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Pierre-Louis Blelly 
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Abstract. A comparison between two multimoment approaches is provided in 
the context of an application to the terrestrial polar wind. We compare the bi- 
Maxwellian 16-moment approach with the 16-moment generalized model, which 
has been built in order to account for the suprathermal part of the velocity 
distribution function better than the previous multimoment approaches. This 
comparison has shown a general similarity between the two approaches and has 
shown that the better adapted closure assumption of the set of transport equations 
of the generalized model generates a higher acceleration. Moreover, the better 
determination of the collisional energy transfers generates a smaller increase of 
the temperature of the supersonic species that generally agrees with the adiabatic 
cooling assumption predicted by Monte Carlo or direct resolution of the Fokker 
Planck equation. The generalized model also provides the typical profiles of the 
velocity distribution function from the original collision-dominated region to the 
collisionless region. These profiles are in good agreement with the Monte Carlo and 
collision kinetic resolution in the collision-dominated region and in the lower part 
of the transition region. 

1. Introduction 

The terrestrial polar wind is a flow composed mainly 
of O + ions, H + ions, and electrons escaping from the 
terrestrial polar regions along the opened magnetic field 
lines. Its description all along its expansion is a difficult 
task since it goes through different states: from subsonic 
regime to supersonic regime, from state chemically dom- 
inated to diffusive state, and from collision-dominated 
regions to collisionless regions. This last characteristic, 
in particular, cannot be well described by the classical 
approaches: the hydrodynamic approaches are only well 
adapted to collision-dominated regions, whereas the ex- 
ospheric approaches are only well adapted to collision- 
less regions. 

Therefore, since the first hydrodynamic approach 
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proposed by Banks and Holzer [1968], several differ- 
ent approaches to the terrestrial polar wind have been 
developed. A method issued from the theoretical ap- 
proach of Grad [1958] and usually named the multi- 
moment approach has been developed by Demars and 
$chunk [1979] and is often used in applications to the ex- 
pansion of the terrestrial polar wind [Blelly and $chunk, 
1993]. Recently, the Monte Carlo approach of Bargh- 
outhi et al. [1993] and of Barakat et al. [1995] has pro- 
vided new behaviors of the velocity distribution func- 
tion in the transition region and has enhanced the im- 
portance of this region in the expansion of the polar 
wind. A kinetic approach, which directly solved the 
linearized Fokker Planck equation, has been recently 
applied [Lie-Svendsen and Rees, 1996; Pierfatal and 
Lemaire, 1998] from the collision-dominated region to 
the collisionless region through a transition region. 

The great interests of a multimoment multispecies 
approach with respect to the fluid approach or direct 
resolution of the Fokker Planck equation include the 
following. 

1. The species are described with the same model 
(contrary to the semikinetic approach, for example). 

2. The model is self-consistent: all the types of colli- 
sions and particularly the collision between particles of 
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the same species are considered, contrary to the present 
status of the Monte Carlo and collision kinetic methods. 

3. The lower boundary condition is defined in a 
collision-dominated region and then corresponds to the 
well-known thermodynamic equilibrium state. 

4. The treatment of the heat flow is made from 

the collision-dominated region to the collisionless region 
with no assumption of a baropause or an exobase as in 
the kinetic collisionless approach. It is made through 
an equation that gives the spatial and temporal evo- 
lution of the heat flow and not through the classical 
conductivity thermal relation. 

5. The major difficulty of such an approach is the 
necessity to determine high-order velocity moments, 
which implies lengthy calculations and the resolution 
of a large set of transport equations. 

In this paper we compare the generalized 16-moment 
model [Leblanc and Hubert, 1997, 1998, 1999; Leblanc 
et al., 2000] with the 16-moment bi-Maxwellian model 
of Blelly and $chunk [1993]. The generalized model 
was developed in order to take into account the con- 
tribution of the suprathermal part of the velocity dis- 
tribution function better than it had been accounted 

for in the previous multimoment approaches. Indeed, 
above the collision-dominated region all the applica- 
tions to the terrestrial polar wind agree to predict non- 
Maxwellian features of the distribfftion. Leblanc and 

Hubert [1997, 1998] underlined that in such conditions 
the bi-Maxwellian approach presents some problems. 
The predicted distribution function has negative val- 
ues [Leblanc and Hubert, 1997], and the associated set 
of transport equations is no more valid according to the 
hyperbolicity and realizability criteria [Leblanc and Hu- 
bert, 1998]. On the contrary, the new closure assump- 
tion associated with the generalized multimoment set 
of transport equations is in better agreement with these 
non-Maxwellian features since the suprathermal parti- 
cles have an explicit contribution to the heat flow equa- 
tion. The velocity distribution function does not display 
negative values [Leblanc and Hubert, 1997], and the set 
of transport equations is well constructed [Leblanc and 
Hubert, 1998]. Moreover, Leblanc et al. [2000] showed 
that the collisional transfers associated with the gener- 
alized approach provide new contributions that could 
significantly change the transfers of impulsion and en- 
ergy between species. 

In section 2 the set of transport equations of the gen- 
eralized model and the considered application are pre- 
sented. In section 3, two comparisons between gener- 
alized and bi-Maxwellian approaches are provided. In 
section 4, we briefly compare the generalized solution 
with the solution obtained by other approaches to the 
terrestrial polar wind. Section 5 is a conclusion. 

