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[1] The solar wind interaction contributes to the loss of Venus atmospheric constituents,
especially oxygen, by direct antisunward acceleration of planetary ions and possibly by
related sputtering of neutrals. Both comet-like ‘‘ion pickup’’ and related sputtering
processes may have played a key role in Venus’ atmosphere evolution, but the significance
of their effects, as well as other proposed escape mechanisms, is still uncertain. In
particular, recent reports of only modest ion escape rates measured on Venus Express
(VEX) during the current low-activity phase of the solar cycle make it important to
reconsider the evidence seen in both Pioneer Venus Orbiter and VEX observations
suggesting significantly enhanced escaping O+ ion fluxes during periods of disturbed
interplanetary conditions. At present, the most extreme interplanetary conditions result
from the effects of coronal mass ejections (CME), which may have been more prevalent in
the first 1–2 billion years of the Sun’s history. The Analyser of Space Plasmas and
Energetic Atoms 4 (ASPERA-4) Ion Mass Analyzer and Magnetometer on Venus Express
have now made detailed measurements during several periods when CME disturbances
encountered Venus. The observations and models described in this report provide further
insights into the possible response of oxygen ion escape to solar activity. In particular, they
illustrate nuances of in situ sampling of large-gyroradius pickup ions, related to the
atmospheric source properties, spacecraft orbit geometry, and the prevailing interplanetary
conditions, that make the estimation of the variable global escape fluxes due to that
process particularly challenging. In three of the four cases examined in some detail,
ionospheric oxygen ions were either unobservable or below the limit of detectability for
passes well within interplanetary coronal mass ejection (ICME) intervals. In the fourth
example, where ionospheric ions were observed as expected from the model, O+ pickup
ions were observed in greater abundance than is typical in undisturbed solar wind. Other
escape processes are not considered here, although it is assumed the source population for
the modeled pickup ions is a preaccelerated upper atmosphere component. Analysis of
many more ICME events, expected to be obtained as the Sun becomes more active in
future years, are necessary to resolve the question of the importance of ICME to Venus
oxygen escape.
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1. Introduction

[2] One of the key planetary science issues for Venus
(and Mars) is the evolutionary importance of the solar wind
interaction [e.g., Chassefiere, 1997; Lammer et al., 2006].
Our current picture of planetary atmospheric ion scavenging
by direct interaction of the solar wind with weakly magne-
tized planets was developed in large part from observations
obtained by the Pioneer Venus Orbiter, PVO [e.g., Moore et
al., 1990; Brace et al., 1995], although the Venera mission
first detected Venus’ planetary ion wake [e.g., Vaisberg et
al., 1995]. The observations confirmed the presence of a
comet-like interaction where the convection electric field of
the solar wind, E = �VXB (where V and B are the bulk
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velocity of the solar wind and the interplanetary magnetic
field vector, respectively) accelerates or ‘‘picks up’’ plane-
tary ions near and above the exobase (�200 km altitu-
de).The ions that become pickup ions may be either
transported into the acceleration region by other forces such
as those associated with pressure gradients, or they may be
produced in situ from the local neutral gases. If they are
accelerated to at least the �11 km/s escape velocity for
Venus, and are on outward trajectories that do not reimpact
the exobase [e.g., Luhmann and Kozyra, 1991], they can be
permanently lost. Other mechanisms for Venus ion escape
have also been suggested that generally fall under the
headings of ‘ionospheric ion outflow’ [e.g., Barabash et
al., 2007a] or ‘bulk ionospheric escape’ [e.g., Terada et al.,
2002]. However, many of the PVO observations at both
high (� keV) and low (�10s of eV) ion energies can be
modeled by assuming that the pickup process dominates
[Luhmann et al., 2006, 2007] we focus on that process in
the present analysis.
[3] It was also inferred from PVO measurements of both

the upper atmosphere (observed by UV remote sensing and
by the Orbiter Neutral Mass Spectrometer), the ionosphere
(observed by the retarding potential analyzer, thermal ion
mass spectrometer, and Langmuir Probe), and the ion fluxes
moving antisunward in the nightside wake (observed by the
Plasma Analyzer and Neutral Mass Spectrometer in its ion
mode), that singly ionized atomic and molecular oxygen
ions are the primary species involved in the solar wind-
induced escape of the Venus upper atmosphere [e.g., Brace
et al., 1987, 1995; Mihalov et al., 1995]. This is a conse-
quence of the ion chemistry of a CO2 atmosphere, where
oxygen forms the bulk of the upper atmosphere and
ionosphere [e.g., Fox and Kliore, 1997].
[4] Typical escape rates of oxygen ions from Venus today

