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Morphology of the dayside ionosphere of Venus:

Implications for ion outflows

J. L. Fox1

Received 9 May 2008; revised 3 July 2008; accepted 1 August 2008; published 5 November 2008.

[1] The nightside ionosphere of Venus is formed mostly by day-to-night transport of ions
below the ionopause, with a small contribution from precipitation of energetic electrons
from the wake. This nightward flux of ions should result in dayside ionospheres that
are characterized by smaller electron density scale heights at high altitudes than those that
are characteristic of diffusive equilibrium. In order to determine both the maximum
possible values of the upward fluxes and the upward fluxes implied by comparison of our
computed ion and electron density profiles to measurements, we have constructed
more than 60 models of the high solar activity Venus ionosphere for upward velocity
boundary conditions ranging from 0 to 3 � 105 cm s�1. We show that as the upward
velocity at the top of the model is increased, the high-altitude densities of the atomic ions
decrease, as do the total ion and electron densities. The maximum upward O+ flux that we
derive is �5.3 � 108 cm�2 s�1. By comparing our model electron or total ion density
profiles to those from Pioneer Venus data, we have derived upward fluxes of O+ that range
from 1.8 � 108 to 2.5 � 108 cm�2 s�1 with an average of 2.1 � 108 cm�2 s�1. This value
is roughly equal to estimates of the transterminator ion flux and to estimates of the
downward fluxes of ions over the nightside. From this, we infer that the escape flux due to
ion outflow is small. We conclude that the upward fluxes of ions that we have inferred
from the morphology of the ionosphere contribute mostly to the day-to-night flow and to
the formation of the nightside ionosphere and are much less than their source-limited
values.

Citation: Fox, J. L. (2008), Morphology of the dayside ionosphere of Venus: Implications for ion outflows, J. Geophys. Res., 113,

E11001, doi:10.1029/2008JE003182.

1. Introduction

[2] The presence of a nightside ionosphere on Venus
was discovered by radio occultation measurements by the
Mariner 5 spacecraft [e.g., Kliore et al., 1967; Mariner
Stanford Group, 1967], but its existence was puzzling in
view of the long period of the Venus night, which lasts for
58 Earth days. Several mechanisms for production of the
nightside ionosphere were initially proposed [cf. McElroy
and Strobel, 1969]. Significant progress in elucidating its
sources became possible only with the analysis of data from
instruments on board the Soviet Venera 9 and 10 orbiters,
and the US Pioneer Venus Orbiter (PVO). Beginning in
1975, the Venera orbiters carried out radio occultation
experiments to determine the electron density profiles, and
in situ plasma experiments, which showed the existence of
fluxes of suprathermal electrons at high altitudes in the
optical shadow of Venus [e.g., Gringauz et al., 1977].
The PVO began in situ measurements in December 1978,
and a suite of instruments provided data about the Venus
thermosphere/ionosphere for nearly three diurnal cycles of

225 days each, at moderately high to high solar activity.
Four instruments provided in situ information about the ion
densities and velocities: the Orbiter Ion Mass Spectrometer
(OIMS) measured individual thermal ion densities, and in
superthermal mode, ions with energies in the range 9 to
16 eV [e.g., Taylor et al., 1980]; the Orbiter Retarding
Potential Analyzer (ORPA) provided data about the drift
velocities and the number densities of O+, O2

+ and ‘‘mass
29’’ ions, which represents the sum of the densities of the
molecular ions N2

+, CO+, and NO+ [e.g., Knudsen et al.,
1980a, 1981]; the Orbiter Electron Temperature Probe
(OETP) measured the electron densities and temperatures
[e.g., Brace et al., 1980]; the Orbiter Neutral Mass
Spectrometer (ONMS) measured the densities of several
neutral species [e.g., Niemann et al., 1980], and, in ion
mode, the densities of ions with energies greater than 36 eV
[e.g., Kasprzak et al., 1991]. In addition, the PV Orbiter
Radio Occultation (ORO) experiment provided electron
density profiles throughout the 14 years of the mission,
which encompassed nearly the entire range of solar zenith
angle (SZA) and solar activity (see, e.g., the reviews by
Kliore and Mullen [1989], Kliore [1992], and Fox and
Kliore [1997]).
[3] Dozens of papers have subsequently been written

about the sources and characteristics of the nightside iono-
sphere of Venus, and it would be impossible to describe
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them all in detail. It is now generally recognized, however,
that the nightside ionosphere is maintained mainly by day-
to-night transport of ions, which are accelerated by the
plasma pressure gradient force [e.g., Taylor et al., 1980;
Knudsen et al., 1981; Cravens et al., 1983; Whitten et al.,
1984; Nagy et al., 1991]. A small and apparently variable
source of ionization is due to the precipitation of some
portion of the energetic electrons that were detected at high
altitudes in the planetary wake both by the plasma experi-
ments on the Venera 9 and 10 spacecraft at low solar
activity [e.g., Gringauz et al., 1977, 1979; Breus et al.,
1985], and by the RPA on PVO at high and moderate solar
activity [e.g., Knudsen et al., 1980b; Spenner et al., 1981,
1996]. The energies of these electrons is of the order of tens
of eV.
[4] Knudsen and Miller [1992] estimated that at high

solar activity, up to 25% of the ions observed on the
nightside could be produced by electron impact. The
appearance of aurorally induced OI emissions at 1304 and
1356 Å on the nightside of Venus is evidence that at least
some of the observed electrons precipitate into the nightside
thermosphere. Using a simplified model for electron trans-
port, Fox and Stewart [1991] concluded that 28% of the
electron fluxes reported by Knudsen and Miller [1985]
could produce the average OI 1356 Å intensity of 4 R.
This fraction was later refined to 23% by Fox et al. [1992],
who used a more accurate multistream electron transport
code.
[5] Atomic ions, which, in general, have longer lifetimes

than the molecular ions, have been observed to flow upward
and nightward across the terminator, where they may
converge and flow downward to produce a nightside iono-
sphere via reactions with the ambient neutral species [e.g.,
Miller and Whitten, 1991]. The major atomic ion is
observed to be O+, and it reacts efficiently with the CO2

in the nightside thermosphere to produce O2
+:

Oþ þ CO2 ! Oþ
2 þ CO: ð1Þ

Subsequently, the O2
+ may react with N to produce NO+:

Oþ
2 þ N ! NOþ þ O: ð2Þ

[6] In the nightside predawn ‘‘hydrogen bulge’’ region,
which extends roughly from 2200 to 0400 h local time, the
densities of H are inferred to be enhanced over the dayside
values by factors of up to 400 [e.g., Brinton et al., 1980;
Taylor et al., 1984, 1985; Grebowsky et al., 1995]. In this
region, the near resonant charge transfer reaction of O+ with
H

Oþ þ H ! Hþ þ O ð3Þ

produces a bulge in the H+ densities also.
[7] There is presumably some small contribution owing

to transport of atomic ions other than O+ from the dayside to
the nightside, and subsequent reactions such as

Nþ þ CO2 ! COþ
2 þ N; ð4Þ

Nþ þ CO2 ! COþ þ NO; ð5Þ

Nþ þ CO ! NOþ þ C; ð6Þ

Nþ þ CO ! COþ þ N; ð7Þ

and

Cþ þ CO2 ! COþ þ CO: ð8Þ

The charge transfer reactions of He+ are mostly dissociative,
and include, for example,

