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Abeiraet-We have studied the extent to which certain transport processes affect ion composition and 
heat flow in the daytime, topside Venus ionosphere. Particular attention is given to the conditions that 
prevailed during the Mariner 5 measurements, at which time the topside Venus ionosphere appeared 
to be in a state of diffusive equilibrium. We have found that the ion composition is sensitive to the ion 
temperature, the ion temperature gradient, and to reiative drifts between the ion species of a few 
m/set. The electron density, on the other hand, is very insensitive to these parameters. As a 
consequence, ionospheric models of the topside Venus ionosphere are not likely to yield definitive 
information about the ion composition, the thermal structure or the flow conditions, since at present 
only electron density profiles are available for testing model predictions. We have also found that a 
relative drift between the ion species of a few m/see induces an ion heat flow that is equivalent to a 
1 K/km temperature gradient. This induced heat flow could influence the energy balance in the topside 
Venus ionosphere. 

1. INTRODUCCION 

At present, the only substantial information we 
have about the Venus ionosphere derives from the 
Mariner 5 and 10 me~urements (Kliore et af., 
1967; Eshleman et al, 1967; Howard ef at., 1974; 
Fjeldbo et al, 1975). At the times of the two 
measurements, however, there was a significant 
difference in the structure of the dayside Venus 
ionosphere. The electron density profile observed 
by Mariner 10 has two distinct ledges, one near 
180 km and the other near 250 km, while the 
Mariner 5 profile does not exhibit pronounced 
ledges. Furthermore, the electron density scale 
height in the topside ionosphere appears to be that 
appropriate to diffusive equilibrium for Mariner 5, 
while large upward or downward flow velocities are 
needed to explain the Mariner 10 topside electron 
density scale height (Bauer and Hartle, 1974; Nagy 
et al., 1975). The difference between the Mariner 5 
and 10 dayside ionosphere is undoubtedly due to a 
solar win~ionosphere interaction mechanism 
(Bauer and Hartle, 1974). At the time of the 
Mariner 5 measurement, the ionopause was located 
at about 500 km, while for Mariner 10 it was at 
approximately 350 km. 

There have been a number of theoretical models 
of the daytime Venus ionosphere (McElroy, 1968; 
McElroy and McConnell, 1971; Herman et al., 
1971; Kumar and Hunten, 1974; Bauer and Har- 

tie, 1974; Nagy et al., 1975). In the early modeis, 
the neutral exospheric temperature was taken to be 
700 K, while in the more recent models of Kumar 
and Hunten (1974), Bauer and Hartle (1974) and 
Nagy et al. (1975) a 350 K exospheric temperature 
was adopted. As far as the charged particle temper- 
atures are concerned, the various models cover a 
range of adopted ion and electron temperature 
profiles. For example, Nagy et al. (1975) set Ti = 
350 K at all altitudes above about 160 km, while 
Kumar and Hunten (1974) assumed that T = 
1500 K. The difficulty with the charged particle 
temperatures is that there are no direct experimen- 
tal data on electron or ion temperatures in the 
Venus ionosphere. At present, only the theoretical 
calculations of Whitten (1969), Herman et al. 
(1971) and McCormick et al. (1976) are available 
as a guide to the thermal structure of the Venus 
ionosphere. These calculations indicate that sig- 
nificant differences between neutral, ion, and elec- 
tron temperatures are possible in the topside Venus 
ionosphere and that appreciable ion and electron 
temperature gradients are also possible. However, 
the magnitudes of the theoretical temperatures are 
uncertain, because the different authors assumed 
different boundary conditions and different ionos- 
pheric models. 

The recent ionospheric models of Kumar and 
Hunten (1974) and Nagy et al. (1975) yield a 
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different major ion above 220 km, despite similar 
chemical reaction schemes. In the Kumar and Hun- 
ten (1974) model, 0’ is the major topside ion, 
while in the Nagy et al. (1975) model 9’ is the 
major ion. In both models, the ions are in diffusive 
equilibrium above 200 km. 

We have recently derived diffusion and heat flow 
equations for a gas mixture composed of two major 
ions, electrons and a number of minor ions (St.- 
Maurice and Schunk, 1977). These equations were 
derived from the 13-moment system of transport 
equations presented by Schunk (1975) with the 
assumption that the species temperature and drift 
velocity differences were small. The new equations 
therefore appear to be applicable to the topside 
Venus ionosphere for the conditions occurring at 
the time of the Mariner 5 daytime measurements. 