2. Application of the Generalized Model 
to the Terrestrial Polar Wind 

In this section we present the generalized model 
[Leblanc and Hubert, 1997, 1998, 1999; Leblanc et al., 

2000] in the context of an application to the terrestrial 
polar wind derived from Blelly and $chunk [1993]. 

1. We consider the motion of three interacting 
species, H + ions, O + ions, and electrons, which interact 
with each other and, in the ionosphere, with a back- 
ground of neutrals composed of H, O, 02, and 

2. The motion of the charged particles is supposed 
to be confined along the magnetic field lines. The de- 
scription of the characteristics for each of the different 
charged species is then reduced to six independent pa- 
rameters: the density ns, the mean velocity us, parallel 
and perpendicular temperatures T• ]] and T•ñ, a heat 
flow for parallel energy qs II , and a heat flow for perpen- 
dicular energy qs ñ (for a complete definition of these 
parameters, see Leblanc et al. [2000]). The subscript or 
superscript I] and _1_ refer to the parallel and perpendic- 
ular directions to the magnetic field, respectively. The 
configuration of the magnetic field is supposed to be 
fixed with respect to the motion of the particles, and 
the section of a magnetic field tube is supposed to di- 
verge following a r -3 law, where r is the geocentric 
distance. 

3. The collisions between charged particles are 
Coulomb collisions. The nonresonant ion neutral inter- 

actions are approximated by a Maxwell molecule inter- 
action potential with an appropriate collision frequency 
as described by Demars and $chunk [1979]. 

4. We consider, as did Blelly and $chunk [1993], the 
production rate of H + to be due to the charge exchange 
reaction H + O + -• H + + O and the loss rate to be due 

to the reverse reaction. We also introduce a production 
rate of O + ions composed of a solar photoionization 
and of a charge exchange reaction that is the reverse of 
the previous reaction. A loss rate of O + is also taken 
into account because of the charge exchange reaction 
associated with the previous reaction and because of 
chemical reactions with the O2 and N2 neutrals. 

The generalized set of transport equations for the six 
velocity moments of the species s follows. 

Number density equation 

Momentum equation 

+ p• Or m• Or 

ks(T•ii-T•x) I OA e• E G 
m• A Or m• 5t ' 

Parallel temperature equation 

ot 
OT, ii Ou, 1 Oqsll 

q•11_ 2q,ñ 10A 1 
+ 

n•k• A Or n•k• 6t ' 

(2) 
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Perpendicular temperature equation 

2qs ñ 
(4) 

Parallel heat flow equation 

ot 

Ous 
+4qsll-•- r 

(5) 

Perpendicular heat flow equation 

Oqs -t- qsllqs ñ Ons 
Ot ns 2ksTsll Or 

•- 2qs.l_ Ous 
Or 

nsks2Tsll OTs•_ qsllqs ñ OTsll 
+ 2 Or ms Or nskBTsl I 

+(us + qs 11 Oqs ñ qs ñ Oqs 11 •) + 
nskBTsll Or nskBTsll Or 

10A 

+[nsk•T,•_ (Tsll- Tsñ) + 2usqs•-] A Or 
+2 qsllqs-•-• 10A 5qs ñ 5us nsksTsll A Or = 5--• - nsksTsñ 5t ' (6) 

A is the section of the magnetic flux tube at the geo- 
centric distance r. It is related to the magnetic field 
strength B by the Maxwell law O[A(r)B(r)]/Or = O, 
which expresses the conservation of the magnetic flux. 
G is the acceleration due to gravitation, and E is the 
charge separation electrostatic field. Here ks is the 
Boltzmann constant; Ps = nsms the mass density; and 
es the electric charge. 

The terms 5t ' St' 5t ' 5t ' 5t ' and 5t 
are the collisional transfers between the s species and 
the t species. These terms introduce all the chemical 
and photoionization effects. They have been presented 
by Leblanc et al. [2000] and are determined by a two- 
dimensional (2-D) numerical integration. These inte- 
grals are easily and accurately determined by numeri- 
cal methods using an adapted Romberg's extrapolation 
method [Press et al., 1989]. However, this method 
needs too much time of integration in the context of a 
resolution of (1)-(6). As a matter of fact, for a complete 
resolution of the generalized model in the terrestrial po- 

lar wind we need to calculate this 2-D integral a number 
of times equal to 6 (number of velocity moment equa- 
tions) x 3 (number of charged species) x 3 (number of 
species that interact with one species) x 70 (number of 
steps in altitude in a range 200-4000 km) x 12 x 3600 
(number of steps of I s in 12 hours of simulation time), 
which is ..•10 ø. This very large number eliminates any 
method of determination of the collisional transfer that 

could not be based on analytic formulations of the col- 
lisional transfers. Therefore we have chosen to replace 
the generalized collisional transfers by the analytic ex- 
pressions determined for the 16-moment bi-Maxwellian 
approach [Chodura and Pohl, 1971]. Indeed, Leblanc 
et al. [2000] show that the Chodura and Pohl [1971] ex- 
pressions are more complete and that they approximate 
more accurately the exact generalized collisional trans- 
fers than the expressions of Blelly and Schunk [1993]. 
The method to solve the set of transport equations is 
the same as is given by Blelly and Schunk [1993] and is 
based on the flux-corrected transport technique [Boris, 
1976]. All the solutions shown in this paper are station- 
ary solutions. 