Heþ þ CO2 ! COþ þ Oþ He; ð9Þ

Heþ þ CO2 ! Oþ þ COþ He; ð10Þ

Heþ þ CO ! Cþ þ Oþ He; ð11Þ

and

Heþ þ N2 ! Nþ þ Nþ He: ð12Þ

Some nondissociative reactions, such as

Heþ þ N2 ! Nþ
2 þ He; ð13Þ

and

Heþ þ CO2 ! COþ
2 þ He; ð14Þ

also occur. Thus, the nightside ionosphere is observed to be
made up of the same ions as the dayside ionosphere, albeit
with different relative densities [Taylor et al., 1980].
[8] The nightward flow pattern of ions is observed not to

be symmetrical about the Venus-Sun line, but appears to be
influenced by the neutral superrotation, with regions of
divergence and convergence displaced from noon and
midnight toward the dawn terminator [e.g., Miller and
Whitten, 1991]. It was originally thought that the nightward
flow was ‘‘shut off’’ at low solar activity, but Brannon et al.
[1993] and Dobe et al. [1995] showed that nightward
transport of ions is the most important source of the
nightside ionosphere even at moderately low solar activity,
which prevailed during the reentry period of the PV
spacecraft in 1992 [cf. Fox and Kliore, 1997].
[9] Just as for Mars [e.g., Chen et al., 1978; Shinagawa

and Cravens, 1989; Fox, 1993, 1997], the presence of
upward and nightward flowing ions should affect the
dayside ion and electron density profiles, reducing the scale
heights near and above the photochemical equilibrium
(PCE) boundary. In the PCE region, the direct and chemical
production rates of ions are approximately equal to their
chemical loss rates. Brace et al. [1982a] had previously
suggested that altitude profiles of ne should be ‘‘eroded’’,
with scale heights that are less than that for diffusive
equilibrium below the ionopause, and such ionospheres
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were reported by Brace et al. [1980] from PV OETP data.
These eroded ionospheres may be modeled in one dimen-
sion by imposing either upward flux or upward velocity
boundary conditions on the ions at the top of the models.
[10] We construct here a number of models of the high

solar activity Venus ionosphere for various upward velocity
boundary conditions on all the ions, except for O++, which
is assumed to be in PCE, and we compute the implied fluxes
of various ions. We show that initially, as the velocity is
increased, the derived upward fluxes increase nearly line-
arly. Eventually, however, further increases in the upward
velocity lead to compensating decreases in the topside ion
densities, and the inferred upward fluxes of the ions begin to
level off. For upward velocities of the order of 3 � 105 cm
s�1, the limiting value of the upward flux of most of the
atomic ions on the dayside is reached.
[11] The limiting values of the upward fluxes of the ions

averaged over the dayside is also an upper limit to the
converging downward fluxes of ions over the nightside of
the planet. We investigate here whether the limiting fluxes
are attained, or if smaller values are implied by the data. It
has been suggested that upward and nightward flows of ions
at lower altitude may converge and flow downward on the
nightside, and that at higher altitudes these ions may escape
from the gravitational field of the planet [e.g., Knudsen et
al., 1980a].

2. Model

[12] We have here constructed models of the Venus
thermosphere/ionosphere that are similar to those of Fox
and Sung [2001], but which have been updated with revised
rate coefficients, cross sections, and radiative lifetimes as
described by Fox [2003, 2004, 2007], and by Fox and
Yeager [2006]. Diffusion and eddy diffusion are included
for the neutrals, and ambipolar diffusion is included for the
ions. The background neutral densities of the major species
CO2, O, CO, He, N, and N2, were adopted from the
empirical global VTS3 models that were developed by
Hedin et al. [1983]. We have included 6 additional species,
including Ar, C, NO, He, H and H2 for a total of
12 background species. We compute the density profiles for
14 ions, including O2

+, CO2
+, N2

+, Ar+, O+(4S), O+(2D),
O+(2P), CO+, C+, N+, NO+, O++, He+, and H+, and 9 neutral
species, including NO, N(4S), N(2D), N(2P), C, O(1D),
O(1S), H, and H2. We confine our attention here to high
solar activity, for which there is much more information
about ion densities from in situ measurements, than for low
solar activity.
[13] We have adopted here the Solar2000 (S2K) v2.22

99178 solar flux model from Tobiska [2004; also private
communication, 2000]. The 99178 fluxes correspond to day
178 (27 June) of 1999, for which the value of F10.7 adjusted
to 1 AU was 214. The S2K v2.2x spectra are normalized to
the measurements from the Solar EUV Experiment (SEE)
on the Thermosphere Ionosphere Mesosphere Energetics
and Dynamics (TIMED) spacecraft. The SEE instrument
has measured solar irradiances in the range 1 to 1940 Å in
10 Å intervals from 2002 to the present [e.g., Woods et al.,
2005] (see also the instrument Web site at http://lasp.
colorado.edu/see). The format of the solar flux model that
we use is that first proposed by Hinteregger et al. [1981,

also private communication, 1979], in which the continuum
fluxes are given in 1 Å intervals, and the strong solar lines
are assumed to be delta functions at their central wave-
lengths, for a total of more than 1800 lines from 18 to
2000 Å. For harder X rays below 18 Å we adopt the solar
fluxes from Ayres [1997; also private communication,
1996]. It should be noted that the use of the S2K v2.22
solar fluxes in ionospheric models has been shown to yield
electron density peaks for Mars and Venus that are some-
what smaller than the experimentally determined peaks, and
smaller than those in which the S2K 1.24 solar fluxes or the
F79050N fluxes of Hinteregger are adopted [e.g., Fox and
Sung, 2001; Fox, 2004, 2007; Fox and Yeager, 2006]. We
have chosen a SZA of 60� to represent a dayside average
model.
[14] We begin with the construction of a model for high

solar activity of the dayside ion and electron density profiles
with zero velocity upper boundary conditions. The top
boundary of the model is assumed to be at 400 km. We
then construct models in which upward velocity boundary
conditions at the tops of the models are imposed. These
velocities range from 0 to 3.0 � 105 cm s�1 in small
increments, for a total of more than 60 models. For each
model with prescribed upward velocity boundary condi-
tions, we predict the ion density profiles. We compute the
upward fluxes of ions by multiplying the ion velocities by
the ion densities at the tops of the models. By comparing the
computed electron or total ion density profiles to the
averaged profiles obtained from measurements by the PV
ORO, the ORPA, and the OETP, we can estimate the
implied upward fluxes.
[15] These inferred upward fluxes can also be compared

to the estimated values for the transterminator fluxes of ions
[e.g., Knudsen and Miller, 1992; Brace et al., 1995]; to the
downward fluxes of ions on the nightside [e.g., Brannon et
al., 1993; Brannon and Fox, 1994]; to the loss rates of
molecular ions on the nightside due to dissociative recom-
bination (DR) [e.g., Knudsen et al., 1980a]; and to estimates
of the ion escape rates, which will be discussed later.
[16] We also determine the maximum upward fluxes of

ions that the high solar activity ionosphere can sustain,
which are limited roughly by the production rate above the
PCE boundary [cf. Fox, 1997]. This source-limited flux is
fundamentally different from the diffusion controlled escape
flux of a light neutral species that is transported by diffusion
from the lower atmosphere across the homopause to the
exobase in a planetary atmosphere. We show that upward
fluxes implied by the data are significantly smaller than the
maximum fluxes that the ionospheres can sustain.