are low from an atmospheric evolution standpoint, little
more than the equivalent of a weak cometary ion tail at
approximately 1024 �1026 O+ s�1 [e.g., Moore et al., 1991;
Barabash et al., 2007a]. However, the Venus solar wind
interaction represents one of the only ways to accelerate
oxygen and other heavy atmospheric elements to escape
speeds. The need for an effective loss mechanism for Venus
oxygen has lately become a matter of special importance as
arguments mount for a possible early ocean [e.g.,
Grinspoon and Bullock, 2007; Kulikov et al., 2006]. One
key question is whether this solar wind-enabled escape
mechanism could have been sufficient, or whether instead,
important quantities are sequestered and buried in oxidized
regolith. This question bears on the expectations for future
surface and subsurface mineralogy measurements at Venus
in pursuit of a history of water on the planet. The broader
consequences relate to general unmagnetized and weakly
magnetized planetary bodies and satellites with atmospheres
that interact directly with surrounding magnetized external
plasma flows of any origin.
[5] Luhmann et al. [2006, 2007] revisited the PVO

escaping O+ ion observations to investigate the possible
impact of disturbed solar wind plasma and interplanetary
magnetic field conditions on escaping ion fluxes. The
observations used in that study consisted of > 36 eV O+

ion fluxes (�10 eV is required for O+ escape from Venus)
measured by the Orbiter Neutral Mass Spectrometer in its
ion detection mode. The results suggested that enhanced

incident solar wind dynamic pressures and interplanetary
magnetic fields, such as those that occur during passage of
interplanetary coronal mass ejections (ICME) and solar
wind stream interaction regions are sometimes followed
by detection of enhanced (by �100�) escaping O+ fluxes.
What could not be determined from PVO measurements
owing to the limited instrument capabilities, and orbital and
temporal sampling coverage, is both the full range of the
escape fluxes and the definitive escaping ion composition.
In particular, evaluation of the escape flux requires knowl-
edge of the details of its spatial and temporal variations,
which are difficult to obtain with in situ measurements,
while the composition measurements require ion mass
spectrometry over an energy range from �10 eV to >
several 10s of keV.
[6] While several statistical analyses carried out on the

PVO data revealed general patterns of the inferred O+

escape flux spatial distribution, and average values of the
fluxes along the spacecraft orbit [e.g., Mihalov and Barnes,
1982; Moore et al., 1990; Luhmann et al., 2006], it is not
possible to reconstruct from these the global response to
relatively rare and/or short-lived extremes in the solar and
interplanetary conditions. Observation-validated models
that allow the interpretation of global loss rates from local
measurements provide the best alternative. In addition, the
ASPERA-4 Ion Mass Analyzer, IMA, on Venus Express-
VEX [Barabash et al., 2007b] now routinely measures
escaping O+ fluxes with definitive mass identification in
an energy range (0.01–30. keV) exceeding that available on
PVO (e.g., see the discussion by Luhmann et al. [2006]).
Since its orbit insertion in April 2006, Venus Express has
witnessed a number of significant solar events [e.g.,
Futaana et al., 2007], providing an excellent opportunity
to investigate, with the supporting VEX magnetometer
observations [Zhang et al., 2006], the response of the
escaping ions.
[7] The motivation for the study described here is to

further constrain present rates of oxygen ion escape during
ICME passages, toward evaluating the evolutionary impor-
tance of these conditions for Venus. VEX ASPERA-4 IMA
and magnetometer observations are used, together with an
MHD field-based test particle model of O+ pickup ions, to
analyze the escaping ion response during several events.
The results illustrate that making the case for increased loss
rates at these times depends critically on our ability to use
models to interpret the observations. However, the obser-
vations reported here are independent of the assumption of
any particular process and are of interest in themselves.
Truly definitive results on the ion escape response will
depend on the analysis of data obtained during a large
number of different ICME as well as case studies. This will
require measurements over at least one solar maximum
period, the next of which will be underway in 2010–
2012, together with models that take into account whatever
processes are found to be significant.

2. ICME Observations on VEX

[8] Details of the VEX instruments used in this study can
be found in papers by Barabash et al. [2007b] and Zhang et
al. [2006]. The magnetometer is a dual triaxial fluxgate
magnetometer where one triad is used to correct the
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measurements for the spacecraft-generated magnetic fields
[Zhang et al., 2006]. The ASPERA-4 instrument is a close
copy of the ASPERA-3 instrument on Mars Express
[Barabash et al., 2006], and includes both the ion mass
spectrometer, called the IMA for ion mass analyzer, and an
electron spectrometer, although here we concentrate on the
data from the former. The mass range of the IMA is from 1
to 60 amu and the energy range is from 10 eV to 30 keV.
The angular response of the IMA, which includes a deflec-
tion system, allows detection of ions coming from all
azimuthal directions with respect to the Venus-Sun line,
and from elevation angles of ±45�. Although the IMA is
also a capable solar wind ion analyzer, ASPERA-4 operates
only around periapsis to conserve instrument resources and
to stay within its telemetry allotment (although there are
occasional special full-orbit operations). Additional details
of the IMA characteristics and operations are given by
Fedorov et al. [2006] and Barabash et al. [2007b].