The following boundary conditions are used in this 
application. 

1. The heat flow and the velocity of the O + ions 
are set to be positive at the top boundary in order to 
impose an upward flow. We impose a Mach number 
for the O + ion velocity equal to 0.3, where the Mach 
number is defined as Mo+ - uo+/vtho+ with Vtho+ = 
( "o+11/mo+ ) X . 

2. We restrain our application to altitudes in a range 
from 200 to 4000 km in order to be able to compare our 
results with the in situ measurements [Chandler et al., 
1991; Abe et al., 1993]. 

3. At the lower boundary the characteristics of the 
charged particles are defined by the interaction with 
the neutrals. The neutral atmosphere is described by 
the Mass Spectrometer Incoherent Scatter 1986 model 
(MSIS-86) atmospheric model [Zedin et al., 1987]. The 
model of photoionization that we use in our simulation 
corresponds to high latitudes summertime sunlit iono- 
sphere. 

4. Electron heating from the magnetosphere is taken 
into account by a downward electron heat flow at the 
top boundary of-2.5xlO -3 erg cm-2s -x. 

For a summertime sunlit and high-latitude ionosphere 
the typical in situ measurements of the H + density are 
100 cm -a at 2000 km in altitude and 30 cm -a at 4000 
km [Chandler et al., 1991]. For the O + ions the density 
evolves from 2000 cm -• at 2000 km to 700 cm- • at 4000 

km [Chandler et al., 1991]. The velocity of the H + ions 
is I km s -x at 2000 km and 6 km s -x at 4000 km in 

altitude [Abe et al., 1993]. For the O + ions the velocity 
is close to zero but should be positive at 4000 km in 
altitude [Abe et al., 1993], which is in good agreement 
with the boundary condition on Uo+ at 4000 km. The 
ion temperature is in the range 3000-7000 K [Ganguli, 
1996]. The electron temperature should be •-4000 K at 



2554 LEBLANC ET AL.' POLAR WIND GENERALIZED AND BI-MAXWELLIAN APPROACHES 

2000 km in altitude and 8000 K at 4000 km 

and Abe, 1995]. 
[Oyama 

3. Comparison Between the Generalized 
and Bi-Maxwellian Models 

3.1. Role of the New Closure Assumption 

Leblanc and Hubert [1997] underlined that the limita- 
tion of a multimoment approach derives from the neces- 
sity to define a closure assumption for the set of trans- 
port equations. In (5) and (6) this requirement appears 
through the dependence of the velocity moments < c• > 
and < c4t > with respect to the lower-order velocity mo- 
ments (< c• >)2 and (< c• >)4/3, relations which have 
been determined by Leblanc and Hubert [1998]. As an 
example, this change generates a new thermal conduc- 
tivity law associated with the generalized model. This 
section presents some of the properties provided by this 
new closure assumption. 

Figure 1 provides the H + macroscopic parameters de- 
termined by two different multimoment approaches in 
the context of the application described in section 2. We 
only present the H + ion parameters because the differ- 
ences are less significant for the O + ions and the elec- 

trons. One of the models (solid line) is the 16-moment 
generalized model where the collisional transfers are ap- 
proximated by the collisional transfers of Blelly and 
$chunk [1993]. The other model (dotted line) is the 
complete 16-moment bi-Maxwellian approach defined 
by Blelly and Schunk [1993]. The differences between 
these two models then reduce to the transport part of 
the heat flow equations, i.e., the left side of (5) and (6). 

Some discrepancies are found around 1000 kin, where 
the diffusion effects become higher than the ion/neutral 
collision effects. The first consequence of the new clo- 
sure assumption is that the maximum value of the par- 
allel heat flow qll around 2000 km (Figure lf) is smaller 
in the generalized solution than in the bi-Maxwellian 
one. From 2000 to 4000 km in altitude this parame- 
ter tends rapidly to zero according to the solution ob- 
tained with the bi-Maxwellian model, whereas the gen- 
eralized parallel heat flow at 4000 km is still important 
with respect to its maximum value. This discrepancy 
could be explained by the fact that in the generalized 
model the heat flow is not only related to the gradi- 
ent of temperature but, according to (5), also to the 
gradient of density. Whereas the increase of the par- 
allel temperature is less important in the generalized 
model above 2000 km compared to the solution of the 

4000 

3000 

•-• 2000 

1 ooo 

.I. 

1 10 100 

Density (cm '•) 
2 4 6 

/', (K) x 10' 
-2 0 2 4 6 8 10 

q' (ercj cm" s") x 10-' 

4OOO 

3000 

2000 

1 ooo 

' ' ' i - - - i - - - i - - - i - - - i - - ] 

. 