3. Electron and Ion Density Profiles

[17] In Figure 1, we show the computed ion and electron
density profiles for the high solar activity ionosphere for
four values of the upward ion velocity boundary conditions:
0, 2 � 104, 1 � 105, and 2 � 105 cm s�1. In these plots the
density profiles labeled O+ are the sum of the densities of
the ground O+(4S) state and those of the excited O+(2D) and
O+(2P) states. It is clear from these plots that the magnitude
of the upward velocity boundary conditions makes little
difference in the ion densities below about 180 km. The
density profiles of O+, other atomic ions, and electrons,
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however, exhibit obvious monotonic decreases near and
above about 200 km. The decrease in the density of H+ is
amplified over that because of its upward flux by the
reduced rate of production by charge transfer from O+

(reaction (3)), which is the main source of H+ above
160 km.
[18] The high-altitude O2

+ and NO+ density profiles show
a large increase as the upward velocity boundary condition
increases. This behavior is due to the decrease in the rate of
loss of the ions by the DR reactions

Oþ
2 þ e ! Oþ O; ð15Þ

and

NOþ þ e ! Nþ O; ð16Þ

as the electron density decreases. Reaction (15) is the major
loss process for O2

+ above �120 km. Since NO has the
lowest ionization potential among all the thermospheric
species, reaction (16) is the only chemical loss mechanism
for NO+ over the entire altitude range of the model.
[19] At higher altitudes, DR becomes the major loss

process for all the other molecular ions in our model as
well, and their densities thus also increase as the upward

velocity imposed at the top of the model increases. For
example, for the zero upward velocity boundary condition
model, DR of CO2

+

COþ
2 þ e ! COþ O; ð17Þ

and CO+

COþ þ e ! Cþ O; ð18Þ

are the major loss processes for the ions above �245 and
�230 km, respectively. The DR reaction

Nþ
2 þ e ! Nþ N; ð19Þ

is the major loss process for N2
+ above �220 km.

[20] The computed upward fluxes for various species at
the tops of the high solar activity model as a function of
upward velocities in the range 0 to 3 � 105 cm s�1 are
shown in Figure 2. In Figure 2 (top), we present the upward
fluxes for the ions O+(4S), ‘‘total O+’’, and O2

+. Total O+

refers to the sum of O+(4S) and O+(2D). In the altitude range
of interest here, O+(2P) radiates or reacts faster than it can
be transported.

Figure 1. Computed density profiles of the major ions in the Venus ionosphere for four values of the
upward velocity imposed at the top of the model: 0, 2 � 104, 1 � 105, and 2 � 105 cm s�1. The curve
labeled O+ represents the sum of the O+(4S), O+(2D), and O+(2P) densities. The topside atomic ion
densities are shown to decrease, and the molecular ion densities increase as the upward velocity increases.
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[21] For small upward velocities, the ion densities at the
top of the model do not change appreciably. Thus, for
velocities less than about 2 � 104 cm s�1, the O+ fluxes
can be seen to increase nearly linearly as the velocities
increase. For upward velocities larger than �4 � 104 cm
s�1, however, the O+ densities at the top of the model begin
to decrease as the upward velocities increase. Eventually,
the corresponding upward fluxes increase more slowly until
they reach a nearly constant value. The upward fluxes for
O+ do not increase significantly beyond a velocity of
�2.5 � 105 cm�2. Figure 2 shows that the practical upper
limit to the upward flux of O+ is �5.3 � 108 cm�2 s�1,
and the upper limit to the total atomic ion flux is �5.6 �
108 cm�2 s�1.
[22] In addition, as the upward velocity increases, the

upward flux of O2
+ begins to increase, and it appears that for

upward velocities greater than �2 � 105 cm s�1, the upward
fluxes of O2

+ itself may become important. This behavior is a
result of the large increases in the high-altitude densities of
O2
+ that occur as the electron densities, and thus the rate of

loss of O2
+ by the DR reaction (15) decreases. The other

molecular ions exhibit similar behavior. We will show later,

however, that for the average upward fluxes of atomic ions
that we derive, the fluxes of molecular ions are negligible.
[23] Figure 2 (bottom) shows the upward fluxes as a

function of velocities for the minor atomic ions C+, N+, H+,
and He+. The scale for the fluxes of these ions are expanded,
and it is apparent that the fluxes of the minor ions constitute
a small component of the total ion fluxes. We also note here
that there is no a priori reason to believe that all the atomic
ions should reach their maximum upward flux at the same
upward velocity as O+, except for those species whose
densities are determined largely by the O+ density.
[24] The flux of H+ is seen to maximize for a velocity of

3.5 � 104 cm s�1 at about 3.8 � 106 cm�2 s�1 and then
decrease slowly to a value of about �3 � 106 cm�2 s�1 as
the velocity increases to a value of 3 � 105 cm s�1. The
appearance of a maximum is due the importance of the
charge transfer reaction from O+ to H (reaction (3)), which
is the main source of H+ in this altitude region, exceeding
photoionization and electron impact ionization of H by
2 orders of magnitude. The rate of this reaction at high
altitude decreases as the densities of O+ decrease. Although
the reverse of reaction (3)

Hþ þ O ! Oþ þ H ð20Þ

also occurs, the specific loss rate of H+ in this reaction is
nearly constant, since we assume here that the densities of O
in the background model are fixed. Reaction (3) has a
negligible effect on the O+ density, for which other loss
processes dominate.
[25] The C+ fluxes reach maximum values of about

1.2� 107 cm�2 s�1 at the maximum upward velocity of 3 �
105 cm�2. Our model suggests that this behavior of the
upward flux versus upward velocity is similar to that of O+

because the major source of C+ is charge transfer from O+

to C:

Oþ þ C ! Oþ Cþ ð21Þ

above 190 km.
[26] On the other hand, the N+ fluxes increase monoton-

ically from 0 to �1.3 � 107 cm�2 s�1 as the upward
velocities increase from 0 to 3.0 � 105 cm s�1. It is clear
from Figure 2 that although the N+ fluxes appear to ‘‘turn
over’’ at about 105 cm s�1, the maximum flux is not reached
for the maximum upward velocity in our models. Since the
charge transfer reaction from O+ to N is endothermic by
0.93 eV, the N+ density does not depend on that of O+,
except for the increase of its diffusion coefficient as the total
ion density decreases.
[27] The shape of the curves do not completely flatten out

as the velocities in our models increase because, as the
upward fluxes increase, the PCE boundaries decrease. Table
1 shows the PCE boundaries for three models, those for
which the upward velocity boundary conditions are 0, 1 �
105 and 2.5 � 105 cm s�1. These boundaries are located
approximately where the lifetime against transport of an ion
by diffusion, tD, is equal to that due to chemical loss, tc. tD
is given approximately by the expression H2/D, where D is
the diffusion coefficient for the ion and H is the atmospheric