Using the new transport equations, we have 
studied the extent to which various transport pro- 
cesses affect the structure of the topside Venus 
ionosphere (200-400 km). Because of the uncer- 
tainty in the thermal structure of the Venus ionos- 
phere, we have considered a couple of base ion 
temperatures and several ion and electron tempera- 
ture gradients. We have also considered relative 
flows between the dominant ions. For the ion den- 
sities at our lower boundary (200 km), we have 
adopted the CO*+, 02+ and 0’ densities calculated 
by Nagy et al. (1975). 

In Section 2, we present the diffusion and heat 
flow equations and briefly discuss some of the new 
transport terms. In Section 3, we present ion and 
electron density profiles corresponding to Mariner 
5 conditions, and we discuss the possible impor- 
tance of induced ion heat flow due to a relative 
drift between the dominant ion species. Section 5 
contains our summary. 

2. TEEORY 

The recent ionospheric models of Kumar and 
Hunten (1974) and Nagy et al. (1975) clearly indi- 
cate that transport is more important than chemis- 
try at altitudes above about 190 km. We have also 
found that at these altitudes the plasma is effec- 
tively fully-ionized. This is shown in Table 1, where 
we compare the Coulomb collision frequencies with 
the ion-neutral collision frequencies for the ionos- 
pheric model considered by Nagy et al. (1975). The 
COz, CO and 0 densities needed in the calculation 
of the ion-neutral collision frequencies were extra- 
polated from the values given by Liu and Donahue 
(1975) with an exospheric temperature of 350 K. 
The comparison shown in Table 1 clearly indicates 
that above 200 km Coulomb collisions are more 

TABLE I. thiPARI5.ON OF ION-NEUTRAL AND C~XJLOMB 

COLLISION FREOUENCD33 

Alti- Ion-neutral (see) Coulomb (set-‘) 

z o+ co,+ o,+ o+ co*+ 02’ 

200 3.0 (-2)* 
220 5.3 (-3) 
240 1.6 (-3) 
260 5.7 (-4) 
280 2.3 (-4) 
300 9.2 (-5) 
320 3.7 (-5) 
340 1.5 (-5) 
360 6.4 (-6) 
380 2.7 (-6) 
400 l.l(-6) 

1.3(-2) L7 (-2) 1.45 0.70 0.89 
1.9 (-3) 2.4(-3) 0.89 0.42 0.54 
4.6 (-4) 6.0(-4) 0.66 0.32 0.40 
1.6(-4) 2.1(-4) 0.49 0.23 0.29 
6.2(-5) 8.1(-5) 0.37 0.17 0.22 
2.5 (-5) 3.3(-5) 0.30 0.13 0.17 
l.O(-5) 1.3(-5) 0.25 0.11 0.14 
4.2 (-6) 5.5 (-6) 0.21 0.09 0.12 
1.7(-6) 2.3 (-6) 0.18 0.08 0.10 
7.2(-7) 9.5 (-7) 0.16 0.07 0.09 
3.0(-7) 4.0 (-7) 0.14 0.06 0.08 

* 3.0 (-2) =3.0x 1o-2. 

important than ion-neutral collisions, especially for 
the minor ions. 

We have recently derived difIusion and heat flow 
equations for a fully-ionized multicomponent 
plasma composed of two major ions, electrons, and 
a number of minor ions. Letting subscripts i and j 
correspond to the major ions, subscript x to the 
minor ion, and subscript e to the electrons, these 
equations can be expressed in the form: 

u, =q-D, 
mG 1 

-kT+?;VT, +z, 
K/T, 
-Vn, 

i * n, 

(1) 

a, =u,-D, ?G 1 TJTJ 
;Vq-=+yVT,+z,-Vk 

I i 4 

(2) 

+~VT.-~caVT.+aV~+aVT,,] 
* x 

(3) 
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(6) 

where the electron density and drift velocity are 
obtained from the requirements of charge neutral- 
ity and charge conservation, respectively, 

n, = ragi + ngi (7) 

n,o, = n,Z,u, + +r,uj. (8) 