[9] VEX orbits Venus in a high-inclination elliptical orbit
with �250–300 km periapsis close to the north pole
[Svedhem et al., 2007]. While the plasma analyzer operates
only around periapsis, the magnetometer makes continuous
measurements. To identify occurrences of ICME events in
the VEX data we visually scanned magnetometer vector
time series from 2006 and 2007 for the typical field
signatures of ICME. These often include a leading shock
jump and sheath (compressed solar wind) region, followed
by larger than average, low-variance, smoothly rotating
ejecta or driver fields. Typical duration of the entire distur-
bance is 1–2 days. Examples found in the PVO data at
0.73 AU are described in earlier papers by Lindsay et al.
[1995], Mulligan et al. [1998] and in a recent paper by Jian
et al. [2008]. The same signatures are used to identify ICME
near the Earth [e.g., Jian et al., 2006].
[10] Most unambiguous ICME events found in the VEX

data occurred in 2006, when the Sun was more active. From

Figure 1. A set of four single orbit VEX magnetic field time series showing the ICME cases used here:
(a) 5 July 2006, (b) 18 July 2006, (c) 11 September 2006, and (d) 14 February 2007. Near the beginning
of each time series Venus perturbation is seen, including the bow shock, magnetosheath, dayside
magnetic barrier, and magnetotail as sampled by VEX. The ICME field components exhibit an initial
interplanetary shock and field pileup in the ICME sheath, followed by the smoothly rotating, often
enhanced, solar ejecta fields sometimes lasting a day or more, although the start of the ICME is not
always visible in these plots.
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these, three cases were selected for detailed analysis because
they exhibit the smooth, slowly rotating ejecta fields useful
for analyzing and modeling the effects of the ICME con-
ditions on pickup ions. A single case from 2007 was also
included. In addition to the large, smooth ejecta fields, high
dynamic and thermal pressures are found in the preceding
postshock sheath of an ICME due to the ejecta’s high
velocity, solar wind density compression ahead of the
fast-moving ejecta, and shock heating of the sheath solar
wind plasma. However, these sheath periods last only a

fraction of a day and so it is difficult to capture the Venus
interaction at the VEX periapsis during the times of their
passage. However, the high bulk speeds, and related high-
convection electric fields and enhanced solar wind pres-
sures, can persist throughout the passage of the ejecta,
although they have typical solar wind densities. These
attributes are not easily distinguished in the perturbed
planetary interaction environment that ASPERA-4 samples
near the VEX periapses, but their presence can still be
inferred from the intervals of IMA data obtained outside the

Figure 2a. Case 1: 5 July 2006 ICME ASPERA-4 IMA observations, together with the preceding and
following orbits (days). The top panels show a 2-h orbit segment for these data, near periapsis. The top
energy-time spectrograms include ions with masses 12–60 amu, while the bottom spectrograms include
all ions detected. The latter is dominated by solar wind H+. The bottom panels show the magnetic field
magnitude from the magnetometer for context.

Figure 2b. Case 2: Same as Figure 2a but for the 18 July 2006 ICME.
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bow shocks. In the cases of the four ICME events analyzed
here, the plasma velocities outside of the Venus bow shock
were not especially high, an attribute not surprising for
events occurring near solar minimum. Thus the main feature
of these particular ICME is their steadier and larger than
normal (by �2x) interplanetary magnetic fields lasting a day
or more, plus the expected (but not observed) shorter period
of enhanced dynamic pressure from the preceding sheath
higher densities.
[11] What are the possible consequences of ICME pas-

sage expected for Venus? In addition to a reduced ionopause
altitude and ionospheric magnetization in response to the
increased solar wind pressures in the ICME sheath [e.g.,

Luhmann and Cravens, 1991], ICME conditions are known
to produce the largest convection electric fields and inter-
planetary field magnitudes detected in the interplanetary
medium at 0.73 AU [e.g., Lindsay et al., 1995]. Thus any
processes affected by the convection electric field or iono-
spheric magnetization should be enhanced. In addition, the
interplanetary shock-heated solar wind is expected to result
in higher than usual Venus sheath electron temperatures and
related impact ionization of any neutrals exposed to them,
while the increased solar wind plasma densities in the ICME
sheath can increase the rate of charge exchange (creating
both additional ionization of the neutral O and energetic
neutral hydrogen atoms, ENAs). The slowly varying, un-

Figure 2c. Case 3: Same as Figure 2b but for the 11 September 2006 ICME. (In this case the pass in the
first panel is a day earlier because ASPERA-4 data were not available the day before this ICME).

Figure 2d. Case 4: Same as Figure 2c but for the 14 February 2007 ICME.
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usually steady magnetic fields of the ejecta meanwhile
provide exceptionally simple conditions for analyzing and
interpreting the behavior of observed ions in terms of the
pickup process.
[12] Time series of VEX magnetometer vector compo-

nents in the VSO system (x directed toward the Sun, y
opposite the direction of planetary motion, and z northward
from the Venus orbit plane) are shown in Figures 1a–1d for
the days containing the selected passes. In all of these cases
the ICME is already in progress when the day begins. The
ICME are easily distinguished here by the previously
mentioned low variance, slowly rotating ejecta fields, and
by their field magnitudes, especially in the third example.
For the first case shown, from 5 July 2006, the conditions
surrounding the Venus interaction are dominated by high-
inclination, northward (+Bz, clock angle 0) ejecta fields,
while the 18 July 2006 case is dominated by high-
inclination, southward (�Bz, clock angle 180) ejecta fields.
The 11 September 2006 case has �By and �Bz (clock
angle �225) dominated fields, while the 14 February 2007
case has +By and +Bz (clock angle �45) fields. Thus the
selected cases provide a variety of external magnetic field
orientations during ICME passages.
[13] ASPERA-4 IMA energy-time spectrograms for the

