (1970) and is clearly shown in the Fig. 14 of his paper. There-
fore 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 hydrodynamic
soiution 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 Lemaire and Scherer's (1970, 1971) kinetic models only the
collisionless part of the polar ionosphére has been considered. The baro-
pause was fixed at an arbitrary height of 2000 km where they assumed

+ +
reasonable values of the O and H 1ion 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 hydrodynamic equations have the same

leading terms when the collisions are unimportant, and, when the bulk

velocity is significantly larger than the sonic velocity.

2. THE MODEL

From the OGO 2 mass spectrometer measurements (Taylor et al., 1968)
it can be deduced that Do+ = 7 x 103 cm-3, and N4 = 3.2 x 102 cm-3, are
typical ion concentrations 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 cm_3, 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 Kockarts,
private communication), we integrated the hydrodynamic continuity and momentum

equations described by Banks and Holzer (1968, 1969).

+
The H 1ions are produced by the charge exchange reaction
+ +
(: H+ 0 > H + 0), and they are supposed to diffuse through a medium
+
constituted of H, O and He atoms, O ions and electrons in near static diffusive

equilibrium. If n_ , and wy+ are respectively the H number density and bulk

H
" velocity, the continuity equation and the Euler's approximation of the

momentum equation are respectively

h

nH+ WH+ A= !‘I.H+(ho) wH-Q-(ho) A(ho) +-/;1 (qH+ - 1H+) Adh = QH+(h)w ) (1)
o]
2 -
1 de+ W+ d In A Te_ mo+ i g
' 7~ Y) s L J =
WH+ dh C dh (T - + T0+) mH+ Cc
W W.+ din Q.+
H* _ H H
- T (VH"-’O* + vH+,H VH+’H vH-’-,o) (1 + Cz > dh s (2)



with
2 Kk Ty+

mH+

’ 3)

uﬁ is the mass of the j-particles ; k the Boltzmann's constant ;

A is the section of the flux tube : A« r-3 ; T is the geocentric radial
distance : g is the gravitational acceleration at the altitude h. The term
Te_ Mo+ g/(Te_ + To+) M+ corresponds in (2) to the upward electrostatic

acceleration if ny+ << n (This last inequality is well satisfied in the

4+
collision-dominated regign of the polar ionosphere where the hydrodynamic
approximation will be considered). The electrostatic polarization field is
set up in the plasma by gravitational charge separation and results from the
longrange interactions (Coulomb collisions with impact parameters larger than

the Debye length, AD)_of the charged particles in the plasma.

The third term in the r.h.s. of eq. (2) is the frictionnal
deceleration due to collision of H+ with the neutral atoms and O+ ions

(Coulomb interactions with impact parameters smaller than AD). The collision

3H+j’
taken from Banks and Holzer (1969).

frequencies, v the production rate, A+ > and the loss rate, 1H+, are

The eq. (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, W
diffusion fluxes, F_ , at the reference level. These Ht diffusion fluxes range

from FH* = 6.4 x 10 c:m_2 sec_1 to 3.2 x 107 cm-2 sec_1 at 950 km altitude

or upward

for the curves shown in Fig. 1.

The total collision frequenéy, Vit and the mean free path of the

B ions have been calculated at each altitude. These guantities are defined by
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Fig. 1.- Hydrogen ion bulk velocity versus altitude. The solid lines on the right hand side correspond to a
family of hydrodynamic (type 1 and 2) solutions for six different values of the upward HY bulk
velocity at the reference level of 950 km. The ion and electron temperatures are equal to 2500° K.
The vertical lines on each of these curves show the baropause altitudes. Only one of these solutions
fits the kinetic solution shown by the solid line on the left hand side. The dotted line corresponds
to the solution when T_- = T;+ = 3000° K. In all of these models the neutral particles are
distributed according To Nicolet and Kockarts model with a temperature of 1000°K. For
comparison the dashed line gives wyy+ in a kinetic model whose baropause would be at 950 km and
T,-=Tit= 3000°K.



