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GASDYNAMIC MODELING OF THE VENUS MAGNETOTAIL

K. R. Moore,! D. J. McComas,! C. T. Russell,? S. S. Stahara,® and J. R. Spreiter*

Abstract. A gasdynamic, convected magnetic
field model of the solar wind interaction with
Venus is used for the first time to model the
steady state Venus magnetotail. Model results are
directly compared with observations. The flow
obstacle surface is approximated as a tangential
discontinuity. The obstacle shape is an input
parameter to this model. An initial obstacle
shape, accurate on the dayside, 1is defined by
balancing a hydrostatic equilibrium approximation
for the internal plasma pressure with an external
flow pressure approximation. These pressure
approximations produce a cylindrical obstacle in
the distant tail. A refined obstacle shape that
attempts to balance this same internal pressure
with the calculated external flow pressure tapers
inward toward the tail axis downstream of the
terminator. Cold fluid (photoionized planetary
oxygen) is added to the flow about the tapered
model obstacle. The resultant bulk plasma flow and
magnetic field properties compare well with
experimentally observed average proton velocity and
magnetic field components in the magnetotail. The
added oxygen plasma has significant number
densities only within 1 Ry of the tail axis in the
distant tail. The model predicts central
magnetotail oxygen plasma number densities of about
0.2 cm™® and temperatures on the order of 10° °K,
flowing tailward at speeds as low as 200 m/s.
These properties are consistent with the flat,
featureless Pioneer Venus Orbiter plasma analyzer
spectra observed in the deep central tail. Pickup
ions, in the test particle limit, match direct
observations of tail pickup ions. These steady
state model results suggest that the mass addition
at Venus originating above the dayside ionopause is
predominantly fluidlike and produces the slowed
flows and severe field draping observed in the
central distant tail. Oxygen ions produced higher
above the ionopause on the dayside, at much lower
number densities, behave more as test particles.
Their 1large gyroradii produce an asymmetric
population in the distant outer tail and sheath.

1. Introduction
Despite multiple spacecraft missions to Venus,

the contribution of mass loading to the formation
of the magnetotail there 1is still wuncertain.
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Extensive results from the Venera and Pioneer Venus
Orbiter (PVO) missions show that Venus is
essentially unmagnetized [Dolginov et al., 1968;
Phillips and Russell, 1987] and has a dense,
gravitationally-bound atmosphere that supports a
fully developed ionosphere [Kliore et al., 1985].
The solar wind confines the ionospheric plasma on
the dayside; however, dissociative recombination of
oxygen [e.g., Nagy et al., 1981] extends the upper
Venus atmosphere beyond the ionopause, where it
becomes ionized by processes such as
photoionization, charge exchange, and impace
ionization to form a pickup ion population.

A population of pickup ions, interpreted as
being primarily composed of singly-ionized oxygen,
is observed by the PVO plasma analyzer (described
by Intriligator et al., [1980] both in the near-
planet sheath [Mihalov and Barnes, 1981;
Intriligator, 1982; Phillips et al., 1987] and in
the distant magnetotail [Mihalov and Barnes, 1982;
Intriligator, 1989; Slavin et al., 1989; Moore et
al., 1990]. The deduced flow speeds increase with
height on the dayside [Mihalov and Barnes, 1981}
and roughly equal the background flow speed in the
distant tail [Mihalov and Barnes, 1982]. The
featureless, low flux PVO plasma spectra sometimes
observed in the Venus magnetotail have recently
been interpreted as pickup ions [Moore et al.,
1990}. The combined pickup ion observation rate
varies with solar EUV flux during the solar cycle,
indicating a photoionization source [Moore et al.,
1990].

The fluxes of pickup ions measurable with the
PVO plasma instrument are found asymmetrically (in
the sense of the convective, or -V x B electric
field) both near the planet [Phillips et al., 1987]
as well as in the tail [Intriligator, 1989; Slavin
et al., 1989; Moore et al., 1990]. Thus the
preferred coordinate system for Venus pickup ion
studies is the VB coordinate system, in which the
X axis is antialigned with the upstream bulk flow,
the Y axis is aligned with the cross-flow component
of the interplanetary magnetic field (IMF), and the
Z axis (aligned with the motional electric field)
completes the right-hand set. Pickup ions
originating in the +Z (locally outward E) half-
space are expected to preferentially gyrate around
the planet due to their nearly planetary size
gyroradius, and move downstream. Pickup ions
originating in the -Z half-space gyrate into the
ionosphere, where they recombine and are lost from
the flow.