Figure 2. Computed fluxes of various atomic ions as a
function of upward velocity at the tops of the models. The
upward velocities range from 0 to 3 � 105 cm s�1. (top)
Fluxes of O+(4S) and total O+, which is the sum of O+(4S)
and O+(2D) and O2

+. (bottom) Fluxes of C+, N+, H+, and
He+. Note the different flux scales for Figure 2 (top) and
Figure 2 (bottom).
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neutral scale height. The lifetime against loss by chemical
reactions tc is the inverse of the specific loss rate L, where

L ¼
X

i

kinX: ð22Þ

In this expression, ki is the ith rate coefficient for the
reaction of ion with a species X, whose number density is
given by nX. For O

+(2D) we also include in this expression
the Einstein A factor for radiation to O+(4S), which leads to
emission in the 3729, 3726 Å doublet. The transition
probability for this emission is small, however, and has been
reported recently as 8.199 � 10�5 [Froese-Fischer and
Tachiev, 2004]. It should be noted that the location of the
PCE boundary is only an approximation. In fact, the major
loss process for ions changes gradually from chemistry to
transport by diffusion.
[28] The PCE boundaries for all ions are observed to

decrease as the upward flux increases, and the computed
decrease from 0 to 1 � 105 cm s�1 is much larger than that
from 1 � 105 to 2.5 � 105 cm s�1. For atomic ions, the
depression in the PCE boundary is largely due to the
increase in the diffusion coefficients (and thus decreases
in the diffusion lifetime) as the ion densities decrease. For
the atomic ions the PCE boundary thus appears to fall
moderately as the upward velocities increase. For the
molecular ions, the chemical lifetimes also increase as the
upward velocity boundary condition increases, owing to
the decrease in the rates of DR reactions that destroy them
as the ambient electron density decreases. These processes
should both lead to lower PCE boundaries for the molecular
ions, and, in fact, the altitudes of the model PCE boundaries
are seen to decrease dramatically. In addition, as the PCE
boundary is driven down, the production rate of ions
available for transport increases. This effect explains the
small continuing increase in the upward fluxes for some of
the ions at high values of the upward velocities.
[29] The upper limit to the O+ ion fluxes of �5.3 �

108 cm�2 s�1, is larger than the previously determined
upper limit of 3.2 � 108 cm�2 s�1 [Fox, 1992]. The latter
value was obtained, however, using upward flux boundary
conditions in the model, rather than the more stable upward
velocity boundary conditions. The flattening out of the
upward fluxes of O+ as a function of upward velocity in
Figure 2 shows, however, that the upper limit that we have

derived here is credible. It is noteworthy that Fox [1992]
showed that when downward fluxes of O+ of �3.2 �
108 cm�2 s�1 were imposed on a model of the nightside
ionosphere, the resulting peak density of O2

+ of 4� 104 cm�3

reproduced the maximum nightside electron densities mea-
sured by the PV ORO [Kliore et al., 1991]. Brace et al.
[1982a] determined what they called a ‘‘diffusion-limited’’
flux of O+ of �2.5 � 108 cm�2 s�1, assuming that the O+

ions were flowing through a stationary ionosphere of O2
+

ions. We assume, however, that all the ions are flowing at
the same speed through a stationary neutral atmosphere.
Both assumptions contain inadequacies. In fact, some of the
neutral species are probably dragged along by the ions, and
the ion velocities probably differ from each other by values
of the order of m s�1.

4. Upward Fluxes of Ions Derived From Data

[30] We now use measured dayside average ion and
electron density profiles to compare to the characteristics
of our models in order to determine the upward ion fluxes
implied by the data. Figure 3 shows a plot of the computed
ratio of the electron number densities at 300 km to the peak
value of our models of 3.95 � 105 cm�3 near 138 km, as a
function of upward flux. It is apparent that the ratio
decreases slowly for small upward fluxes but decreases more
rapidly for fluxes that are larger than �5 � 107 cm�2 s�1.
[31] First we consider the averaged PV ORO profiles

presented by Kliore and Luhmann [1991], which are repro-
duced in Figure 4. The high solar activity profile is the
average of six profiles between 60� and 70� SZA that were
obtained during 1980. The ratio of the peak electron density
to that at 300 km is about 0.083, and implies a total O+ ion
upward flux of �2.5 � 108 cm�2 s�1.
[32] The ion densities measured by the ORPA over

2 Earth years at solar maximum for a SZA range of 65 ± 5�
are shown in Figure 5 [Miller et al., 1984]. Since these data
did not extend down to the electron density peak, we
used the ratio of the total ion density at 300 km to those at

Table 1. Model Photochemical Equilibrium Boundaries for Three

Upward Velocity Boundary Conditionsa

Species

Velocity (cm s�1)

0 1.0 � 105 2.5 � 105

O+ 203 203 202
O+(2D) 247 227 225
C+ 207 204 204
N+ 222 215 214
H+ 253 238 235
He+ 230 223 221
O2

+ 262 216 211
CO+ 278 243 238
NO+ 289 234 226
N2

+ >400 269 255
CO2

+ 287 250 245
aUnits are km.

Figure 3. Computed ratio of the electron number density
at 300 km to that at the ion peak, near 138 km, as a
function of total upward fluxes of O+ at the top of the
model from 5 � 106 to 5.3 � 108 cm�2 s�1.
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150 km in our model (2.73 � 105 cm�3) to derive an
upward ion flux of �1.8 � 108 cm�2 s�1.
[33] Errors inherent in this method of determining the

implied upward flux, include locating the peak in the
averaged PV ORO and ORPA data, which may differ
slightly from our model peak height of 138 km, and from
determining the densities by digitizing the profiles in
Figures 4 and 5, for which the original data are not
available. In addition, these fluxes may be slight over-
estimates because both experimental profiles pertained to
averages over the solar zenith angle range 60� to 70�,
whereas our model is for 60� SZA.
[34] Finally, we examine the revised empirical models of

electron density derived from PV OETP data by Theis et al.
[1984] for the first several years at high solar activity. Using
these measurements, Theis et al. presented models that
represent averages of electron densities at various altitudes
and solar zenith angles. In these models the data were fit to
error functions and exponentials rather than to spherical
harmonics, and were considered to be better fits to the
electron density profiles than those of Theis et al. [1980],
especially near the terminators. From Table 3 of Theis et al.
[1984] we choose the model for 60� SZA dusk, and use the
ratio of the model density at 300 km to that at 150 km to
derive an upward O+ flux of �1.9 � 108 cm�2 s�1.
[35] The upward O+ fluxes derived from high solar activity

PVO data thus are in the range (1.8–2.5)� 108 cm�2 s�1, and

the average value is �(2.1 ± 0.4) � 108 cm�2 s�1. These
implied O+ fluxes are much less than our computed upper
limit of �5.3 � 108 cm�2 s�1. In Table 2, we present the
implied upward fluxes for several ions, as well as those of
O+, along with the computed maximum fluxes. We can
compare the fluxes in Table 2 to the values of the integrated
O+ and total ion production rates above 200 km of 3.4 � 108

and 4.7 � 108 cm�2 s�1, respectively. These values are
within a factor of �1.5 of the maximum fluxes derived from
the model.