four selected passes within the ICME events are shown in
Figures 2a–2d, together with the total magnetic field and
orbit near periapsis in the cylindrical view (where the y and

z positions are converted into a cylindrical coordinate
projected into a plane perpendicular to the Venus-Sun (x)
axis). As controls, we also show the spectrograms for the
adjacent periapsis passes the day before and the day after
the main event passage. (The VEX orbital period is approx-
imately an Earth day, also the approximate duration of a
typical ICME.) The orbit segments at the top of each pass
illustrate the spacecraft sampling in local time, solar zenith
angle, and radius. The spectrograms are shown for both all
detected ions (0–60 amu) and heavy (>12 amu) ions only.
The total ion spectrograms are included to provide the solar
wind plasma context of the measured heavy planetary ions.
Note that the light ions may also include some picked-up
planetary H+, H2

+ and He+ ions [e.g., Barabash et al.,
2007a], but we exclude these from consideration in our
present analysis focused on oxygen. The total ion spectro-
grams are dominated by the standard solar wind interaction
features including proton heating at the bow shock (seen as
broadening of the main solar wind proton band in the
energy-time spectrogram), the compression and deceleration
in front of the ionospheric obstacle, and the reduction or
disappearance of solar wind proton densities in the wake.
The periodic dropouts in the detected fluxes are a result of
the directional sampling cycle of ASPERA-4 and the
anisotropy of the detected ions, most of which flow ap-
proximately antisunward. Near-periapsis magnetic field
magnitude time series are plotted at the bottom to provide

Figure 3a. ASPERA-4 IMA energy-mass diagrams for ICME cases 1 and 2. These show the ion
composition for the 15 min around periapsis for the three passes (before, during, and after the ICME
passage, from left to right), for (top) case 1 (Figure 2a) and (bottom) case 2 (Figure 2b). The heavy ions
can be seen in the right part of the diagrams for the passes on either side of the central passes in Figures 2a
and 2b. They consist mainly of O+ and O2

+, but heavier ions are also present.
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a perspective on the location of the ion features relative to
the magnetic pileup signatures in the sheath.
[14] The heavy ion spectrograms in the second panels

from the top of each example in Figures 2a, 2b, 2c, and 2d
are dominated by atomic oxygen, but may also contain
contributions from O2

+, CO+, and CO2
+ [Carlsson et al.,

2006]. As shown by the IMA mass-energy plots of
Barabash et al. [2007b], these also include ‘shadows’ of
the solar wind due to the high flux of protons and the
resulting overlap in mass-energy space. The species sepa-
rations used for the heavy ion spectrograms are obtained
with Gaussian distribution fits to the overlapping mass
peaks in the mass-energy plots [e.g., Carlsson et al.,
2006]. These spectrograms exhibit several distinctive fea-
tures including a period dominated by lo—energy ions
within the 10–20 min interval around periapsis (roughly
the plot center), and a more energetic heavy ion signature
with a highly variable appearance. The low-energy ions are
typically in the 10eV to a few 10s of eV energy range, and
are thus already at escape energies for oxygen. The latter
may appear as a faint high-energy component during the
same time period that the low-energy ions are observed, or it
may be observed outside the periapsis interval in the
adjacent magnetosheath, together with the solar wind pro-
tons. The magnetosheath cases closely resemble what was
observed in the PVO plasma analyzer data in similar time-
energy spectrograms without mass separation [e.g.,
Luhmann et al., 2006]. In a few passes the energies of the

heavy ions around periapsis appear to dip below the IMA
energy threshold. A possible relationship between the low-
energy and high-energy components will become apparent
in the discussion of the modeling results below.
[15] The key observational result derived from these

events is best seen with the help of mass-energy analyses
of the data in Figures 2a–2d. Figures 3a and 3b show mass-
energy plots obtained from the 15 min around periapsis for
the four event passes and for passes before and after the
main event pass. The color scale indicates the detector
counting statistics for these samples, which are approxi-
mately proportional to the flux. It is seen that three of the
four event passes show a near or total absence of counts at
the heavy ion masses compared to the passes during
relatively typical interplanetary conditions. The one excep-
tion out of the four, on 14 February 2007, in contrast shows
an exceptionally high (saturated) count rate for the heavy
ions in the same near-periapsis sample. The possible reasons
for the nondetection of the mainly oxygen ions at these
times for the other cases, both at periapsis and in the
adjacent sheath, are best investigated with models of the
global distribution of escaping ions.