-2 0 2 4 6 8 10 0 

Velocity (km s") 
2 4 6 8 

r#(K) x 10' 
-2 0 2 4 6 8 10 

q// (ercj cm" s") x 10 '• 

Figure 1. Macroscopic parameters derived from the modified generalized model (solid line) as 
decribed in section 3.1 and from the bi-Maxwellian model (dotted line): (a) H + ion density, (b) 
H + ion perpendicular temperature, (c) H + ion heat flow of perpendicular energy, and (d) H + ion 
velocity, (e) H + ion parallel temperature, (f) H + ion heat flow of parallel energy. 
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bi-Maxwellian model, the associated parallel heat flow 
(solid line) is higher than in the bi-Maxwellian solu- 
tion (dotted line). Actually, around 2000 km the term 
-ms/2•/3(qsll/ps)4/3On•/Or is of the same order as the 
term 3nskB2Tsll/msOTsll/Or, which is the classicaly as- 
sociated term with the thermal conductivity law. Above 
this altitude, Figure 1 illustrates the importance of the 
gradient of density with respect to the gr.adient of tem- 
perature in the evaluation of the parallel heat flow. For 
the perpendicular heat flow qñ both models display a 
similar solution, with a slightly smaller generalized per- 
pendicular heat flow (solid line) compared to the bi- 
Maxwellian perpendicular heat flow (dotted line). 

As a consequence, the parallel temperature for the 
generalized model is equal to 6000 K at 4000 km in 
altitude, whereas the bi-Maxwellian model predicts a 
value of 8000 K at the same altitude. The perpendic- 
ular temperature is nearly the same for both solutions. 
The difference between the behavior of the parallel tem- 
peratures in both solutions could be explained by the 
gradient of the parallel and perpendicular heat flow with 
respect to the altitude. Indeed, in (3) an important con- 
tribution to the increase of parallel temperature is above 

2000 km' --1/(nH+kB)OqlHl+/Or. For the perpendicu- 
lar temperature equation (equation 4) this corresponds 
to --1/(nH+kB)c2q•+/Or. From Figure 1 it is obvious 
that the decrease of the parallel heat flow is smaller 
for the generalized solution than for the bi-Maxwellian 
solution. The gradient of the parallel heat flow in the 
generalized solution then generates a smaller increase 
of the parallel temperature. Another explanation for 
this discrepancy in the behavior of the parallel tem- 
perature appears in Figure lb which shows significant 
difference between the H + velocity predicted by both 
models. The generalized model predicts a 15% higher 
velocity than the bi-Maxwellian model above 2500 km. 
The convection of energy is then higher, with the gen- 
eralized model above 2500 km, which also contributes 
to an increase of the temperature smaller than in the 
bi-Maxwellian model. The H + velocity is increased by 
the new closure assumption because of a smaller tem- 
perature gradient in the generalized solution but also 
because of the thermal force [Leblanc et al., 2000] asso- 
ciated with a higher parallel heat flow above 3000 km. 
As a consequence, the density is slightly smaller in the 
generalized solution because of the conservation of the 
H + flux. The sonic point in the generalized solution is 
at 3100 km, whereas the sonic point of the solution of 
the bi-Maxwellian is at 3300 km. 

3.2. Role of the New Closure Assumption 
and Collisional Transfers 

Another improvement provided by the generalized 
approach is the more accurate evaluation of the col- 

lisional transfers [Leblanc et al., 2000]. We compare 
the solution obtained with the generalized model as- 
sociated with the Chodura and Pohl [1971] collisional 

transfers and the bi-Maxwellian solution of the section 

3.1. Figures 2, 3, and 4 present the different profiles of 
the macroscopic parameters of the three charged species 
obtained by the resolution of the complete generalized 
model in solid lines (including Chodura and Poh! [19711 
collisional contributions) and the bi-Maxwellian model 
(dotted lines). The electron density and velocity are 
derived from the ion densites and velocities with the 

assumptions of charge neutrality and zero current. 
These profiles show that the results obtained with 

the generalized and bi-Maxwellian models are in good 
agreement with the observations. The H + density is 
80 cm -a at 2000 km (see Figure 2a) and 15 cm -a at 
4000 km. The O + density is 10,000 cm -a at 2000 km 
and 1500 cm -a at 4000 km (Figure 2d). The mean H + 
velocity value is 2 km s -• at 2000 km and 7.5 km s -• 
at 4000 km, whereas the mean O + velocity is always 
<0.4 km s -1 (Figure 2c). The sonic point is at 3200 
km for the H + ions, while because of the boundary con- 
dition imposed on the velocity, the O + ions are always 
subsonic. The ion temperatures (Figure 3) evolve in a 
range 2000-5000 K with a maximum at 1500 km for the 
O + temperatures (Figures 3b and 3d) and the perpen- 
dicular H + temperature (Figure 3a), whereas the paral- 
lel H + temperature increases up to 5000 K at 4000 km 
(Figure 3d). The electron temperatures increase from 
3000 K at 1000 km to 6000 K at 4000 km (Figures 3c 
and 3f). The heat flow (Figure 4) is slightly negative 
below 800 km and always positive for the H + ions above 
this altitude (Figures 4a and 4d). It is first negative and 
then positive from 1500 to 4000 km for the O + ions (Fig- 
ures 4b and 4e) and always negative for the electrons 
(Figures 4c and 4f). The signs of these heat flows are 
then consistent with an upward flow associated with a 
decrease of the temperatures in the case of the electrons 
and the O + ions. Indeed, these two species have a low 
velocity compared to the thermal velocity and are then 
associated with a thermal conduction state dominated 

by the diffusion. For the H + ions the diffusion of these 
ions through a background of O + ions is associated with 
a nondiffusive thermal conduction. 