5. Transterminator Fluxes

[36] Knudsen et al. [1981] showed that the O+ ions in the
vicinity of the terminator had antisunward components of
velocities of 2–3 km s�1, and were accelerated nightward
by the plasma pressure gradient force. Various investigators
have estimated the values of the transterminator fluxes of
atomic ions, which have been assumed to be mostly O+. We
now compare our derived upward fluxes to the estimated
values of the transterminator ion fluxes.
[37] Using early PVO RPA data near the terminators

Knudsen et al. [1980a] derived a hemispheric average value
of 3 � 108 cm�2 s�1 for the transterminator flux, referred to
the surface. Spenner et al. [1981] revised the estimate to (1–
2) � 108 cm�2 s�1, which represents a total transterminator
transport rate of (2.3–4.6) � 1026 s�1. Knudsen and Miller

Figure 4. Average of 6 and 10 electron density profiles derived from Pioneer Venus (PV) Orbiter radio
occultation profiles recorded between 60� and 70� solar zenith angle during high and low solar activities,
respectively. From Kliore and Luhmann [1991].
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[1992] later used the PVO RPA data to determine the ion
densities and drift velocities in an annulus across the
terminator, and further refined the value to a hemispheri-
cally average flux of �2.2 � 108 cm�2 s�1 or a total
nightward ion transport rate of �5 � 1026 s�1. Brace et al.
[1995] used PV OETP densities of electrons measured in
the terminator region, along with the ion velocities from the
PV ORPA, and derived a transterminator flux equal to a
hemispheric average of 2 � 108 cm�2 s�1. These recent
values are very close to the derived upward fluxes of ions
for our 60� SZA model.

6. Downward Fluxes of Ions Over the Nightside

[38] Atomic ions flowing downward over the nightside of
Venus react with the ambient neutrals to produce molecular
ions in reactions such as those shown in equations (1)–(14).
These molecular ions, after possible transformations, are
ultimately destroyed in DR reactions, such as those enu-
merated in equations (15)–(19). Insofar as the loss rates of
these ions by DR is equal to their production rates, that is,

Figure 5. Smoothed median ion density profiles derived from all the Orbiter Retarding Potential
Analyzer data in the interval 65 ± 5�. The total ion density is derived separately from the individual ions.
The curve labeled Ni � 2 is not smoothed, and the error bars indicate standard deviations. We used the
smoothed curve labeled Ni in our analysis. Reprinted from Miller et al. [1984] with permission from
Elsevier.

Table 2. Computed Maximum and Inferred Upward Fluxes for

Our 60� Solar Zenith Angle Models and Integrated Rates Over the

Dayside Hemisphere

Species
Maximum

Flux (cm�2 s�1)
Inferred

Flux (cm�2 s�1)
Integrated
Rate (s�1)a

O+ 4.4 � 108 2.0 � 108 4.6 � 1026

O+(2D) 9.2 � 107 7.5 � 106 1.7 � 1025

C+ 1.2 � 107 7.0 � 106 1.6 � 1025

N+ 1.3 � 107 3.5 � 106 8.0 � 1024

H+ 3.0 � 106 3.4 � 106 7.8 � 1024

He+ 2.0 � 106 8.1 � 105 1.9 � 1024

O2
+ 1.3 � 108 4.5 � 105 1.0 � 1024

CO+ 1.1 � 107 1.2 � 105 2.7 � 1023

N2
+ 1.3 � 106 1.1 � 104 2.5 � 1022

NO+ 5.6 � 106 5.9 � 103 1.3 � 1022

CO2
+ 1.7 � 105 4.2 � 102 9.6 � 1020

aObtained by integrating the inferred fluxes over the hemispheric surface
area. These values are meaningful only insofar as the computed upward
fluxes for 60� solar zenith angle correspond to dayside averages.
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assuming PCE, the column integrated loss rates are a
measure of the downward fluxes of atomic ions over the
nightside. Knudsen et al. [1980a] used RPA data for the
nightside molecular ion densities, along with a DR rate
coefficient of 8.75 � 10�6 Te

�0.67 cm3 s�1 to estimate an
altitude integrated molecular ion loss rate by DR averaged
over the nightside of 2 � 108 cm�2 s�1.
[39] Using RPA data, Knudsen et al. [1980a] found that

the ion velocity vectors near the terminator were directed
antisunward and downward near the terminators, but were
more horizontal at high altitudes. From measurements of ne
[Kliore et al., 1979] and Te [Miller et al., 1980], they
inferred that half of the loss of molecular ions by dissocia-
tive recombination occurs within 5� of the terminators, and
therefore that ‘‘a large fraction of the O+ transported across
the terminators must be consumed close to it’’. Caution
should be exercised here because the Venus ionosphere is
sunlit to a solar zenith angle of 92–93� [e.g., Whitten et al.,
1982].
[40] Brannon and Fox [1994] modeled the nightside

ionosphere of Mars, and derived the nearly linear relation-
ships between the downward O+ fluxes and the O+ density
maxima on the nightside as measured by the PV OIMS, as a
function of local time and solar zenith angle. By comparing
the modeled to the measured O+ maxima, they constructed a
map of the downward flux over the nightside as a function
of SZA and hour angle. In Figure 6, we present one of the
maps that shows the inferred average O+ downward trans-
port flux in 10� SZA bins with the dawn and dusk regions
shown separately. The downward flux can be seen to
maximize near the terminators, decrease with increasing
SZA, then increase to a maxima near 150� in both the dawn
and dusk sectors. There appear to be minima near the
antisolar point. The structure of the binned data is similar
to that exhibited by the PV ORO data at high solar activity,
which shows a local minimum near 125� and a local
maximum near 150� SZA [e.g., Fox and Kliore, 1997].

[41] Assuming that the behavior with solar zenith angle is
latitude invariant, Brannon and Fox [1994] derived the
average O+ downward flux over the nightside as 1.5 �
108 cm�2 s�1. When the minor atomic ions were added,
the total atomic ion flux was determined to be 1.7 �
108 cm�2 s�1. This estimate is somewhat smaller than the
values of the transterminator fluxes, the nightside recombi-
nation rates, and the estimates of the upward fluxes of ions,
but is within the probable uncertainties of all these quanti-
ties, which is of the order of �35%.