3. Model Analysis of the VEX Ion Observations

[16] As noted in the introduction, we here assume that the
pickup process describes the bulk of escaping heavy ions
observed by the ASPERA IMA around Venus. This as-

Figure 3b. Same as Figure 3a but for ICME cases 3 and 4 in Figures 2c and 2d. For case 3 (top row),
the pre-ICME pass is two days ahead. For case 4 (bottom row) it is a day ahead. Case 4 is the only one of
the four with high (saturated counts) oxygen ion content in the central diagram, during the main portion
of the ICME passage.
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sumption provides a starting point for analysis that has
observational support from PVO results, and can also lead
to insights on whether other processes are important.
[17] Venus pickup ions include all planetary ions that are

accelerated by the action of the underlying convection

electric field, whether they are escaping or on trajectories
that return them to the atmosphere. It is important to
appreciate that the pickup process is not restricted to the
magnetosheath and solar wind outer regions. If the solar
wind magnetic field penetrates the upper atmosphere be-
tween the ionopause and the exobase (or even below it), and
a flow is present, an ion can still be accelerated by E =
�VXB. Different processes may also combine. For exam-
ple, some ions may first move in response to other forces
such as pressure gradient forces, and then attain escape
speed when they are transported into a region where the
convection electric field leads to their further acceleration. It
is also important to remember that, unless they are observed
in the mid-to-distant wake, pickup ions detected along a
spacecraft orbit do not necessarily contribute to an escape
flux. In determining whether an observed O+ ion is escaping
or not, one must consider its energy, its location with respect
to the planet, and its direction of motion. One also needs to
know how representative the orbital sampling of the escap-
ing ions is of the total escaping ion population. A global
model of the ions is thus extremely useful for determining
both whether a particular observed O+ flux is escaping, and
what the implications of the local measurements are for the
overall loss rates.
[18] As also mentioned above, one of the striking features

of the heavy ion spectrograms in Figures 2a–2d is their
diverse appearances. Most show a period of enhanced
fluxes around periapsis at the lowest energies and altitudes
measured. These probably represent the pickup O+ source
region in the upper ionosphere that is dominated by ioni-
zation and nightward transport of the dayside thermosphere
neutral O source, rather than by the much more rarefied
exospheric O from dissociative recombination of iono-
spheric O2

+. The coexistence of cold and hot oxygen
atmospheric components in the pickup ions has been dis-
cussed previously (e.g., recently by Luhmann et al. [2007]).
The ion spectrogram features at the higher altitudes exhibit
the inbound-outbound asymmetries expected from the pick-
up process and the finite heavy ion gyroradius effects found
for the more energetic pickup ions. When the interplanetary
magnetic field component perpendicular to the solar wind
velocity rotates from one angle (or clock angle) to another,
the appearance of the pickup ion wake signature can change
dramatically [e.g., Kallio et al., 2006]. But we do not even
know how the low- and higher-energy ion observations are
related to one another, or if their variation on the global
scale is coupled. Such key outstanding questions only
emphasize the difficulty of inferring global ion escape rates
from one or two orbits during special events such as ICME
passages.

Figure 4. Orthogonal views of some MHD model field
lines (black) with superposed test particle O+ trajectories for
MHD fields without (red) and with (blue) mass loading near
the Venus obstacle. The model interplanetary field is
northward (clock angle = 0). (a) Noon–midnight plane
projection; (b) ecliptic plane projection; and (c) view from
the Sun, looking tailward. The trajectories are traced to 3 Rv.
These illustrate both the asymmetry and the spatial
concentration of the oxygen pickup ion ‘‘wake.’’
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[19] The model of the global pickup process that we use
here has been validated by comparisons with magnetic
fields measured on PVO [Kallio et al., 1998], and with
PVO plasma analyzer measurements of O+ [Luhmann et al.,
2006]. The background fields and flows are provided by an
MHD model of the typical 0.73 AU solar wind interacting
with a spherical conductor whose radius is at the nominal
subsolar ionopause height for Venus, with an interplanetary
magnetic field perpendicular to the incident flow direction.
The trajectories of planetary O+ ions are traced as test
particles in these background magnetic fields and flows.
We use the same numerical equation of motion solver,
including the Lorentz force and Venus gravity, as used by
Luhmann et al. [2006]. The test particle pickup ions’
properties (energy and directional distributions) are the
collective result of the assumed distribution of O+ starting
points, their initial velocities, the geometry and strength of
the background MHD model magnetic fields, and the bulk
plasma flows that together with these magnetic fields
describe the E = �VXB convection electric field. The
effects of the Venus-Sun (x) component of the interplane-
tary magnetic field are not included in this model. This

allows us to rotate the model results around the Venus-Sun
or x axis to approximate the effects of orbital sampling of
the pickup ion population for different interplanetary field
clock angles (relative to Venus North). The x component of
the field is known to introduce some dawn-dusk asymme-
tries into the plasma interaction with Venus and so its
neglect should be kept in mind, but for many analyses this
is a secondary effect.
[20] Two versions of the MHD model were used to

calculate the pickup ion trajectories: one assumes the solar
wind interacts with the conducting spherical obstacle with
no effect of the production of heavy ions in the inner
magnetosheath. Such a scenario might apply if the iono-
pause is at higher altitudes due to a low solar wind pressure
or an enhanced ionospheric pressure. The other version
assumes mass loading of the underlying flow by heavy O+