In equations (l)--(8), n, is the density of ion 
species i, m, is the mass, Ti is the temperature, zi is 
the ion charge number, pi = hmi is the mass den- 
sity, ui is the drift velocity, qi is the heat flow 
vector; .$ = vi,‘v,,‘/(vi’vi’), G is the acceleration due 
to gravity, k is BoltzmaM’s constant, and V is the 
coordinate space gradient. The quantities uii, c~*, yi 
and fit are thermal difhrsion coefficients, Di is the 
ordinary difIusion coe5cient, b is a frictional drag 
coeflicient, A, is the thermal conductivity, 4, is an 
induced heat flow coe5cient, and a+’ and vii’ are 
effective collision frequencies. Similar definitions 
hold for species f n and e. The ordinary difhrsion 
coefficients, thermal ditlirsion coe5cients, frictional 
drag coefficients, thermal conductivities, induced 
heat flow coe5cients and effective collision fre- 
quencies are given by St.-Maurice and Schunk 
(1977) and will not be repeated here. 

Several simplifying assumptions are implicit in 
the diffusion and heat flow equations. These equa- 
tions were derived by assuming steady-state condi- 
tions, by neglecting stress and non-linear accelera- 
tion terms, and by using Burgers’ linear collision 
terms (Burgers, 1969). The use of Burgers’ linear 
collision terms implies small temperature and drift 
velocity difIerences between the interacting species. 

Equations (l)-(3) can be used to treat a situation 
in which there is more than one transition region, 
say from CO,’ to 02+, and then from 0,’ to O+, 
by redefining the major and minor ions at an 
altitude which lies between the two transition reg- 
ions. If the charged particle temperature and flux 
profiles and the lower boundary ion densities are 
specified, equations (l)-(3) can be integrated num- 
erically using a Runge-Kutta integration technique 
to yield altitude profiles of ion density. 

3. TOPSIDE VENUS IONOSPHEXE 

To study the ion composition in *he topside 
Venus ionosphere, we solve equations (l)-(3) for 
daytime steady-state conditions over the altitude 
range 200-4OOkm. At these altitudes, the main 
ions are C02+, 0,’ and 0’. For the ion densities at 
our lower boundary (200 km), we adopt the values 
calculated by Nagy et al. (1975) for Mariner 5 
conditions; n(COz+) = 7.74 X lo3 cm-‘, n(O,+) = 
2.78 x lo4 cmT3 and n(0’) = 7.94 x lo2 cm3. These 
lower boundary values are not changed in any of 
our models. For most of our calculations, we also 
adopt the Nagy et al. (1975) electron temperature 
protile, which is nearly constant between 200 and 
400 km with T. = 2000 K. As in the previous model 
studies, we neglect horizontal transport. 

Effect of ion temperature gradients 

To illustrate the sensitivity of the ion composi- 
tion to ion temperature, we present in Fig. 1 diffu- 
sive equilibrium ion and electron density profiles 
for several ion temperature profiles covering a 
range of constant ion temperature gradients. For all 
three cases, the different ions are assumed to have 
a common temperature, which increases with al- 
titude from a base value of 350 K with a gradient of 
(a) 0, (b) 3 and (c) 5 K/km. Also shown in Fig. 1 are 
the density profiles that result when thermal difIu- 
sion effects are neglected. It is apparent that the ion 
composition is very sensitive to the ion temperature 
profile. Increasing the ion temperature gradient 
acts to increase the CO,’ and 02+ densities and 
reduce the 0’ density at all altitudes above 
200km. This behaviour is enhanced by thermal 
difIusion, which becomes important for ion temper- 
ature gradients greater than about 3 K/km. The 
increase in the molecular ion densities coupled with 
the reduction in the 0’ density acts to increase 
significantly the 0,+/O’ transition altitude, which 
increases from 280 to greater than 400 km as VT, 
increases from 0 to 5 K/km. 

Although there is a significant change in the ion 
composition as the gradient in the ion temperature 
increases, there is a very small change in the elec- 
tron density profile. Further model calculations, 
which are described below, covering the same 
range of ion temperature gradients but for a greater 
base ion temp.erature yield the same result. There- 
fore, if the ion temperature in the topside Venus 
ionosphere is less than or comparable to the elec- 
tron temperature, as assumed in all of our models, 
our results indicate that the Mariner 5 electron 
density profile cannot yield definitive information 
on the ion temperature gradient. 
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NUMBER DENSITY ( cmm3) 

FIG. 1. ION AND ELECIRON DENSITY PROFILES FOR SEVERAL CONSTANT ION TEMPERATURE GRADIENTS 

AND FOR A LOWER BOUNDARY ION TEMPERATURE OF 350 K. 
The ion temperature gradients are: (a) 0, (b) 3 and (c) 5 K/km. The dashed curves show the density 

profiles calculated without allowance for the effects of thermal diffusion. 