7. Discussion

[42] In the high-altitude Venus ionosphere, atomic ions
are observed to flow upward and nightward across the
terminator. It is reasonable to assume that the ions that are
flowing across the terminator at high altitudes either con-
verge at large solar zenith angles or they may escape from
the gravitational field of the planet. The value estimated by
Knudsen and Miller [1992] for the nightward ion transport
rate of �5 � 1026 s�1 (or a hemispherically averaged flux of
�2.2 � 108 cm�2 s�1) is roughly equal to the nightside
ionospheric recombination rate estimated by Knudsen et al.
[1980a]. Therefore, Knudsen and Miller [1992] suggested
that the loss of ions down the wake is smaller than that
which converges and flows downward on the nightside by a
factor of at least 5. Knudsen [1992] refined that value and
estimated that the escape rate of ions was smaller by a factor
of 10 than the transterminator fluxes.
[43] By comparison of our 60� solar zenith angle high

solar activity model to three PV data sets, we have derived
here upward fluxes of O+ ions of �2.1 � 108 cm�2 s�1.
Thus, the near equality between this value and the trans-
terminator flux 2.2 � 108 cm�2 s�1 determined by Knudsen
and Miller [1992], the hemispheric recombination rate
estimated by Knudsen et al. [1980a] of 2 � 108 cm�2 s�1,
and the downward flux of O+ over the nightside derived by
Brannon and Fox [1994] of 1.7 � 108 cm�2 s�1, suggests
that there is little flux available for ion outflows, as Knudsen
[1992] has suggested. Since, however, the accuracy of all
these quantities is of the order of 35%, we conclude that
escape by ion outflows either could be negligible, or could
conceivably reach hemispherically average values of up to
�(4–5) � 107 cm�2 s�1, which corresponds to a total loss
rate of �(0.9–1.1) � 1026 s�1.
[44] The escape of ions from Venus has been discussed by

various investigators, from modeling or measurements of
specific ion acceleration mechanisms, and from observa-
tions of escaping ions. We summarize them below. We note
here that in computations or measurements of processes
relating to escape or upward, nightward, or downward
flowing ions, the results are not reported in a uniform
way. Sometimes local, hemispheric or global average fluxes
are reported in units of cm�2 s�1 and sometimes the total
rates of these processes integrated over a suitable surface
area are reported in units of s�1. Here we have modeled the
upward fluxes of ions from the dayside, and we therefore
report those fluxes in the units in which they are computed,
cm�2 s�1. If, and only if, we assume that our computed
fluxes represent averages over the dayside, we can multiply
the fluxes by the dayside hemispheric surface area of Venus,
and report total rates of upward flow, as shown in Table 2.

Figure 6. O+ maximum density as measured by the PV
Orbiter Ion Mass Spectrometer [e.g., Taylor et al., 1980] as
a function of solar zenith angle for (left) evening and (right)
morning for 384 orbital segments from the first 2 years of
the Pioneer Venus mission. The data are binned in 10� solar
zenith angle intervals. The error bars are standard devia-
tions. Reprinted from Brannon and Fox [1994] with
permission from Elsevier.
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Therefore, for purposes of comparison of various processes
involving computed or measured ion fluxes or rates, and
where appropriate, we quote here both hemispheric average
fluxes in units of cm�2 s�1 and total rates with units of s�1.

7.1. Pickup Ion Escape

[45] Knudsen et al. [1981] suggested that the heavy ions
observed by the PV Orbiter Plasma Analyzer (OPA) flowing
at solar wind speeds down the wake of the planet [e.g.,
Mihalov et al., 1980] were pickup ions, rather than escaping
ions arising from the day-to-night flows. Pickup ion escape
is qualitatively different from the various loss processes that
have been proposed to arise from bulk ion outflow, and does
not cause the dayside ion density profiles to become eroded.
Pickup ion escape occurs when atoms above the ionopause
in the hot atom coronas of a planet are ionized by solar
photoionization or impact ionization by solar wind elec-
trons. An additional source for ionization of H and O is
charge exchange with solar wind protons, which is resonant
for H and near resonant for O (reaction (3)). Pickup ions
may escape from the gravitational field of the planet if they
are accelerated in an outward direction to the escape
velocity by the convection (�V � B) electric field of the
solar wind [e.g., Luhmann et al., 1992, 1995]. Evidence for
pickup ions in the PV OPA and the Orbiter Magnetometer
(OMAG) data was adduced by Intriligator [1989], who did
a statistical analysis of the ion spectrum and the magnetic
field data in the distant tail region of Venus. They observed
‘‘large’’ and ‘‘small’’ events, in which the O+ pickup ion flux
was found to be greater or less than 1.6� 107 cm�2 s�1 sr�1,
respectively.
[46] Luhmann and Bauer [1992] reviewed the escape

rates of O+ and O for Mars and Venus due to a number of
processes and estimated a loss rate for the pickup ion process
for Venus of�4� 1023 s�1 (�1.7� 105 cm�2 s�1). Terada et
al. [2004] used a 2-D global hybrid model to estimate the
escape fluxes for four ion escape mechanisms, and found
that the pickup ion escape rate varied with the solar wind
dynamic pressure. They suggested a larger average value of
�4 � 1024 s�1 (�1.7 � 106 cm�2 s�1). Kulikov et al.
[2006] studied O+ pickup ion escape, as well as that due
other processes, as function of time from present over the
past 4.6 Gyr by applying a numerical test model. They
determined an even larger current loss rate for pickup ions as
�1025 s�1, equivalent to a hemispheric average of �4.3 �
106 cm�2 s�1.
[47] Kallio et al. [2006] used a 3-D quasi-neutral hybrid

model with a 600 km grid spacing to model the nonthermal
escape of ions due to the pickup process, including only
photoionization of hot O as a source. They found that the
particle source maximized at noon and decreased toward the
terminator as cos(SZA). The computed O+ total escape rate
was similar to that of Terada et al. [2004], �4 � 1024 s�1

(�1.7 � 106 cm�2 s�1). Lammer et al. [2006] also con-
structed a gas dynamic test particle model and derived the
rates of escape due to several processes, including pickup
ion escape, for which fairly large loss rates for O+ and H+ of
1.6� 1025 s�1 (6.9� 106 cm�2 s�1) and 1� 1025 s�1 (4.3�
106 cm�2 s�1), respectively, were predicted.
[48] Luhmann et al. [2007] emphasized that loss by

pickup ion escape is enhanced greatly during times of high
solar activity and during coronal mass ejections. They

estimated the pickup ion escape rate at high solar activity
to be of the order of �5 � 1024 s�1 (�2.1 � 106 cm�2 s�1)
but could increase by up to 2 orders of magnitude for 12–
24 days per year. This would increase the pickup ion escape
rate by factors of 3 to 7. Luhmann et al. [2007] suggested
that escape fluxes during such periods may dominate the
escape rate of ions at present and in past epochs.
[49] Thus, the estimates of the loss rate of O+ due to

pickup ion escape vary over nearly 2 orders of magnitude,
but are small compared to the day-to-night fluxes, and
therefore could be comparable to the potential escape pro-
cesses due to ion outflows, which we discuss in section 7.2.