The differences between the generalized and bi- 
MaxwellJan solutions are especially significant for the 
H + ions. In Figures 2a and 2d the density profiles are 
very close for both approaches, but the density for the 
H + ions in the bi-Maxwellian solution is slightly smaller 
than in the generalized solution. This difference could 
be explained by the smaller value of the velocity pre- 
dicted by the generalized model (between 5 and 10% less 
than the velocity of the solution of the bi-Maxwellian 
model) and the conservation of the flux from one model 
to the other (Figure 2c). Above 1000 km the profiles of 
the H + parallel and perpendicular temperatures diverge 
significantly (Figure 3). The generalized solution corre- 
sponds to a parallel temperature of 5000 K at 4000 km, 
whereas the bi-Maxwellian model is associated with a 

parallel temperature of 8000 K for the same altitude. 
The discrepancy for the perpendicular temperature be- 
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Figure 2. Solutions of the generalized model (solid line) and of the bi-Maxwellian model 
(dotted line): (a) H + ion density, (b) H + ion velocity, (c) H* ion flux, and (d) O + ion density, 
(e) O + ion velocity, (f) O + ion flux. 

tween both models is of the same order: at 4000 km 

the generalized model predicts a 3000 K temperature, 
whereas the bi-Maxwellian solution is associated with 

a temperature of 5500 K. The temperature anisotropy 
is higher for the H + ions in the generalized solution. 
The main difference between the application of the sec- 
tion 3.1 and this application consists of a new expres- 
sion of the energy collisional transfers. Indeed, there is 
no friction contribution in the collisional perpendicular 
energy transfers of Chodura and Pohl [1971], whereas 
Blelly and Schunk [1993] introduced such a term in the 
perpendicular energy collisional transfer. The H+/O + 
Coulomb collisions, which raise the H + perpendicular 
temperature for altitudes up to 3000 km by friction in 
the bi-Maxwellian model, do not contribute to the in- 
crease of the perpendicular temperature in the gener- 
alized model. In the same way, Leblanc et al. [2000] 
have shown that the H+/O + parallel energy transfers 
associated with the bi-Maxwellian model are overesti- 

mated with respect to the generalized model and the 
Chodura and Pohl [1971] expressions. The increase of 
the H + parallel temperature is then naturally smaller in 
the generalized solution. In this application the veloc- 
ity of the H + ions is smaller in the generalized solution 
than in the bi-Maxwellian solution, contrary to the con- 

clusions of section 3.1. This is due to the smaller H + 

temperature in the generalized solution. 
Figure 4 displays the profiles of the parallel and per- 

pendicular heat flow for the three species and both mod- 
els. The differences between the two solutions are close 

to those associated with the application of the section 
3.1. However, we can notice two changes due to the 
new expressions of the energy transfer. For the per- 
pendicular heat flow the generalized solution provides a 
lower value of the energy transfer than the solution of 
the previous section (Figure la). It should be caused 
by the smaller gradient of perpendicular temperature 
in this solution. Indeed, the perpendicular temperature 
increases from 2 x 105 K to 5.5 x 105 K with the altitudes 

in the solution presented in section 3.1, whereas it is al- 
most constant above 1000 km in the solution presented 
in this section. On the contrary, the parallel heat flow 
is higher in this application than in the solution of sec- 
tion 3.1 despite a smaller parallel temperature (Figure 
le). Indeed, the parallel temperature is equal to 5 x 105 
at 4000 km for the solution of this section, whereas the 
H + temperature in section 3.1 is equal to 6 x 105 K at 
4000 km. It is compensated by the decrease of the ther- 
mal convection in comparison with Figure i because of 
a smaller velocity in the generalized solution at higher 
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Figure 3. Solutions of the generalized model (solid line) and of the bi-Maxwellian model 
(dotted line): (a) H + ion perpendicular temperature, (b) O + ion perpendicular temperature, (c) 
electron perpendicular temperature, and (d) H + ion parallel temperature, (e) O + ion parallel 
temperature, (f) electron parallel temperature. 

altitudes. Moreover, as we underlined in section 3.1, 
the role of the gradient of density in (5) is important 
above 2000 km. We here remark that because of the 

lower value of TH+ II compared to the solution displayed 
in Figure 1, the importance of the gradient of density is 
increased with respect to the term proportional to the 
gradient of temperature. 

The relative velocity between the H + ions and the 
O + ions and between the H + ions and the electrons, 
normalized by the thermal velocity vthst associated with 

- v 2 •/2 the two species (vthst (tns + vtnt 2) ) is displayed in 
Figure 5a. It corresponds to a validity criterion for the 
construction of the collisional transfers [Leblanc and 
Hubert, 1999]. Figure 5a indicates that the assumption 
of a low value of the relative velocity in the semilinear 
assumption [Leblanc et al., 2000] is always valid for 
the interaction between H + and electrons but is not 

valid for the interaction between H + and O +. It implies 
that the collisional transfer expressions of the model of 
Blelly and Schunk [1993] are not well adapted, whereas 
the expressions we used in the generalized model and 
deduced from Chodura and Pohl [1971] are better suited 
to this application. 