In Fig. 2, we present ion and electron density 
profiles for the same conditions that led to Fig. 1, 
except that the lower boundary ion temperature, 
Tu, is now set equal to 700K. The comparison of 
Figs. l(a) and 2(a) illustrates the effect on the ion 
composition of an enhanced, uniform ion tempera- 
ture. An increase in the uniform ion temperature 
from 350 to 700 K results in a significant composi- 
tion change, with the molecular ion densities in- 
creased and the 0’ density reduced at all altitudes. 
As a result of this change, the 0,+/O’ transition 
altitude is increased from 280 to 360 km. Although 
there is a significant composition change, there is a 
negligibly small difference between electron density 
profiles. 

As with TB = 350 K, an increase in the ion temp- 
erature gradient acts to increase CO*+ and 02+ 
densities and reduce the 0’ density at all altitudes. 
However, the change in the ion density profiles for 
a given ion temperature gradient is not as large for 
TB =700 K as for TB = 350 K. Furthermore, al- 
though thermal diffusion is important for TB = 
350 K and VT, > 3 K/km, it has a negligibly small 
effect on the profiles for ‘I” = 700 K for the three 
temperature gradients considered. 

Efiect of separate temperature gradients for the 
different ions 

In Figs. 3 and 4 we show the effect on the ion 
composition of separate temperature gradients for 

NUMBER DENSITY (cm-31 

FIG. 2. ION AND ELECTRON DENSITY PRO- FOR SEVERAL CONSTANT ION TEMPERATURE GRADIENTS 

AND FOR A LOWER BOUNDARY ION TEMPERATURE OF 700 K. 

The ion temperature gradients are: (a) 0, (b) 3 and (c) 5 K/km. The dashed curves show the density 
profiles calculated without =allowance for the effects of thermal diion. 
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?&MBER lENSTY km’S) 

PrG. 3. ION AND E-ON DENSITY PROFEES FOR T?IE 

CASE WHERE THJ3 DIFFERENT ION SPECIES HAVE DIFFERENT 

BUT CONSTANT ION TEMPERATURE GRADIBNlS AND FOR A 

BASE ION TEMPERATURE OF 350 K. 
For the top figure, the O+, 02+ and COz+ temperature 
gradients are 3,1 and 0 K/km, respectively, while for the 
bottom figure the gradients are 1, 3 and 0 K/km, respec- 
tively. The dashed curves show the density profiles that 
result when the Merent ion temperature gradients are set 

equal to zero. 

the different ion species. For Fig. 3 the ions have a 
common base temperature of 350 K, while for Fig. 
4 the base temperature is 700 IL For both figures, 
the top half corresponds to 0’, OZc and CO,’ 
temperature gradients of 3, 1 and 0 K/km, respec- 
tively, while for the bottom half these gradients are 
1,3 and 0 K/km, respectively. Also shown in these 
figures are the density profiles that result when the 
different ion temperature gradients are set equal to 
zero. The behaviour of the ion composition as a 
function of individual ion temperature gradient is 
sin&u to that obtained for a common ion tempera- 
ture gradient, in that an increase in either the 0’ or 

o*+ temperature gradient acts to increase the 
molecular ion densities and reduce the 0‘ density 

and, hence, acts to increase the 0,+/O’ transition 
altitude. Also, as for a common ion temperature 
gradient, a given individual ion temperature gra- 
dient produces a larger composition change for 
TB = 350 K than for TB = 700 K. 

A novel feature of the results shown in Figs. 3 
and 4 is that a given 0’ temperature gradient has a 
much larger effect on the ion composition than 
does an equivalent 02+ temperature gradient. This 
could be important in the topside Venus ionos- 
phere if the solar wind-ionosphere interaction 
mechanism of Bauer and Hartle (1974) is operat- 
ing. These authors suggest that solar wind protons 
are capable of crossing the ionopause and penetrat- 
ing to low altitudes. The penetrating solar wind 

NWBER DENSITY knis) 