7.2. Escape due to Ion Outflows

[50] It is possible that some portion of the day-to-night
ion fluxes that produce the ‘‘eroded ionospheres’’ that we
model here, could result in escape by bulk ion outflow
processes, although the total rate has been estimated to be
small both here and by other investigators [e.g., Knudsen et
al., 1981; Knudsen and Miller, 1992; Knudsen, 1992].
Various bulk ion escape mechanisms that could arise from
the day-to-night transport of ions have been studied by
many investigators. We review here these escape processes,
their proposed acceleration mechanisms, and the estimated
loss rates or fluxes, where available.
[51] Beyond the terminator of Venus, at high altitudes, is

the region that has become known as the ionotail. In this
region, the Venus ionosphere becomes increasingly filamen-
tary, forming comet-like tail rays and narrower filaments
that extend several thousand km behind the planet. PV
OETP data revealed wavelike structures and clouds of
detached plasma near the terminators above the Venus
ionopause on both the dayside and nightside of the planet
[e.g., Brace et al., 1982a]. The clouds could either be
detached structures or filaments in various stages of detach-
ment. It has been suggested that the clouds could be produced
by the Kelvin-Helmholtz instability [e.g., Pérez-de-Tejada,
1980; Terada et al., 2004]. The Kelvin-Helmholtz instabil-
ity, which arises from the solar wind interaction with
unmagnetized planets has been described by, for example,
Amerstorfer et al. [2007]. Biernat et al. [2007] have
modeled the solar wind flow past Venus, and they have
found that the Kelvin-Helmholtz instability develops at the
ionopause of Venus for a wide range of solar wind
conditions.
[52] Brace et al. [1982a] estimated an upper limit to the

total escape rate in the clouds of �7 � 1026 s�1 (3 �
108 cm�2 s�1). As pointed out previously, they suggested
that this escape rate could be provided by a ‘‘diffusion
limit’’ for O+ diffusing through stationary O2

+ of 2.5 �
108 cm�2 s�1. It is doubtful that the ion escape rate in
clouds from this process is this large, however, since it
exceeds estimates of the inferred upward or transterminator
fluxes discussed above.
[53] More recently, Lammer et al. [2006] estimated a

loss rate for ions in the plasma clouds observed by PV of
(0.5–1) � 1025 s�1, equivalent to hemispheric average
fluxes of (2–4) � 106 cm�2 s�1. The range in the estimated
escape rates for this process is partly due to the difficulty of
determining the size and occurrence rate of the detached
plasma clouds.
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[54] Other estimates of ion loss due to the Kelvin-
Helmholtz instability include those of Terada et al. [2002,
2004], who used a 2-D hybrid MHD model to determine the
escape fluxes due to this process at the ionopause, which
they proposed leads to a significant number of ions escaping
from near and below the ionopause. An O+ escape rate of
�6 � 1025 s�1, equivalent to a hemispherically averaged
flux of 2.5 � 107 cm�2 s�1, was predicted for times of low
solar wind dynamic pressure. Terada et al. [2004] sug-
gested, however, that during times of high solar wind
dynamic pressure, the Kelvin-Helmholtz instability is sup-
pressed, and there is no cloud removal taking place. The
viscosity under these conditions is due to collisions between
the neutrals and the ions at the ionopause. Terada et al.,
however, did not confine this escape mechanism to detached
clouds, but suggested that the ion escape down the ionotail
is also due to this process. They estimated an ion escape rate
of �4 � 1025 s�1 (1.3 � 107 cm�2 s�1) for conditions of
high solar wind dynamic pressure.
[55] A detailed study of the ionotail with the OIMS,

ONMS, OETP, and OMAG between 2000 and 2500 km
showed that the magnetic fields in the rays are mostly radial
or tailward, and that the outward flowing ions in the tail are
composed mostly composed of O+ with energies of 9–
16 eV, those that are in the energy range that could be
measured by the OIMS in superthermal mode [e.g., Brace
et al., 1987]. The dimensions of the rays are of order of
(1–3) � 103 km; the filaments have dimensions of tens of
km across. The rays have ion densities of 50–500 cm�3,
whereas between the rays, in the troughs, the ion densities
are of the order of 1–10 cm�3. Brace et al. [1987] derived
the escape fluxes from the plasma properties in the tail rays
and filaments. They estimated that the O+ escape flux down
the tail was �5 � 1025 s�1, equivalent to a hemispherically
averaged flux of �2 � 107 cm�2 s�1, and that the H+ escape
rate could be half that value.
[56] Kasprzak et al. [1987] used the ONMS in ion mode to

detect ions with energies greater than �36 eV near 2000 km
and beyond 120� SZA. These superthermal O+ ions represent
only a small fraction of the ions in the tail region. Measure-
ments by the OETP have shown that only about 1% of the
ions in the tail are detected by the ONMS. Kasprzak et al.
suggested that the O+ density enhancements indicated tail-
ward ion flow, but the fluxes of these very energetic ions was
small, with average values on the order of 4� 104 cm�2 s�1,
and amaximum escape rate of 4� 106 cm�2 s�1 was derived.
In addition to O+, the ONMS measured superthermal He+,
N+, mass 28 ions (N2

+ + CO+), NO+, and O2
+ [e.g., Kasprzak

et al., 1991]. These ions could not be pickup ions from the
hot atom coronas, but Luhmann et al. [1995] have proposed
that loss of the heavier ionospheric ions could result from
the penetration of the convection electric field into the high-
altitude terminator ionosphere. Thus the acceleration mech-
anism for the heavy ions could be the similar to that of O+

pickup ions.
[57] Structures known as ‘‘ionospheric holes’’ commonly

appeared on the of the nightside of Venus, and were
characterized by extreme plasma depletion above about
200 km, with electron densities that drop suddenly to less
than 10 cm�3, and in which the magnetic field is vertical
and enhanced [Brace et al., 1980, 1982b; Grebowsky and
Curtis, 1981]. The holes are found in two broad regions

north and south of the equator, and appear to have a lateral
extent of �600–800 km. These holes have been interpreted
as regions in which ions flow outward from the ionosphere
with high energies. Grebowsky and Curtis [1981] suggested
that the plasma depletions were due to outward ion accel-
eration by parallel electric fields. They also suggested that
electrons were accelerated downward in the holes to produce
ionization in the thermosphere below 200 km. Grebowsky
andCurtis did not, however, estimate the total loss rate of ions
from these holes.
[58] Hartle and Grebowsky [1990] used ion composition

measurements made by the PV OIMS in the holes and
showed that the major ions O+, NO+, O2

+, H+, and He+ flow
upward along the axes of the holes. They derived flow
speeds of the order of 1 � 105 cm s�1 for H+ and He+, and
somewhat smaller velocities for O+, O2

+ and NO+, of the
order of 1 � 104 cm s�1, from the measurements. They
suggested that the nightside holes were produced by a polar
wind-like outflow, in which the ions are accelerated by the
plasma pressure gradient force. They proposed that H+ and
He+ ions are also buoyed up by the polarization electric
fields and by thermal diffusion. The source of ions in the
holes was uncertain, but was suggested to be the horizontally
flowing plasma on the nightside. Hartle and Grebowsky
proposed that the observed outward flowing O2