Plasma measurement limitations admit only rough
estimates of the mass loading rate [e.g., McComas
et al., 1986; Brace et al., 1987] and there is
neither a proven analytic theory nor a widely
accepted magnetohydrodynamic (MHD) model of the
global Venus-solar wind interaction, with or
without mass loading, to augment the observations.
The gasdynamic, convected magnetic field model of
Spreiter and Stahara (for a review, see Spreiter
and Stahara [1985]) 1is a current and widely
available shock and magnetosheaath model [Russell,
19851]. Pickup ions have been modeled as test
particles which move in the electric and magnetic
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fields predicted by a gasdynamic model [e.g.,
Luhmann et al., 1985; Phillips et al., 1987].

The near-planet and distant magnetotail regions
have been well sampled by the various missions to
Venus (a recent review is Phillips and McComas
[1990]) but not the near wake region from two to
seven planetary radii downstream of the planet.
The dayside Venus ionosphere has sufficient
pressure to deflect the incoming solar wind about
85% of the time [Phillips et al., 1984], but there
are indications that the nightside ionosphere
converges toward the tail axis [Vaisberg et al.,
1976; Perez-de-Tejada and Dryer, 1976, 1977;
Knudsen et al., 1982]. Present models of the Venus
- solar wind interaction are constrained by
observations both near the planet and in the
distant tail but rely on extrapolations in the
crucial intermediate tail region.

2. Bulk Flow Model Without Mass Loading

The steady state bulk flow of the solar wind
about Venus can be approximated as an inviscid
gasdynamic fluid flow that convects the IMF
[Spreiter et al., 1970]. The first generally
available computer model based on this theory
[Stahara et al., 1980] did not incorporate mass
loading, but a subsequent model has been developed
to include this effect [Stahara et al., 1987].
This is, however, a fluid mass loading model (no
finite gyroradius effects).

The gasdynamic model without mass loading has
been used to model the bow shock and dayside sheath
flow. Vaisberg et al. [1976] compared Venera 9 and
10 data with model results and found disagreement
only just above the dayside ionopause. Various
authors have compared the model shock calculations
to properties such as the observed shock locations
and magnetic field jumps [e.g., Spreiter and
Stahara, 1980a; Mihalov et al., 1982; Slavin et
al., 1983, 1984; Tatrallyay et al., 1984]. The
latter concluded the appropriate model Mach number
is the fast magnetosonic Mach number and the ratio
of specific heats that best reproduces the
terminator shock values is 1.85 (but depends on the
upstream Alfvenic Mach number). Even with these
parameters the model underestimates the terminator
shock distance by 24% for M,, = 4.5 (a
statistically average value for M, by Russell et
al. [1988] which the authors attribute to mass
loading effects.

The near-planet magnetosheath bulk proton flow
observed by PVO [Mihalov et al., 1980] agrees with
gasdynamic model predictions. Comparisons of near-
Planet magnetosheath magnetic field data with model
results [Marubashi et al., 1985; Luhmann et al.,
1986; Phillips et al., 1986] also show general
agreement, and even occasional remarkable
agreement. The gasdynamic approximation is thus
generally valid in the near-planet maagnetosheath.
This paper examines the validity of this
approximation in the distant Venus magnetosheath
and magnetotail.

It is not obvious how to extend the gasdynamic
model into the Venus tail. The Venus tail is
fundamentally different from the terrestrial
magnetotail. The Venus magnetopause does mot
separate an intrinsic magnetic field from the IMF.
Instead, the IMF threads the Venus magnetopause and
the JxB forces act to widen the tail boundary. In
contrast to the terrestrial magnetopause, the

change in magnetic field orientation that
represents the Venus magnetopause is found to be
asymmetric and often indistinct [McComas et al.,
1986; Slavin et al., 1989; Moore et al., 1990].
Solar wind protons are observed to refill the Venus
tail by seven to 12 planetary radii downstream from
the planet, implying flow across the Venus
magnetopause [Moore et al., 1990]. Thus the Venus
magnetopause determined by the draped magnetic
field is not a discontinuity and cannot be
approximated as such in the gasdynamic model.