FIG. 4. ION AND BLBCTRON DENSITY PRO- FOR THE 

CASE WHERE THE DIFFERENT ION SPECIES HAVE Dlt?ERENT 

BUT CONSTANT ION TEMFERATURE GRADIENTS AND FOR A 

BASE ION TEMPERATURE OF 700 K. 
For the top figure, the W, 02+ and CO,+ temperature 
gradients are 3, 1 and 0 K/km, respectively, while for the 
bottom figure the gradients are 1, 3 and 0 K/km, respec- 
tively. The dashed curves show the density pro&s that 
result when the different ion temperatore gradients are set 

equal to zero. 
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protons then transmit energy and momentum to the 
thermal ions as they are slowed. Because of a more 
favourable mass ratio, the solar wind protons would 
exchange energy and moment more readily with 
0’ than either 02+ or COz+ and this, in turn, could 
result in an elevated 0’ temperature gradient and a 
relative drift between 0’ and the molecular ions. 
This latter effect is discussed in the next subsection. 

Again we note that although there are significant 
differences in the altitude structure of the ion den- 
sities for the various cases shown in Figs. 3 and 4, 
there is a negligibly small difference between the 
electron density profiles. 

Efiect of 0’ pOws 

The ion diffusion equations (l)-(3) contain cou- 
plmg terms that are proportional to the relative 
drift between the diierent ions. For a gas with a 
single major ion, the major ion-minor ion coupling 
term accounts for the tendency of the major ion to 
drag the minor ion along as it flows @chunk and 
Walker, 1970a, b). In the topside Venus ionos- 
phere, however, it is likely that the lighter, minor 

0’ ion has a flow velocity different from the more 
massive molecular ions. A downward 0’ flow 

might result if the Batter and Hartle (1974) solar 
wind-ionosphere interaction mechanism is operat- 
ing, while an upward 0’ flow could result if some 
other interaction mechanism controls the ionopause 
formation. 

NUMBER DENSITY (. cm+) 
FIG. 5. ION AND FJZCIRON DENSITY PROFIUB FOR AN 

UPWARD 0’ FLUX OF 7 X 10’ CZll-’ SCC-‘. 

For these calculations the COz+ and O,+ fluxes are xere, 
and the dierent ions are assumed to have a common, 
constant temperature of 350 K. The dashed curves show 
the profiles that result when the O+ flux is set equal to 

zero. 

NUMBER DENSITY I cmS31 

FIG. 6. ION AND ELBCTRON DENSITY PROFILES FOR A 
DOWNWARD 0’ FLUX OF 1 X 106 Cm-2SCC-‘. 

For these calculations the CO,+ and 0; fluxes are zero, 
and the different ions are assumed to have a amunon, 
constant temperature of 350 K. The dashed curves show 
the profiles that result when the O+ flw is set equal to 

zero. 

In order to determine the extent to which up- 
ward and downward O+ fluxes’affect the ion com- 
position, we have calculated ion and electron den- 
sity profiles for a range of 0” fluxes. From this 
study, we have found that relatively small 0’ fluxes 
can appreciably affect the ion composition. Results 
for upward and downward 0’ fluxes of 7x 
lo5 cma2 set-’ and 1 x 10” cmv2 set-‘, respectively, 
are shown in Figs. 5 and 6. Also shown in these 
figures are the density profiles that result when the 
0’ flux is set equal to zero. In generating these 
figures, we set the molecular ion fluxes to zero and 
assumed that the different ions have a common 
temperature of 350 K at all altitudes. Considering 
first the upward flow case, it is apparent that an 
upward 0’ flux of 7 x 10’ cm-’ set-’ significantly 
affects the ion composition, with O+ reduced and 
the molecular ions increased at all altitudes. The 
reduction of 0’ combined with the increase in 0,’ 
acts to raise the 02+/0+ transition altitude from 
280 to 360km. 

Upward 0’ flow speeds of less than 10 m/set are 
sufficient to maintain the upward flux of 7X 
10’ erne2 set-‘. However, this flux is close to the 
critical or limiting O+ flux, which is about 7.15 X 
10’ cme2 see-’ for the conditions shown in Fig. 5. 
At the critical fiux, the O+ density decreases with 
the 02+ scale height and, hence, larger upward flow 

speeds will result from just a slight increase in the 
magnitude of the upward 0’ flux. 
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Figure 6 indicates that a downward 0’ flux of 
about 1 x lo6 crne2 set-’ is needed to afIect the ion 
composition in the topside Venus ionosphere. 
Downward 0’ flow speeds of only a few mlsec are 
capable of maintaining the downward 0” flux of 
1 X lo6 cm-’ set-“. 