Leblanc and Hubert [1997, 1998, 1999] underlined the 
importance of the normalized parallel and perpendic- 
ular heat flow in the evaluation of the validity of the 
multimoment approaches. Let us recall that the nor- 
malized parallel heat flow of the s species is defined as 
the heat flow of parallel energy qs II normalized by the 
parallel free streaming heat flow: nsras(ksTsll/ras) a/2. 
The normalized perpendicular heat flow is normal- 
ized by the perpendicular free streaming heat flow' 
n,ras(krT, j_/ra,) a/2. Figures 5b and 5c display such 
parameters with respect to the altitudes for the gener- 
alized (solid line) and bi-Maxwellian (dotted line) ap- 
proaches. The H + parallel and perpendicular normal- 
ized heat flows reach a maximum near the sonic point 
in the bi-Maxwellian solution. They seem to tend to 
a limit in the generalized solution for the H + ions. 
Leblanc and Hubert [1997, 1998, 1999] established that 
the closure assumption of the multimoment approach is 
not valid when the normalized parallel and perpendic- 
ular heat flows exceed a threshold. For higher values 
of these parameters, negative values of the distribution 
function appear. Figure 6 displays the profiles of the 
H + velocity distribution function associated with the 
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Figure 4. Solutions of the generalized model (solid line) and of the bi-Maxwellian model (dotted 
line): (a) $ + ion heat flow of perpendicular energy, (b) 0 + ion heat flow of perpendicular energy, 
(oC)+ electron heat flow of perpendicular energy, and (d) H + ion heat flow of parallel energy, (e) ion heat flow of parallel energy, (f) electron heat flow of parallel energy. 
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Figure 5. (a) Normalized relative velocity between the H + ions and the electrons and the 
H + and 0 + ions in function of the altitudes, (b) Normalized parallel heat flow for the electrons, 
and the H + and 0 + ions in function of the altitudes, (c) Normalized perpendicular heat flow for 
the electrons, and the H + and 0 + ions in function of the altitudes. The solid lines correspond 
to the solution of the generalized model, and the dotted lines correspond to the solution of the 
bi-Maxwellian model. 
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Figure 6. Two-dimensional representation of the velocity distribution function in the (Cll , 
plane. These velocities are normalized by the parallel thermal velocity Vthl I and the perpendicular 
thermal velocity Vthj_. Contour lines correspond to fraction 0.8, 0.6, 0.4, and 0.2 (solid lines) 
and to 0.1, 0.032, 0.01, 0.0032, and 0.001 (dashed lines) of the maximum phase space density. 
The origin of the velocity space corresponds to the mean velocity. These functions have been 
obtained from the generalized model. 

generalized model [Leblanc and Hubert, 1999] for three 
different altitudes. Figure 7 displays the same profiles 
but derived from the bi-Maxwellian approach. Close to 
a Maxwellian profile at 500 km, these profiles display at 
higher altitudes non-Maxwellian features. In Figures 6b 
and 7b, we have plotted the profiles of the H + distribu- 
tion function at 3000 km in altitude. The profile of the 
velocity distribution function in Figure 6b is drastically 
deformed along the parallel direction for high positive 
values of the parallel velocity Cll/Vtnll (where Cll is the 
random velocity) and on the flank of the distribution for 
high negative values of Cll/V,•ll. The core of the veloc- 
ity distribution function develops an elongated profile 
in the perpendicular direction, whereas the complete 
(core plus halo) distribution is associated with a more 
pronounced asymmetry in the parallel direction. We 
determined that these deformations are due to the per- 
pendicular normalized heat flow. In Figure 7 we plotted 

the same profile but for the bi-Maxwellian closure as- 
sumption. The distribution is associated with negative 
values for high negative parallel velocity. We deter- 
mined that this property is due to the combining effect 
of relative high values of the normalized parallel and 
perpendicular heat flow. We have established that the 
bi-Maxwellian model provides significant negative val- 
ues above 2000 km, whereas the generalized distribution 
function is still physically correct. Above 3000 km these 
characteristics are amplified. The profiles of the 0 + ion 
and electron distribution functions are always close to 
the Maxwellian profiles. 

4. Discussion 

Several different approaches have been applied to 
model the expansion of the terrestrial polar wind. In 
this section we compare the generalized solution pre- 
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Figure 7. Velocity distribution functions derived from the bi-Maxwellian model for the same 
application as in Figure 6. The arrangement of the plots is as in Figure 6. The dotted line 
corresponds to a negative value of-0.001 of the maximum phase space density. 
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sented in the section 3.2 with solutions obtained by 
two different methods of resolution of the Fokker Planck 

equation in the context of the terrestrial polar wind. 
The Monte Carlo method of solving the Fokker 

Planck equation is a very promising tool for tackling the 
expansion of particles from collision-dominated to colli- 
sionless regions. Barghouthi et al. [1993] have applied a 
Monte Carlo model to the expansion of H + ions through 
a background of O + ions at the thermodynamic and 
hydrostatic equilibrium state. In that paper the self- 
collisions between H + ions have been neglected, which is 
reasonable when the O + ion density dominates as is the 
case below 4000 km in altitude (Figure 2). The H+/O + 
Coulomb collisions have been determined by using the 
Fokker Planck operator. The upward motion of the H + 
is due to the electrostatic force opposed to the gravita- 
tion force. The divergence of the magnetic field, similar 
to the configuration described in section 2, has been also 
included via the conservation of the total ion energy and 
of the first adiabatic invariant. Barghouthi et al. have 
determined a solution with a sonic point in the transi- 
tion region between the collision-dominated region and 
the collisionless region. Barakat et al. [1995] provided 
the velocity distribution function profiles in the transi- 
tion region. In this region a double-humped function 
appears to be aligned to the magnetic field direction, 
which then disappears to become what Barghouthi et 
al. [1993] call the kidney bean shape. 