+ could be
produced chemically by reaction of downward flowing O+

with CO2 (reaction (1)), and possibly by energetic electron
impact by the inward flowing electrons. The upward O+ flux
in the holes for the orbits considered was estimated to be of
the order of 108 cm�2 s�1. The total escape rate could not be
estimated because of the uncertainty in the size and shape of
the holes.
[59] Donahue and Hartle [1992] later suggested that the

upward flow of H+ and D+ due to the polarization electric
field could be responsible for escape of ions from the
hydrogen bulge region as well as from the holes. Hartle
and Grebowsky [1993] investigated flow characteristics of
H+ and He+ at high solar activity in the region of the
nightside ionosphere from midnight to 0200 h local time,
where the densities of H, H+, and He+ are observed to
maximize. They constructed averaged altitude profiles of
H+, and used the momentum equations to derive a plane-
tary-averaged escape flux of 1.4 � 107 cm�2 s�1 at the ion
exobase near 500 km, or a total escape rate of 7.5� 1025 s�1.
They found that the H+ ions were accelerated outward to
speeds of up to 1 � 105 cm s�1, but the O+ and He+ density
profiles indicated that these ions were flowing downward.
The escape of H+ is not limited by the day-to-night flow of
H+, since the H+ ions in the bulge region on the nightside
are produced mostly by charge transfer from the nightward
flowing O+ ions [e.g., Grebowsky et al., 1995], and there-
fore could conceivably originate from the O+ transtermina-
tor fluxes.
[60] Hartle and Grebowsky [1995] carried out similar

studies in which they examined profiles of H+ and D+ on
the Venus nightside from the PV OIMS measurements.
They proposed in this study also that the altitude profiles
of the ions indicate that they are flowing upward because of
the polarization electric field, and more massive species,
such as He+, were found not to be accelerated outward by
this mechanism. For the region between midnight and
0200 h local time, Hartle and Grebowsky estimated a
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slightly larger total H+ escape rate of 8.6 � 1025 s�1,
equivalent to a hemispheric average escape flux for H+ of
3.7 � 107 cm�2 s�1.

7.3. Measurements of Energetic Ions in the Solar Wind
Cavity

[61] Mihalov et al. [1980] collected data from the PVO
OPA, which was designed to measured the solar wind
interaction with Venus. Measurements were made in the
‘‘plasma cavity,’’ which is identified by a sharp decrease in
proton flux about 10 RV downstream from the planet. The
frequent episodic disappearances of magnetosheath plasma
were accompanied by sporadic bursts of energetic �4–
8 keV ions, which were identified as O+. The PVO made a
series of passes through the solar wind in the wake of Venus
at distances of 8–12 RV and made measurements of dis-
appearing and reappearing plasma in the wake region. O+

ions were detected in the cavity moving in the antisunward
direction, with larger energies than those of the lighter ions,
such as H+. Mihalov and Barnes [1982] suggested that the
high-energy ions were of ionospheric origin, comoving with
the shocked solar wind.
[62] If the derived ion outflow were not intermittent, a

total loss rate of �1025 s�1 would be inferred. Mihalov and
Barnes [1982] suggested that the mean ion escape rate was,
however, much smaller. The ultimate source of the observed
O+ ions was unknown, but was suggested to include pickup
ions, plasma clouds, or upward flow in holes.
[63] Using PV Orbiter Magnetometer (OMAG) data of

the average properties of the magnetic field 8–10 RV down
the wake,McComas et al. [1986] derived an average ion loss
down the magnetotail of 1026 amu s�1 or 6� 1024 O+ s�1. If
all the ions are assumed to be O+ of planetary origin, this
represents a maximum hemispheric average flux of 2.7 �
106 cm�2 s�1.

7.4. VEX Observations of Escaping Ions

[64] The Venus Express (VEX) spacecraft, which is
currently orbiting Venus, carries a plasma package that
includes an ion mass analyzer, an electron spectrometer,
and energetic neutral atoms imagers. Barabash et al. [2007]
have reported VEX measurements that showed that domi-
nant ions escaping are O+ He+, and H+ in the plasma wake.
The observed ratio H+ to O+ was 1.9, and that of He+ to O+

was 0.07. They suggested that the similarity of the spatial
distributions of these particles confirms their ionospheric
origin. There is not yet, however, enough spatial coverage
to determine total ion escape rates, although Barabash et al.
estimate a lower limit to the escape rate for H+ of 1025 s�1,
equivalent to a hemispheric flux of �4 � 106, through the
plasma wake. VEX has explored the Venus ionosphere at
low solar activity, however, but further measurements at
higher solar activity are expected.

8. Summary

[65] The nightside ionosphere of Venus is mostly formed
by day-to-night transport of ions, which have been observed
to flow upward and nightward, with a small contribution
due to energetic electron precipitation from the wake region
(see, e.g., the review by Fox and Kliore [1997]). Such
fluxes of ions should produce ionospheres with an eroded

appearance, in which the total ion or electron density scale
heights are depressed compared to the ionospheres which
are not subject to outward/horizontal flows. We have
modeled the dayside ionosphere of Venus for various
upward velocity boundary conditions imposed at the tops
of the dayside models in order to determine both the
maximum possible values of the upward fluxes, and the
upward fluxes implied by comparison to PV data from three
instruments, the ORO, the ORPA, and the OETP.
[66] We have constructed more than 60 models for solar

maximum conditions and a SZA of 60�, with upward
velocity boundary conditions in the range from 0 to 3 �
105 cm�2. We present the ion and electron density profiles
for four values of the upward velocities: 0, 2 � 104, 1 �
105, and 2 �105 cm�2 s�1. It is apparent that as the upward
velocity is increased the densities of the atomic ions
decrease, as do the total ion and electron densities. The
densities of the molecular ions, however, are observed to
increase at high altitudes. We attribute this to the decrease in
ambient electron densities, which leads to smaller molecular
ion loss rates due to dissociative recombination.
[67] The maximum upward flux that we derive for

an upward velocity of 3 � 105 cm�2, is about 5.6 �
108 cm�2 s�1 for atomic ions, which are composed mostly
of O+. The maximum fluxes are source limited, and are
determined roughly by the production rate of ions above the
PCE boundary [Fox, 1997]. As the upward velocities
increase, the PCE boundary is depressed at rates that are
large at first and then smaller for velocities greater that 1 �
105 cm s�1. The reduction in altitude of the PCE boundary
increases the source region for the ions.
[68] By comparing our model profiles to those from PV

data, we have derived the implied fluxes of O+ that range
from 1.8 � 108 to 2.5 � 108 cm�2 s�1. We have found an
average value of (2.1 ± 0.4) � 108 cm�2 s�1, with an
estimated accuracy of about 35%. The implied upward flux
is roughly equal to estimates of the transterminator flux, of
the total recombination rate of molecular ions over the
nightside, and of the downward fluxes of ions over the
nightside. From this, we infer that the escape flux due to ion
outflow ranges from negligible to a maximum of about (4–
5) � 107 cm�2 s�1, which is equivalent to a total loss rate of
�1 � 1026 s�1.
[69] We also review here estimates of the escape rate of

ions from Venus due to various mechanisms, including
pickup ion escape, which is fundamentally different from
escape processes which have their origin in day-to-night ion
flow. Pickup ion escape does not depress the scale heights
of the ionosphere. We also discuss several mechanisms that
could arise from the day-to-night flow of ions. In general,
these predicted escape rates vary widely, and there is no
general consensus about acceleration processes or the
escape rates due to most of the mechanisms.
[70] Although the escape of ions from Venus appears not

to be well constrained, the current estimated values of the
escape fluxes are less than and sometimes much less than
the estimated day-to-night fluxes of ions. Thus we conclude
that the upward ion fluxes inferred by a comparison of the
measurements of the dayside morphology of the ionosphere
to our model ionospheres are indicative of the magnitude of
the day-to-night flows. These fluxes, which are inferred to
be much less than their maximum (source-limited) values,
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probably contribute mostly to the formation of the nightside
ionosphere, with only a small amount possibly contributing
to escape.
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