\)H+ = \)H+, ot + \)H+,H+ + VH+, H + \’H+’ 0 + \’H"" He (4)
and Ik T, 1/2 )
[} = (wz + —-———————H AV) (5)
H* HY ™+ H+

where the partial collision frequencies, vy j are quoted from Banks and
Holzer (1969) and Spitzer (1956). The vertical bars in Fig. 1 show the
baropause altitude, ho, where QH* is equal to the electron density scale

height,

-1
dln n_ - k(T4 + T )
H = ( __—_Ji> n ° e’

v (6)
dr My+ 8 :

Above this level the Coulomb collisions with impact narameters

.smaller than the Debye length; P\ become negligible. The global effect

D’
the long-range particle interactions (Coulomb collisions with impact para-
meters larger than AD) can be described by a polarization electric field ?.
For steady state conditions this electric field is derivable from a potential.
¢E’ whose altitude dependence is determined to maintain the local and g}ppp}'
quasi-neutrality.

From Liouville's equation which reduces here to Vlasov's equation.
it can be shown that the density of particles in phase space is constant along

the particle trajectories
- -
f(v,h) = f(vo,ho). (7
Therefore if f(;o,ho) 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...

Any parametric function of the velocity VO, whose y first moments

are equal to the v corresponding moments of the actual velocity distribution,
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can be chosen for f(vo,ho). In the following paragraph a one-parametric

Maxwellian function is chosen for each kind of particles j,

0 ; for v < 0, and v_ > v,
o\ o J , escapé ‘
> .
Egohg) = | 3/2 2 ®
m, m, v .
N,(-—al—— > exp [— 1 ° ] ; otherwise.
J 2mkT, 2k T,

The subscripts {i and | denote the components parallel and perpendicular to the

magnetic field ; v is the velocity necessary for a particle j to

j,escape
escape along the open magnetic field lines, Tj is assumed to be equal to
the j -~ ion temperature at the baropause. The parameters, Nj‘ are determined
to match the density‘(the first moment offj) to its actual value just below
the baropause : nj(ho_),
n, (b4 = f £ b)) v = oy (hyo) - (9)

+
As the H 1ions are accelerated outwardly and do not have to overcome

a barrier of potential to escape from the polar ionosphere, = 0.

Y+ escape
(Lemaire and Scherer, 1970). Due to the truncation of the velocity

distribution (8) to exclude incoming particles, it can be deduced from (8)

and (9) that

Nos

nH+(ho+) ='“;‘ = ﬂH+(ho_) , | (10)
and
7 N4 8k T, 4+
Fas(h p) = - s (11)
4 mom+

From (10) and (11) it can be seen that the effusion velocity of the

H* ions is given by
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2kTH+
wH+(h0+) = —=-— = 0.8.c (12)
ﬂmH*
Among the familv of hydrodynamic solutions described above and shown in
Fig. 1, there is only one for which the bulk velocity, wH+(ho_), and the
diffusion flux, FH+(hd‘)’ 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 regionm,

is not necessarily the same as the critical solution selected by Banks and Holzer

(1968, 1969) in their full hydrodynamic ﬁodel 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 profiles,

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 distributions of the bulk velocity, the density, the parallel and perpen-

dicular of the kinetic pressure...

3.. RESULTS AND DISCUSSIONS

The solid line at the right hand side of Fig. 1 shows the result
of such a calculation for an electron and proton temperature of 2500°K. For
higher values of these temperatures the nt 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 temperature of 3000°K.

For comparison, the dashed line in Fig. 1l gives the ut velocity
profile for a full kinetic model with the"baropause"located at 950 km and a

temperature of 3000°K for the charged particles.

The increase of the acceleration of the light ions in the tranmsition
region near the baropause is a consequence of the electric force and of the

rapid decrease of the frictional force with increasing streaming velocity
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when w4 approaches sonic values ( : W+ N o)