Lie-Svendsen and Rees [1996] have also determined 
an analytic solution of the Fokker Planck equation. 
They have considered the motion of H + and He + ions 
in a background of O + ions at the thermodynamic and 
hydrostatic equilibrium. From a collision-dominated 
region to upper altitudes (below 2500 km) they have 
considered Coulomb collisions between H+/O + and 
He+/O + ions. They have determined a sonic point at 
2300 km in the transition region and have provided pro- 
files of the distribution function between 2000 and 2500 

km in altitude in good agreement with the results of 
Barakat et al. [1995]. 

These two approaches have obtained profiles of the 
H + velocity distribution, which evolve in the same way 
with respect to altitude. Close to a Maxwellian pro- 
file in the collision-dominated region, these profiles in 
the transition region are asymmetric in the parallel di- 
rection and associated with positive heat flow. In the 
collisionless region the profiles of the distribution func- 
tion are associated with high temperature anisotropy 
with a larger perpendicular temperature. We could ex- 
plain this evolution by the fact that the acceleration of 
the H + ions is due to the ambipolar electrostatic field, 
which is more important than the gravity field effect. 
The increase of energy due to the electrostatic field is 
independent of the original energy of the particle and 
is distributed between parallel and perpendicular ener- 
gies. Since the electrostatic field is directed along the 
magnetic field direction, this increase of energy of the 
particle is mainly of parallel energy and is afterward 

distributed because of the conservation of the first adi- 
abatic invariant. The main effect of the electrostatic 

field is to accelerate the H + ions with respect to the 
O + ions and to the electrons. However, the collisions 
between H + ions and other species generate a diffusion 
of the energy. At first this diffusion is mainly effective 
in the parallel direction, as long as the relative velocity 
between H + ions and O + ions is low. When this relative 

velocity increases, the diffusion turns to be more impor- 
tant in the perpendicular direction. Since the diffusion 
due to Coulomb collision decreases with high speed, the 
distribution function gets thinner in the parallel direc- 
tion, mainly around the mean velocity of the species, 
i.e., around the core of the distribution. Then the par- 
allel temperature and the thickness of the distribution 
along the magnetic field direction decrease when the 
perpendicular temperature increases in association with 
an increase in the thickness of the distribution in this 

direction. 

The solution of section 3.2 provides similar evolution 
until the lower part of the transition region. Indeed, in 
the collision-dominated region (500 km in altitude; Fig- 
ure 6a), the contour plots of the H + ions are close to a 
Maxwellian one. In the transition region (1500 km; Fig- 
ure 6b), these contour plots then are asymmetric in the 
parallel direction and associated with a positive heat 
flow. The contour plots at 3000 km (Figure 6c) in the 
collisionless region are different. Leblanc and Hubert 
[1997] underlined that the generalized model could not 
reproduce the double-humped contour plot of Barakat 
et al. [1995]. Therefore we are not able to reproduce 
accurately the microscopic level of description in the 
upper part of the transition region. Let us stress that 
the two approaches display some differences: the Monte 
Carlo simulation does not take into account the inter- 
actions between H + and neutrals or the self-collisions 

H+/H +. By doing this the Monte Carlo simulations 
neglect several effects that make the H + distributions 
isotropic. However, above this region the core of the 
distribution function (Figure 6c) displays an elongated 
profile in the perpendicular direction, which is asso- 
ciated with a higher perpendicular temperature than 
the parallel temperature. Up to 4000 km in altitude 
the friction with the O + ions is still significant and, as 
explained in the section 3.2, generates an increase of 
the parallel temperature of the core plus halo distribu- 
tion (Figures i and 3) contrary to the solution of Lie- 
Svendsen and Rees [1996] and Barghouthi et al. [1993]. 
The collisional energy transfers that we considered in 
the application of section 3.2 then generate an increase 
of the parallel temperature with respect to the perpen- 
dicular temperature, which is too high. 

However, the correction of the Blelly and $chunk 
[1993] model by the collisional energy transfers of 
Chodura and Pohl [1971] generates a slight decrease of 
the perpendicular temperature contrary to the increase 
of the perpendicular temperature in the bi-Maxwellian 
solution (Figure 3). Moreover, Leblanc et al. [2000] 
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presented a comparison of the parallel and perpendic- 
ular energy collisional transfers obtained with the gen- 
eralized expressions [Leblanc et al., 2000] and with the 
Chodura and Pohl [1971] expressions. Above an altitude 
that depends mainly on the parallel and perpendicular 
heat flow values the parallel energy transfer is overesti- 
mated, and the perpendicular energy transfer is under- 
estimated by the Chodura and Pohl [1971] expressions. 
We could then extrapolate that the exact generalized 
collisional transfers of energy would have generated a 
less important increase of the parallel temperature in 
better agreement with the results of Lie-Svendsen and 
Rees [19961 and Barghouthi et al. [1993]. As a conse- 
quence, the contour plots of the distribution function in 
the collisionless region would be more elongated in the 
perpendicular direction and closer to the typical profiles 
shown by Lie-Svendsen and Rees [1996] and Barghouthi 
et al. [1993]. 