Fluxes of ions interpreted as planetary 0% are
observed and inferred in the distant Venus tail.
Although instrumental responses often give the
appearance of a chemical boundary in the Venus tail
that separates planetary plasma (primarily 0% ions)
from external solar wind plasma (primarily protons
and alpha particles), it is not possible to
establish the existence of this discontinuity with
presently available data on an orbit by orbit
basis. Furthermore, statistical results do not
indicate such a discontinuity [Moore et al., 1990].
Thus we adopt the position based on observations
that an ideal model of the distant Venus
magnetotail has no distince a priori
discontinuities and that any boundaries must form
as a natural consequence of the interaction.

The computer simulation code used for this study
is described by Stahara et al. [1980]. An initial
ionopause shape is first calculated. The ionopause
is defined here as a tangential discontinuity
between an internal, unmagnetized planetary plasma
and the magnetized shocked solar wind. The
internal plasma is approximated both on the dayside
and in the tail as isothermal, with a
gravitationally-varying scale height. The approxi-
mated internal pressure Py . ..., = C e (r-ro)/(r.H/ro)
where r is the distance from the center of the
planet, r, is the radius where P, .,.,=C, and H is
the 0* scale height. This approximation assumes
that the internal plasma is sufficiently motionless
to be in hydrostatic equilibrium. The Venus
ionosphere is relatively motionless near the nose
of the obstacle, but near the terminator and
tailward, planetary plasma flows may be
significant. The internal plasma is no longer in
hydrostatic equilibrium; however, this
approximation is used in the tail since a better
approximation has not been demonstrated. This
utilitarian assumption does not represent a new
physical concept but, as will be shown, results in
a tapered model tail flow obstacle that is
consistent with observations.

A Newtonian approximation for the external flow
pressure is Pyyeernal = Penormar + KpVZcos?8 for g < 90°
and Pyiernal = Pthermar £Or B > 90°. The constant K
depends on the upstream Mach number [Spreiter et
al., 1966], p is the bulk density, V is the bulk
flow speed, B is the angle between the flow
boundary outward normal and the local flow
direction, and Pypgneay is the thermal pressure of
the solar wind. A closed form solution for an
initial obstacle shape is obtained by neglecting
the thermal pressure. The thermal pressure is
negligible near the front of the obstacle and the
initial obstacle nose is accurate. However, the
thermal pressure is mnot negligible near the
terminator and tailward. Thus the initial obstacle
tail shape is not accurate, simply becoming
cylindrical as both Py ema and P
approximations vanish.

external
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The initial obstacle shape is the free surface
along which the approximated Pgyioma balances the
approximated Py iernai. The flow field is calculated
about the initial obstacle in two steps. The
dayside flow field is determined by using an
unsteady Euler equation solver of the implicit type
that iteratively converges to a solution that
includes the embedded subsonic pocket surrounding
the stagnation point. Next, a shock capturing
marching code begins with the previously calculated

terminator flow and marches the solution
downstream. The result 1is an axisymmetric
determination of bulk velocity, density, and

temperature between the obstacle and the shock.
Streamlines are determined and used to derive the
convected magnetic field components.

The calculated initial obstacle and resultant
shock for an upstream Mach number of 4.5, a
specific heat ratio of 5/3, and H/r, of 0.03 are
shown in Figure la. The results are scaled to
place the nose of the ionopause at 300 km above the
planet, the average position where the measured
magnetic pressure balances the measured internal
plasma pressure. This empirical ionopause
definition is only one of several currently in use.
This scaling, used throughout this paper, places
the terminator shock at about 2.0 Ry. The
terminator bow shock is normally measured to be at
about 2.4 Ry [e.g., Russell et al., 1988]. We note
that part of this discrepancy stems from the
differences between empirical ionopause definitions
such as used here and the model ionopause
definition of a tangential discontinuity. A
magnetic barrier forms on the dayside between the
incident solar wind and the ionospheric plasma
[Vaisberg and Zeleny, 1984]. The magnetic pressure
in this region is comparable to the upstream solar
wind dynamic pressure. Thus the tangential
discontinuity ionopause approximation used in this
model may be more accurately represented by the
upper portion of the magnetic barrier. However,
the resultant tail properties are insensitive to
the model ionopause position so we retain the
conventional value of 300 km for the obstacle nose
altitude.