H+
While in the full hydrodynamic polar wind models the transitiomn
from the subsonic to the supersonic regimes is a smooth and monotonic
function of altitude (as in a Laval 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 0% and
B 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 o’ density in fhe dynamic case (solid
line) is a consequence of the larger polarization electric field intensity,
E which maintains local and global quasi-neutrality, i.e. ne_(h) =1, +(h) +
nH+(h) and F__ = Fos + Fye. This can be seen in Fig. 3 where the ratio of
the electric and grav1tationa1 forces acting upon an o' ion is given as
a function of altitude for both of these models. The dashed liné gives the
classical Pannekoek (1922) - Rosseland (1924) polarization field for a
multicomponent ionosphere. At low altitudes, where 0+ dominates, the
electric force is equal to one half of the gravitational force for the oxygen
ions. At higher altitudes where H' would be the major constituant in a

diffusive equilibrium model it is reduced by a factor of 16, so that

le E/m, gl

The solid line gives the value of |e E/mo+ g| for the dynamic model
described in 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 oonsequence the electric
potential, ¢ (h), decreases faster along a given line of force in a dynamic
model than in a static one : [@ ] = - 1.9 Volt in the former case
[0 ] = - 0.7 Volt in the latter one for ho = 1250 km (baropause) and

h1 = 10000 km.
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Fig. 3.- Ratio of the electric and gravitational forces acting upon an ot ion, versus altitude. The solid
line corresponds to a polar wind model for which the electron and ion temperatures are equal to
3000° K. The dashed line gives the corresponding ratio in the case of hydrostatic dlffuswe
equilibrium for the same temperatures and reference level conditions. The altitude where the HY
jons become more abundant than the O' ions are also shown for both the dynamic and static
models.

13.-



140'

‘ . ' +
It can also be seen from Fig. 2 and 3 that in dynamical models O
remains the predominant constituant up to higher altitudes,
It may be of interest to note that in the Polar Breeze model
(Dessler and Cloutier, 1968) the value of |e E/m0+ g| was assumed to be

constant and equal to 0.5.

A The :last column in Table 1 summarizes some experimental results
obtained by Hoffman (1971) when Explorer 31 was near 3000 km altitude in the
sunlit polar cap region. Colummn A gives the ion densities and fluxes calculated
in the previously discussed dynamic model corresponding to an electron and
ion temperature of 3000°K. It is however, 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 affect in a different way the electrons,
the heavy and the lighter ions. Reasonnable values for.the electron and ion

temperatures seem to be : Te_ = 4500°K, T,4+ = 4000°K, T = 3750°K. Indeed

H He*
the electron and ion density scale heights in the polar topside ionosphere deduced
from OGO 2 and OGO 4 ion measurements (Taylor et al., 1968, 1969) 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
papef and for No+ = 7000 cm—3, Ny = 320 cm-3, Mot = 7 cm_3 which are number
densities measured by Taylor et al. (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(;o’ro) given by (8) is a questionable boundary condition for exospheric
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+ .
models because the B 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+(3;, ho) would be

0 : for v < 0,

ol

fH+(vO’h0) = 3/2 (13)
Tyt }
N+ < _— ) exp{ |:(V - uH+) + v ]} :otherwise,
27k TH"' < 2 k T

where NH* and uy+ are the actual density nH+(ho_) and bulk velocity, wH+(ho_),

just below the baropause.

In such an interpretation fH+(3o,h°) is chosen to approximate as
closely as possible the actual velocity distribution for the outward flowing

particles (v > 0). However due to the truncation procedure (to exclude

o\

incoming particles : v < 0), the density and effusion velocity just above

the baropause is not e:3a1 to nH+(ho_) and wH+(ho_). Therefore zero-order-
discontinuities in all- the moments of the velocity distribution occur accross
the baropause boundary. Marubashi (1970) has tried to remove this inconsistancy
by calculating an appropfiated value for Uy+ SO that it is also equal to the
"effusion'" velocity. The density discontinuity accross the baropause has however

not been removed in this attempt.

In our interpretation, f(:o,ho), is an appropriated boundary value
for Vlasov'sAequation. It may be quite different from the actual velocity
distribution, but its v first moments coincide with those of the actual
velocity distribution at the baropause 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
accross the baropause in the present interpretation. For instance to match any
number of moments of f(zo,ho) to their‘actual value at the boundary surface, a

linear combination of truncated Maxwellian functions can be used for f(zo,ho),

3/2 v'

: \ (s) _.(s) ,
<£§> Z T 3N (@177 ex"[ (0" l;)) - (s)] w

2 k T 2k T,
s= 1 4
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] s s s
where thg parameters N( ), u( ), Tﬁ ), T&_) can be determined by matching

conditions at the baropause (e.g. eq. (9)).