ions consistent with a simplistic approximation to photoion
production from both thermospheric and exospheric atomic
oxygen above the dayside of the planetary obstacle. (See
Kallio et al. [1998] for further details.)
[21] To illustrate the basic nature of the pickup ion spatial

distributions and their sampling by the VEX orbit, Figure 4

Figure 5. (top) Cross sections of the picked up O+ ion wake at the (right) terminator plane and (left)
down-tail color coded by ion energy. This case uses the MHD model with mass loading effects and is for
90� (+y) interplanetary field clock angle. The northward pointing convection electric field produces the
north-south asymmetry. (bottom) Same as top but using the MHD fields and flows without mass loading
effects.
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compares the trajectories of several hundred O+ ions
launched on a spherical shell within a few hundredths of
a planetary radius of the MHD model’s inner boundary for
MHD model fields with (blue) and without (red) mass
loading. The trajectories are traced to 3 Rv (Rv = the Venus
obstacle in the model (planet plus ionosphere) �6300 km),
a distance that covers the VEX orbit sampling of near-Venus
space. Three projections, one as seen from the Sun, one in
the ecliptic, and one in the noon–midnight plane are shown.
The pickup ion distribution global asymmetry seen here,
with the highest concentration of large-gyroradius trajecto-
ries initially moving toward the hemisphere where E =
�VXB points, is a well known signature of the pickup
process. While the two cases produce similar trajectories,
the mass loaded case trajectories are more spatially concen-
trated when seen in cross section from the Sun. In both
cases it is apparent that one’s assessment of the escaping ion
fluxes in such a distribution will depend on where and when
they are sampled as the spacecraft orbits and the interplan-
etary field (and ion wake) rotate.
[22] Figure 5 displays complementary plots of the loca-

tions where the modeled pickup ions cross thin cross-

sectional slabs at the terminator and downstream for the
cases with (Figure 5a) and without (Figure 5b) mass
loading. Here the interplanetary field is along the +y axis
so that the maximum density of the asymmetric pickup ion
wake seen in Figure 4 is in the north or +z half plane. The
existence of a wedge-like feature and a low-energy central
wake concentration at several Rv downstream is consistent
with VEX results reported by Barabash et al. [2007a] from
statistical analyses of the oxygen ions in the Venus wake,
while the terminator cross section asymmetric bulge in the
direction of the upstream convection electric field is con-
sistent with reported ionopause cross section asymmetries
seen on PVO [Phillips et al., 1988]. These cross sections,
together with the ion trajectories in Figure 4, emphasize the
asymmetry and limited cross section of the pickup ion
wake, properties that are critical when evaluating global
escape rates from limited orbital sampling. This is further
emphasized by Figures 6 and 7 which show the four
selected periapsis orbit segments together with the pickup
ion trajectories. The ion trajectories have been rotated to
three orthogonal positions to represent the effect of a range
of interplanetary field clock angles on the orbital sampling

Figure 6. Illustration of VEX periapsis pass sampling of model O+ trajectories (obtained with the MHD
field and flow model with no mass loading) for four interplanetary field clock angles: (a) 0�; (b) 45�;
(c) 90�; and (d) 270�. The view is from the Sun. These suggest how an in situ ion observer’s perspective
could be biased by a particular orbit’s geometry of intersection with the ion wake.

E00B04 LUHMANN ET AL.: VEX—OXYGEN ESCAPE AND CME

10 of 15

E00B04



geometry. These illustrate that one could infer a large range
of ion escape fluxes, from negligible to representative of the
maximum, from what is measured along the same VEX
orbit, depending on the location of the orbital plane and the
prevailing interplanetary field. Models provide a way to
better understand the implications of the observations and
also allow numerical experiments to determine which model
assumptions produce results consistent what is observed.
[23] To obtain the general character of the VEX heavy ion

energy-time spectrograms, we found the following choices
for the O+ starting grid were necessary: (1) starting points
only in a narrow altitude range near the inner (spherical)
model boundary; (2) a starting point grid including both
dayside and nightside hemispheres, rather than just the
dayside; (3) nonzero test particle starting velocities. The
first of these was necessary to reproduce the narrow (in
energy) pickup ion signatures; the nightside grid was
necessary to obtain the observed deep wake fluxes of O+

near the base of the induced magnetotail current sheet
separating the tail lobes; the nonzero starting velocities
allowed the consistent reproduction, with the same model,
of the low-altitude, low-energy ion signature and the sheath
energetic ion signatures for the same pass. This last as-
sumption also has the merit that PVO Retarding Potential
Analyzer observations [Miller and Whitten, 1991] showed
significant (�5–10 km/s, up to nearly 10 eV) antisunward

thermal O+ flows in the upper ionosphere at solar zenith
angles near and beyond the terminator plane, interpreted
to result from day-to-night ionospheric plasma pressure
gradients.
[24] To illustrate the general characteristics of the mod-