5. Conclusion 

The role of the suprathermal part of the velocity dis- 
tribution function in the terrestrial polar wind has been 
described in several approaches [Blelly and Schunk, 
1993; Barakat et al., 1995; Pierrard and Lemaire, 1998]. 
However, none of these solutions allows an accurate, 
self-consistent description of its role in the transition 
between collision-dominated regions below 400 km and 
the collisionless region above 4000 km. In this paper we 
propose an original approach based on a multimoment 
multispecies method that has been developed in order 
to describe better the non-Maxwellian features of the 

species in this region. 
This paper is the first application to the terrestrial 

polar wind of the generalized multimoment multispecies 
model [Leblanc and Hubert, 1997, 1998, Leblanc et al., 
2000]. We have compared this new multimoment mul- 
tispecies 16-moment approach with the 16-moment bi- 
Maxwellian presented by Blelly and Schunk [1993] in a 
range of altitudes from the collision-dominated region 
to the collisionless region. However, because of the dif- 
ficulty involved in using the new collisional transfers 
associated with the generalized model [Leblanc et al., 
2000] and because of the unacceptably long time needed 
to solve the associated set of transport equations, we 
have replaced in this application these contributions by 
an approximation deduced from the Chodura and Pohl 
[1971] expressions. 

From this comparison we show the following. 
1. When we only consider the effects of the new clo- 

sure assumption on the higher-order velocity moment 
equations (equations (5) and (6)) without taking into 
account the changes in the collisional transfers, i.e., 
when we only study the effects of the new terms of 
transport in the equations for the heat flow we show 
that the generalized model predicts a higher velocity of 
the escaping supersonic particles (in our case it corre- 
sponds to the H + ions), that this acceleration is due 

to significant changes in the profiles of the temperature 
and of the heat flow, and that the new characteristics 
of these profiles are mainly due to a new term depend- 
ing on the gradient of density that is involved in the 
description of the parallel heat flow. 

2. When we also considered the new expressions of 
the energy collisional transfers approximated by the 
Chodura and Pohl [1971] expressions, the generalized 
model predicted a smaller velocity of the escaping su- 
personic particles compared to the previous application 
of the generalized model and a smaller increase of the 
parallel temperature and a decrease of the perpendicu- 
lar temperature compared to the same application. 

We also compared the generalized solution with the 
Monte Carlo model of Barghouthi et al. [1993] and of 
Barakat et al. [1995] and with the kinetic resolution of 
the Fokker Planck of Lie-Svendsen and Rees [1996]. We 
have noted differences in the temperature profiles that 
are reduced with respect to the difference between the 
bi-Maxwellian profiles and these approaches. The gen- 
eralized model provides an approximation of the veloc- 
ity distribution functions up to the collisionless region. 
These contour plots are close to the solutions deter- 
mined by the Monte Carlo and kinetic approaches until 
the lower part of the transition region. In the upper 
part of the transition region the double-humped profiles 
predicted by the Monte Carlo and kinetic approaches 
are not reproduced by the generalized solution. In the 
collisionless region the kidney bean shape appears to 
be less pronounced in the generalized model because of 
the less important adiabatic cooling and perpendicular 
diffusion predicted by this model in its present status. 
Time reduction of the generalized collisional transfer 
calculations appears to be a necessary challenge as the 
collisional transfers would remedy these discrepancies. 
Such differences could also be explained by the effects of 
the H +/H + self-collisions in the upper part of the tran- 
sition region, which are taken into account in our model 
and not in the Monte Carlo or kinetic approaches. 

The applications presented in this paper allow us to 
show the general good agreement of our model with 
measurements and previous models, in particular with 
the bi-Maxwellian model of Blelly and Schunk [1993]. 
However, they also show that this model is able to de- 
scribe better the transition from collision-dominated re- 

gions to collisionless regions since it improves the agree- 
ment with the results obtained by kinetic models well 
adapted to the regions above 2000 km in altitude. These 
comparisons between generalized and bi-Maxwellian ap- 
proaches provide a description of the nonthermal effects 
in the impulsion and energy transports during the ex- 
pansion of the polar wind. These nonthermal effects are, 
in particular, suspected to play an important role in the 
high-altitude polar cap outflows escaping from Earth as 
stressed recently by Moore et al. [1997]. Future appli- 
cations to the solar wind will allow the description, in 
a self-consistent way, of the expansion of this wind and 
also the underlining of the role of the nonthermal parts 
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of the electron and proton distribution functions, which 
are currently observed in the interplanetary medium. 
This model also provides a new and more accurate de- 
scription of the heat flow in the transition region, which 
is of great importance in the solar corona according to 
recent papers [Olsen and Leer, 1996, 1999; Li, 1999] 
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