Although upward and downward O+ fluxes of 
7 x 10’ and 1 x ld cmm2 set-‘, respectively, apprec- 
iably affect the ion composition they have a rela- 
tively small effect on the electron density. This 
illustrates the insensitivity of the electron density to 
small 0+-molecular ion drift velocity differences. 

As a final point on ion flows, we note that if the 
coupling of the ions through the frictional drag 
terms is neglected, the major and minor ion difhr- 
sion equations take the form 

ui = -Di 

where we have neglected thermal di%sion terms so 
that this equation is directly comparable to difIu- 
sion equations used in previous studies of the 
ionosphere of Venus. Equation (9) resembles the 
diffusion equation for an ion in a weakly-ionized, 
stationary gas, except that the diffusion coefficient 
in equation (9) is determined by Coulomb collisions 
not ion-neutral collisions. It is not clear what dii% 
sion coefficient has been used in the most recent 
studies of the Venus ionosphere (Kumar and Hun- 
ten, 1974; Nagy et al, 19753, but if the topside 
Venus ionosphere is huly in diffusive equilibrium 
the ion-neutral and Coulomb diffusion coefficients 
yield the same density profiles. However, the use of 
an ion-neutral diffusion coefficient for the topside 
Venus ionosphere will result in an incorrect esti- 
mate for the magnitude of the ion flux needed to 
produce departures from diffusive equilibrium. Had 
we incorrectly used the ion-neutral difIusion coeffi- 
cient instead of the Coulomb diffusion coefficient in 
our study of upward and downward 0’ flows, we 
would have obtained the erroneous result that 0’ 
flows of order 1 x lo6 cm-* set-’ are too small to 
alIect the ion composition. 

Effect of an electron temperature gradient 

Upon looking at the structure of the ion difhrsion 
equations, it is apparent that au electron tempera- 
ture gradient acts to reduce the electron density 
scale height if the base electron temperature is low. 
Since the scale height of the topside electron den- 

3 

FIG. 7. ION AND ELECTRON DENSITY PROFILES FOR AN 

ENHANCRD ELECTRON TEhfPRRATURE GRADIENT. 

The electron temperature gradient is 5 K/km to 28Okm 
and zero above. The ions sre assumed to have a common, 
constant temperature of 350 K. The dashed curves show 
the profiles for the Nagy et al. (1975) electron tempera- 

ture profile, 

sity measured by Mariner 10 is much smaller than 
that measured by Mariner 5, it is of interest to 
determine the extent to which an electron tempera- 
ture gradient can reduce the scale height. In Fig. 7, 
we present ion and electron density profiles for the 
case where the electron temperature increases with 
altitude with a 5 K/km gradient from a lower 
boundary temperature of 540K at 200km to 
940 K at 280 km. Above 280 km, VT, -0. Also 
shown in this figure are the density profiles for the 
Nagy et al. (1975) electron temperature profile, 
which is nearly constant with T, ~2000 K between 
220 and 400 km. For these calculations, we set the 
ion fluxes to zero and assumed that the different 
ions have a common temperature of 350 K at all 
altitudes. It is apparent that au electron tempera- 
ture gradient can sinewy reduce the electron 
density scale height over a limited altitude range, 
but eventually the increasing electron temperature 
offsets the effect of the electron temperature gra- 
dient. 

We have also considered various ion temperature 
gradients in combination with the electron temper- 
ature gradient, but as noted earlier the electron 
density profile is very insensitive to the ion temper- 
ature profile. We therefore conclude that the re- 
duced, topside electron density scale height meas- 
ured by Mariner 10 is probably not a result of an 
enhanced ion or electron temperature gradient. 
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At present, it appears that the solar wind- 
ionosphere interaction mechanism of Bauer and 
Hartle (1974) is the likely explanation for the re- 
duced, topside electron density scale height meas- 
ured by Mariner 10. With this mechanism, penet- 
rating solar wind plasma compresses the topside 
ionosphere by inducing a downward 0’ drift veloc- 
ity. Nagy et al. (1975) have also been able to fit the 
Mariner 10 topside electron density profile by as- 
suming an upward plasma flow speed of 10 km/set 
at 300 km. However, these authors felt that an 
upward flow of this order of magnitude was un- 
reasonably high. We have a further reason for 
rejecting this mechanism. In the Nagy et al. model, 
Ti =350 K and, therefore, a drift speed of 
10 km/set results in an ion Mach number greater 
than 23. Consequently, the altitude profiles of den- 
sity and drift velocity are determined by the non- 
linear acceleration terms in the ion momentum 
equations, which were neglected in the Nagy et al. 
model. For highly supersonic flows, these terms 
force the density and drift velocity profiles to go 
constant with altitude (Banks and Holzer, 1969; 
Marubashi, 1970; Raitt et al., 1975), which is in 
conilict with the Mariner 10 measurements. 