eling results we show in Figure 8 simulated O+ energy-time
spectrograms for eight interplanetary field clock angles,
spaced at 45� intervals, for the trajectory associated with
the 18 July 2006 periapsis. This pass provided a particularly
good trajectory for illustrating the asymmetries in the
pickup ion distribution because it roughly samples the
northern hemisphere in the terminator plane from dawn to
dusk. We found it was not necessary to use many ions or a
closely specified altitude of the starting point grid to
establish the general patterns in the spectrograms, thus we
started approximately 1200 O+ ions uniformly distributed
over a spherical grid at 1.05 times the obstacle radius. The
results are shown for two cases: the background MHD
model without mass loading and an initial O+ velocity of
a few 10s of km/s at the terminator, and an MHD model
with some rudimentary ionospheric mass loading (see dis-
cussion of these two models by Kallio et al. [1998]), and a
lower (by 0.1x) initial O+ velocity. The spectrograms were
constructed by calculating the number of constant time step
ion trajectory points falling within spherical volumes of
0.1 Rv radius, stepped along the VEX orbit through the

Figure 7. Same as Figure 6 but for the ecliptic plane projection: (a) 0�; (b) 45�; (c) 90�; and (d) 270�.

E00B04 LUHMANN ET AL.: VEX—OXYGEN ESCAPE AND CME

11 of 15

E00B04



periapsis pass. The velocity vectors of the particles entering
the spherical volumes were filtered to accept only those
within the ±45� elevation angles accepted by the IMA. The
color scale and its range are analogous to the log (counts)
scale in the VEX spectrograms. Here the model statistics
provide an idea of the numbers of O+ trajectory points
falling within the sampling spheres. These statistics are
proportional to the IMA counts. As mentioned above, the
assumption of the initial velocity of the ions affects the low-

energy near-periapsis O+ signatures, as does the use of mass
loaded versus not loaded MHD field and flow models.
[25] The general patterns in the modeled heavy ion

spectrograms in Figure 8 resemble those in the observations
in Figures 2a–2d. In particular they reproduce the occa-
sionally observed narrow bands of high intensity O+ in the
sheath on inbound and/or outbound legs with velocities
(energies) that smoothly increase (decrease) as the space-
craft altitude increases (decreases). In the model, these
features do not represent a time-dependent acceleration

Figure 8. Simulated ASPERA-4 IMA O+ spectrograms for the nominal (no mass loading) MHD field
and flows case, for clock angles spaced 45� apart, obtained by ‘‘flying’’ the 18 July 2006 orbit through
the modeled ion wake. As expected, the spectrograms look very different, although the ion wake is the
same in all cases.

Figure 9. Energy-mass diagrams for the narrow layers (5 min duration) visible on (a) the outbound leg
of case 1 and (b) the inbound leg of case 2 ICME pass spectrograms shown in the middle of Figures 2a
and 2b. O+ appears to be present in these features.
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signature, but rather sampling of a stationary spatial distri-
bution of ions, with locally narrow energy spectra at each
location. They are analogous to the features referred to as
beams in the literature [e.g., Carlsson et al., 2006], although
the ions are beam-like only in the sense that they have
narrow energy spectra and are traveling in approximately
the same directions at a given location. The term ring beam
distribution, widely used in pickup ion studies, is the better
descriptor.
[26] A key result is that for some clock angles practically

no model pickup ions are detected along the VEX orbit even
though the global pickup ion population, including the
escaping component, is identical. In these cases the nar-

rowness and low altitude of the production layer, coupled
with the magnetic field clock angle, minimize the orbit’s
intersection with the pickup ion wake. Of special interest for
the ICME observations are the spectrograms for 0� and 180�
clock angles. One characteristic of ICME ejecta fields is
rotation to large inclinations out of the ecliptic plane. The
model results suggest that the prominent pickup ions
features in the sheath should become observable as the
ICME fields sweep through the large inclinations. However,
the observations in Figures 2a–2d show that this is gener-
ally not the case during the periods of the selected ICME
passes, which are short on the ICME timescales (compare
Figure 1). The approximate clock angles at the times of the
IMA data are �0� for the 2006 5 July case, �180� for the
2006 18 July case, �225� for 2006 11 September case, and
�45� for 2007 14 February. Only in the last case does the
VEX heavy ion spectrogram show the O+ feature suggested
by its model counterpart in Figure 8, although the orbital
sampling differs from cases 2 and 3.
[27] These model results also assume fixed typical solar