The internal and external
approximations used in Figure 1la produce a
cylindrical tail obstacle. The pressure
approximations are accurate along a majority of the
dayside obstacle. The approximated internal
pressure and the external pressure calculated by
the code along the surface of the initial obstacle
are shown in Figure 1lb. The pressures have been
normalized to unity at the nose. The pressure
discrepancy that begins just upstream of the
terminator (X=0) persists downstream (X<0) has
little effect on the dayside obstacle and hence the
shock; however, it has a considerable effect on the
tail obstacle shape and the subsequent tail sheath
flow and magnetic fields.

Including thermal pressure in the dayside
external pressure approximation reduces the
terminator ionopause altitude to observed heights
[Knudsen et al., 1982]. In the tail the
approximated internal plasma pressure quickly drops
to small values with distance downtail. The
external thermal pressure causes the flow obstacle
to converge toward the tail axis. We obtain a
refined obstacle shape by iteratively adjusting the
obstacle shape from the initial approximate shape
and recalculating the flow field, attempting to

pressure
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Fig. 1. An initial obstacle shape applicable for

dayside studies and the internal and external
pressures along the obstacle surface. (a) the
obstacle shape and the calculated shock position.
The upstream Mach number is 4.5 and the ratio of
specific heats is 5/3. The obstacle is determined
for H/r, = 0.03 (see text) using a Newtonian
approximation for the flow pressure that neglects
the solar wind thermal pressure. Both axes are in
units of Venus radii (RV). The bulk solar wind
velocity is in the -X direction and R is the
perpendicular distance from the X axis. Both the
obstacle and the shock are axisymmetric. The
Newtonian pressure approximation results in a
cylindrical tail obstacle. (b) a comparison of the
approximated internal and the calculated external
pressure along the surface of the obstacle in panel
a, normalized to unity at the nose of the obstacle
(X = 1.05 Ry). The internal pressure becomes
insignificant by X = -0.5 Ry. The external
pressure diverges from the internal pressure before
the terminator (X = 0 Ry) and asymptotes to a
constant, non-zero value in the tail.

balance the approximated internal and calculated
external pressures along the obstacle surface.
Successive obstacles converge more rapidly toward
the tail axis with distance downstream from the
terminator. Figure 2a shows the most severely
tapered obstacle for which solutions are obtained.
The obstacle starts becoming cylindrical at about -
3 Ry and asymptotes to a radius of 0.1 Ry. This
tapering has no effect on the bow shock position
because the dayside obstacle that determines the
shock position is the same as in Figure la.
However, the tapering changes the tail sheath
properties significantly. The tail flow expands
toward the tail axis behind the planet and must
undergo an outward deflection to produce the
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Fig. 2. The most tapered obstacle ionopause shape
for which a solution can be obtained with this
computer model and the subsequent pressures
attained along the obstacle surface. (a) the
obstacle shape and calculated shock position. The
upstream Mach number is 4.5 and the ratio of
specific heats is 5/3. The distant tail obstacle
is cylindrical, with a radius of 0.1 Ry. (b) a
comparison of the internal pressure and the
calculated external pressure along the surface of
the obstacle in panel a. Both pressures are
normalized to unity at the obstacle nose. This
tapered obstacle maintains pressure balance to -0.5
Ry. The external pressure remains at a low value
until -2.5 Ry. The pressure rise at -3.0 Ry
indicates the redirection of the flow from
convergence toward the tail axis to parallelism
with the tail axis without formation of a shock.

ultimate downtail flow in the distant tail. This
expansion and deflection cause variations in the
velocity, density, and temperature not seen in the
flows around obstacles such as Figure la.

The flow pressure calculated along the surface
of this tapered obstacle is plotted versus the
internal pressure in Figure 2b. This obstacle
produces an external pressure that more closely
balances the interior pressure to just past the
terminator. The external pressure again asymptotes
to a finite value in the tail. However, before 2.5
Ry downtail, the flow pressure is lower than the
corresponding external pressure in Figure 1b due to
the expansion of the flow inward toward the tail
axis. After 2.5 Ry downtail, the pressure is
higher than the values in Figure 1lb. This pressure
rise (not a shock) indicates that the flow has
stopped expanding inward and is beginning to flow
parallel to the tail axis (and the upstream solar
wind).