Electron density profile 

From our calculations, we have found that the 
electron density profile is very insensitive to the ion 
temperature, the ion temperature gradient, and to 

200 
V3 IO2 Id IO' 

NUMBER DENSITY ( cmd3 ) 

FIG. 8. THE RANGE OF ELECTRON DENSITY PROFILES FOR 

ALL THE CASES CONSIDERED JN FIGS. 14. 

This figure illustrates the insensitivity of the electron 
density profile to a wide range of parameters. 

relative drifts between the ion species of a few m/set. 
To illustrate this insensitivity, we show in Fig. 8 the 
range of electron density profiles obtained from all 
of our calculations, except those dealing with en- 
hanced topside electron temperature gradients. Be- 
cause of this insensitivity, more extensive measure- 
ments of the topside Venus ionosphere will be 
needed before ionospheric models can obtain 
definitive information on the processes governing 
the structure of the topside ionosphere. The insen- 
sitivity of the electron density in the topside, ter- 
restrial ionosphere has also been noted by Schunk 
and Walker (1969) for diflusive equilibrium condi- 
tions. 

Induced ion heat flow 

Our final discussion deals with the heat flow 
equations (4x6). As noted by St.-Maurice and 
Schunk (1977), a temperature gradient in either 
major ion gas causes heat to flow in both gases. 
Also, a relative drift between the major ion gases 
causes heat to 0ow in both gases. Similar heat flows 
also occur in the minor ion gases. In our previous 
study (St.-Maurice and Schunk, 1977), we have 
shown that these heat flow processes can have an 
important influence on the thermal structure of the 
topside terrestrial ionosphere and, therefore, it is of 
interest to study their possible importance in the 
topside ionosphere of Venus. 

The importance of the heat flow processes can be 
determined by comparing the terms in the heat flow 
equations. This comparison can be done, for exam- 
ple, by setting the relative flow term in the species 
heat flow equation separately equal to both major 
ion temperature gradient terms. With this proce- 
dure, we not only can determine which temperature 
gradient term is more important, but we also obtain 
the magnitude of the relative drift that produces 
the same heat flow as a given temperature gradient. 

The results of such a comparison are shown in 
Table 2 for the case where 0’ and 02+ are the 
major ions. In generating this table, we set T(O+) = 
T(0,‘) = 700 K, VT(0’) = VT(0,‘) = 1 K/km and 
n, = 3 x 10” cnm3. Since the drift velocity differ- 
ences shown in Table 2 are approximately propor- 
tional to T:” VTJn,, where s = 0’ or Ozc, they can 
be readily scaled to other values of these parame- 
ters. In the expression for q(O,+), larger 0+-O,+ 
drift velocity differences are needed to match the 
VT(0,‘) term than the VT(0’) term when 02+ is 
the major ion, indicating that the VT(02+) term is 
the dominant temperature gradient term. However, 
when the 0,‘ and 0’ densities are comparable or 
when 0’ is the dominant ion, an 0’ temperature 
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TAELE 2. MAG~E OF THE 0+-O,’ VELOCITY DIFFER- 

ENCE (m/%X) THAT PRODUCES THE SAME HEAT FLOW AS 

THE INDICATED TEMPERATURE GRADIENT TERM 

For this table, T(O+) = T(O,+) = 700 K, VT(O+) = 
VT(O,+) = 1 K/km and n, = 3 x lo4 cmw3 

0.001 5.30 0.86 2637 
0.01 t.: 5.20 0.87 266 
0.05 6:0 4.70 0.88 55 
0.10 5.9 4.30 0.91 29 
0.25 5.9 3.50 0.97 13 
0.50 6.3 2.90 1.05 
1.0 1.6 2.30 1.20 E 
2.0 10.6 1.96 1.35 4:3 
4.0 16.7 1.74 1.50 3.6 

10.0 36.0 1.60 1.70 3.3 
20.0 67.0 1.54 1.80 3.2 

100.0 32.0 1.50 1.80 3.1 
1000.0 315.0 1.49 1.90 3.1 

gradient is nearly as effective in driving an 0,’ heat 
flow as an 0,’ temperature gradient. For q(0’) we 
tind a similar effect in that the dominant tempera- 
ture gradient term is the VT(0‘) term when 0’ is 
the major ion, but when the O* and 0,’ densities 
are comparable or when Oc is minor both 0’ and 
0,’ temperature gradients are effective in driving 
an O* heat flow. 