wind B and V magnitudes of about 14 nT and 400 km/s,
respectively, while the ICME often have higher B by a
factor of �2 or more, and higher V by up to a factor of �4.
The combined higher V and B effects on the ion trajectories
will offset one another somewhat because the gyroradius is
proportional to particle v, which is accelerated to up to twice
the ambient flow speed, and inversely proportional to B.
However, the higher V means that the energies attained by
the picked up O+ can be much larger than is typical. Thus
the O+ trajectories can be the same but the O+ energies may
exceed the energy range of the ASPERA-4 IMA. In such
cases the IMA would still observe the lower altitude, lower
energy portions of the picked up O+ features, and just not
detect the full energy-dispersed features in the sheath.
However, this does not seem to be the case in our first
three examples. In addition, the solar wind velocities for the
four selected ICME, obtained by inspection of the IMA
energy-time spectrograms in Figures 2a–2d, seem to rule
out an energy range limitation to the picked up O+ detection
in the sheath. For the pass on 5 July 2006 the center of the
solar wind spectral band prior to and after the broadening
due to the shock suggests a nominal solar wind proton
energy only slightly greater (�1.3 keV) than the typical
1 keV. In fact many ICME travel only modestly faster than
the ambient solar wind. On 18 July 2006, only the outbound
shock is visible in the spectrogram, but it too suggests solar
wind proton energies at or slightly less than the typical
1 keV. The 11 September 2006 case also shows only
outbound solar wind, again near 1 keV, and the ICME
segment passing on 14 February 2007 appears to have only
800 eV solar wind protons. However, while none of the
cases under consideration here should be subject to the IMA
energy range upper limit mentioned above, we expect the
strongest events to be affected in this way.
[28] A more likely explanation for the apparent absence

of significant O+ in the IMA spectrograms may be the
increased magnetic fields. Figure 9 shows energy-mass
analyses of the very narrow features inbound on 5 July
2006 and outbound on 18 July 2006, where the spacecraft
apparently enters and leaves the ionosphere. These reveal
that O+ is indeed present for those short periods (�5 min.).
In addition, hints of O+ below the 10 eV lower threshold of

Figure 10. (top) Views from the Sun of the O+ trajectories
in the nominal model (red) and for a mass-loaded, increased
(3�) interplanetary field model (blue). (bottom) VEX
ICME orbit sampling of the latter model. The VEX orbit
intersects much less of the pickup ion wake owing to the
reduced O+ gyroradius and the already confining effects of
the mass loading on the O+ wake extent.
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the IMA energy range in both cases suggest that intensive
mass loading of the solar wind interaction boundary at these
times reduces the initial velocities of the source O+. In
addition, the larger magnetic field magnitudes during the
ICME reduce the pickup ion gyroradii so that the pickup ion
wake spatial distribution may be more closely confined to
the optical wake. As an approximate model of these con-
ditions we used the mass loaded MHD field and flow results
with the magnetic field multiplied by 3�, and the lower O+

starting velocities (�2 km/s) used for the mass-loaded case
as described earlier. The particle trajectories for this case are
compared with the nominal case and with the spacecraft
near-periapsis trajectories in Figure 10. The larger magnetic
field reduces the O+ gyroradius as expected, altering the ion
wake cross section and its orbital intersection. In Figure 11
the resulting O+ spectrograms for the four ICME cases are
compared with the same orbital samples of the normal
(standard magnetic field, no mass loading) model for the
event pass trajectories. The high field, mass loaded case on
the right shows attributes that tend toward the observed
ICME heavy ion spectrogram behavior: an absence of the

long, energy-dispersed sheath ion features, and O+ concen-
trated in nearly vertical features at the boundaries of the
source region entry and exit. A feature that remains puz-
zling, and for which we have no explanation, is the apparent
opposite sides of these latter features from what would be
expected for the 5 July and 18 July 2006 cases with 0� and
180� clock angles respectively. Clearly there is a need for
carrying out more specific simulations using the observed
ICME external parameters, with a detailed treatment of the
ionospheric source, in order to obtain more realistic back-
ground fields and with them, more accurate models of the
picked up O+ behavior.

4. Conclusion

[29] So is there any evidence that the ICME selected for
study in this paper produced an increase in the escaping
pickup O+ fluxes? For the four selected events examined
here, perhaps only in one case (case 4). Although the flux
conversion for IMA counts is still under discussion, a
quantitative estimate of the increase can be made from the

Figure 11. Simulated ASPERA-4 IMA O+ spectrograms for the four selected ICME. The left column is
the nominal (not-loaded) model; the right is for loaded plus high field. The most striking features
consistent with the observations in Figures 2a–2d are the energy-dispersed, spectrally narrow features
occasionally seen in the sheath regions. The other notable features also present in the VEX data are the
occasional low-energy ion enhancements observed throughout the lowest altitude portion of the pass. The
origins of these features are discussed in the text.
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color contours in the bottom middle panel of Figure 3b.
Assuming this 15 min sample in the mass-energy analysis
contains the bulk of the escaping oxygen ions for the pass,
there are at least �10 times more present on this occasion
compared to their counterparts in the other panels. The fact
that the bulk of the ions are at low energies may be an
artifact of the sampling, or it may be key to the physical
process underlying their escape. Models of the pickup ion
spatial distribution discussed above suggest a possible
relationship between the low-altitude, lower energy ions
and the higher-altitude more energetic ions. They also
provide an explanation for the nonobservation of O+ sig-
natures for the three other events, related to the alteration of
the pickup ion wake geometry by the enhanced ICME
magnetic field and VEX orbital sampling. But a more
detailed examination of this question requires further model
development of the ICME-disturbed Venus interaction that
is beyond the scope of the present report. We also expect an
increase in the number of CME as solar activity rises to give
us a picture of the responses of Venus picked up O+ to much
stronger (faster) events.
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