Although kinetic model calculations have been made by Scherer
(private comﬁunication) for such a velocity distribution (14),it is however
not necessar& 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 available from experimental observations, (8)

or(13) are sufficient approximations for the present aim.

it can be shown that thé effusion velocity is given by

_u?
KT e o +{n.U.Erfe(- U) ,
, (15)

WH+(h°+) ] T+ Exfc(-U)
where ’ 2
N il W (16)
2 k Ty .
and . 2
Erfe(-U) = 2 f e’ dy . an
Vo Joy

In the "symmetric" case (uH+ =U = 0), eq. (12) is recovered, and
wH+(h°+) is smaller than c, the critical velocity of.the hydrodynamic theory.
For w4 = 0.48.c, wH+(h°+) = c. When ug4 is much larger than c, wH+(ho+) & U

For 0.48.c < hH* < ® ag in Holzer's et al. (1971), semi-kinetic

model, ¢ < wH+(h§+) < =, and the hydrodynamic solution which will fit this

supersonic effusion velocity, cannot be one of the fully subsonic solution

(type 1 ; e.g. ‘in Fig. 1) with a bulk velocity never reaching supersonic
values. It cannot either 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 Upe = 0
or more generally when O < Up+ < O.48.c1]This solutions of type 2 must however

be excluded whenAuH+ > 0.48.c, because they are not defined beyond the altitude
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where wy+ becomes equal to c. (see, Banks and Holzer (1969) for a description

of the different branches of the hydrodynamic solutiong. Moreover, the

critical solution separating the types 1 and 2, must also be excluded. Indeed,

for this peculiar solution the bafopause 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 z 1.18 when Te_ = Ti* ; see, Banks and Holzer, 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 an other branch of hydro-
dynamic solutions (type 4) for which the bulk velocity is supersonic in the

whole altitude range and for which W+ increases 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
Ups > 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 velocity
in the low altitude (collision-dominated) region can be found to fit kinetic
models with supersonic effusion velocities (i.e. up+ > 0.48.c). It can be
concluded that only kinetic models with effusion velocities smaller than c
(L.e.u_+ < 0.48.¢) are to be considered in exospheric theories of the polar

H
wind.

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

v
The dashed lines in Figs. 4 and 5 give the bulk velocity and density
distribution in an asymmetric case i.e. for Ug+ = 0.28.¢c = 1.41 km sec"l. The
solid lines show the corresponding distributions for the symmetric case

i.e, for U+ = 0. In both models Te_ = Ti+ = 3000°K.
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Fig.4.- Hydrogen ion bulk velocity versus altitude. The solid line corresponds to a model
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When uH+/c is increased from O to 0.28, (i) the effusion velocity
is increased from 0.8.c to 0.91l.c, (ii) the baropause density of H s
decreased by 7%, (iii) the escape flux is increased by 3%, and (iv) the
baropause altitude 1s lowered by 65 km as a consequence of the larger mean
velocity at the baropause. Indeed the mean free path of a charged particle
increases with its velocity (see eq. 5) and the Knudsen number bécomes equal
to 1 at a lower level where n0+ 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 be infered.

For comparison, the dotted lines in Fig. 5 give the density distributions
of Banks and Holzer's (1969) hydrodynamic model with the same neutral and
charged particles 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 hydro-
dynamic model is located at a much higher altitude than the baropause in our
models which are based on observed ion densities at a reference level of
950 km.

CONCLUSIONS

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 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 be
determined to fit fhe 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 't and He+ are in satisfactory agreement with the observations
at 3000 km. ‘ '



21.-~

It has also be 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
always be chosen to fit some supplementary boundary condition. However, the
effect of such an asymmetry on the bulk velocity and density distributions

has been shown to be relatively unimportant.
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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.

Hoffman
A
B (1971)
4500 e
A 1500 0
Te_’i+ [°K] 3000 4000 H'
3750 He'
[em™] - 150 130 80 - 100
no+
-3 . ‘
N+ fem ) 21 36 ' 20 - 30
nHe+[cm ] ' - 0.87 -
FH+ lem™ sec—l] 3 x 107 6.7 x 107 5 x 107
- -1 5 5
FHe+[§m sec ] - | 7.1 x 10 5 x 10