With regard to the ion heat flow induced by an 
0+-02+ relative drift, the larger numbers for a 
given q indicate the relative drift that is needed for 
this process to match the heat flow induced by the 
dominant temperature gradient term. For 0’, an 
O+-Ozf relative drift of only a few m/set induces 
an 0’ heat flow equivalent to a 1 K/km tempera- 
ture gradient, if the 0’ density is comparable to or 
smaller than the O,+ density. Likewise, for O,+ we 
find that an 0+-O,’ relative drift of less than 
10 m/set is equivalent to a 1 K/km temperature 
gradient when the O,+ density is comparable to or 
smaller than the 0’ density. Relative drifts be- 
tween the different ion species of this order of 
magnitude occur in the topside terrestrial ionos- 
phere for various reasons (Bailey et al., 1973; 
Vickrey et al., 1976), and it is likely that they also 
occur in the topside Venus ionosphere, particularly 
if the solar wind-ionosphere interaction mechanism 
of Bauer and Hartle (1974) is operating. The con- 
vergence or divergence of the heat flow induced by 
a relative drift between the different ions could 
have an important influence on the thermal struc- 
ture of the topside Venus ionosphere. 

4. SUMMARY 

We have studied the extent to which certain 
transport processes affect the structure of the top- 
side Venus ionosphere. In particular, we have ob- 
tained daytime, steady-state profiles of ion and 
electron density from 200 to 400 km for a range of 
topside conditions. Our choice of lower boundary 
ion densities was motivated by the theoretical study 
of Nagy et al. (1975), which indicated that O,+ was 
the dominant ion at 200 km. 

From our study we have found: 
(1) The ion temperature has a significant in- 

fluence on the ion composition, but a negligible 
influence on the electron density profile. 

(2) An 0’ temperature gradient has a larger 
effect on the ion composition than does a tempera- 
ture gradient in either of the molecular ion gases. 

(3) Thermal diffusion may have an appreciable 
effect on the ion density profiles if the ion tempera- 
ture gradients are larger than about 3 K&n. 

(4) An enhanced electron temperature gradient 
over an extended altitude range in combination 
with a low base electron temperature acts to lower 
si~~~n~y the electron density scale height in the 
200-300 km altitude range, but the reduction is not 
sufficient to explain the Mariner 10 data. 

(5) Coulomb collisions are more important than 
ion-neutral collisions in the topside Venus ionos- 
phere and, therefore, the plasma is effectively fully- 
ionized. 

(6) An upward 0’ flux of 7 x lo5 ~m-~sec-’ is 
close to the critical 0” flux for our lower boundary 
0’ density (7.9 x lo2 err-‘). Since 0,’ is the do- 
minant species impeding the upward flow of 0’, at 
the critical flux the 0‘ density falls off with the 02+ 
scale height. 

(7) Downward 0’ fluxes of about 1 X 
lo6 cmw2 set-’ appreciably affect the ion composi- 
tion, but have a small effect on the electron density. 

(8) Upward 0’ fluxes and enhanced ion temper- 
atures act to raise the 0+-O,” transition altitude 
and, thereby, act to maintain 02+ as the dominant 
topside ion. 

(9) A relative drift between the ion species of 
only a few m/see induces an ion heat flow equival- 
ent to a 1 K/km temperature gradient. 

One of the more important results that we have 
obtained is that the electron density profile in the 
topside Venus ionosphere is relatively insensitive to 
the ion temperature profile and to relative drifts 
between the different ions of a few m/set. On the 
other hand, the ion composition is sensitive to these 
parameters. Consequently, at present it is not likely 
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that ionospheric models wilI yield definitive infor- Kumar, S. and Hunten, D. M. (1974). Venus: an iono- 
mation 0; the ion compositi& the thermal struc- 
ture or the flow conditions in the topside Venus 
ionosphere, since only electron density profiles are 
currently available for testing model predictions. 
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