An obstacle obeying strict pressure balance is
tear-shaped, extending only a few Ry downtail,
because the model internal pressure quickly goes to
zero behind the planet. The tailward extent of the
flow obstacle at Venus is unknown. A region
characterized by  decreased magnetic field
fluctuations and a lack of measurable ion fluxes at
energies greater than 50 eV reduces in cross
section with increasing distance downstream from
the terminator, becoming quite small by 3 Ry
downtail [Vaisberg et al., 1976; Romanov et al.,
1979]. To the extent that this region of vanishing
directional ion flux represents the internal plasma
in this model, the measurements are consistent with
the obstacle of Figure 2a.

A refined internal pressure approximation,
frequently used in aerodynamics, is to add a
constant pressure component inside the obstacle.
However, the internal pressure approximation is no
longer valid in the tail and the approximation of
the tail flow obstacle by a tangential
discontinuity is questionable. Additionally,
magnetic pressures not included in the gasdynamic
approximation may be important in the tail. Thus
we do not present further pressure and obstacle
approximations here. The important point is that
observations near Venus and in the distant Venus
tail indicate a finite nightside ionosphere that,
for the purposes of gasdynamic magnetotail
modeling, may be approximated as a tapered flow
obstacle resulting from a simple internal pressure
approximation.

The pressure rise required to deflect the flow
directly downstream just past the tailward end of
a finite, tear-shaped obstacle is accomplished by
a turbulent wake in ordinary gasdynamics and
typically results in the formation of a trailing
shock. These structures are clearly exhibited in
supersonic gasdynamic flows about such obstacles as
spheres [Van Dyke, 1982], but may be suppressed if
the tail obstacle becomes diffusive and is no
longer a tangential discontinuity. Although
observations do not exclude such structures in the
distant Venus tail [Moore et al., 1990}, there is
presently no direct evidence of either a turbulent
wake or a trailing shock behind Venus. The present
computer model is unable to produce turbulent flow
solutions and requires that the obstacle,
representing the discontinuity between planetary 0*
ions and solar wind ions, extend at least as far
downtail as the computational grid. This limits
the tailward distance that pressure balance can be
maintained but may be a satisfactory approximation
for sufficient planetary plasma escape fluxes. It
is currently possible only to minimize the tail
obstacle radius. We find the distant model tail
properties are mnot significantly affected by a
small tail obstacle such as in Figure 2a and that
flows qualitatively similar to those suggested by
Vaisberg et al. [1976] and Saunders and Russell
[1986] are produced.

The model magnetic field is convected with the
flow and has no effect on the flow properties.
Thus, as the angle between the IMF and the upstream
solar wind varies, the tail magnetic field
properties vary without affecting the flow
properties (velocity, density, and temperature).
This approximation is inadequate for studies of
quasi-parallel bow shock conditions [Tatrallyay et
al., 1984] but has not been previously evaluated in
the distant sheath and tail. The model obstacle is



constrained to have no internal magnetic field.
The requirement that the obstacle extend as far
downtail as the computational grid places a small
field-free region in the distant tail which is not
observed experimentally.
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planet [McComas et al., 1987].

The lack of a field-free
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Magnetic field properties in the tail using the convected field approximation.
These results are for Mach 4.5 flow around the obstacle in Figure 2a. No mass loading
is present. The three columns of plots represent, from left to right, angles between
the IMF and the +X axis of 90°, 115°, and 140°. The latter corresponds to the Parker
spiral angle at Venus. The component of the IMF perpendicular to the solar wind
velocity lies along the +Y axis and the XY plane contains the upstream solar wind
velocity, the IMF, and the planet center (VB coordinate system)., The field lines in
the top row of plots are projections of three-dimensional field lines on the VB XY
plane. They are generated by starting at points along a flow streamline (Y=0, every
1.0 Ry in X from -11 to -1) and following the field in both positive and negative Y
directions. The bow shock is indicated by curves along the right and left sides of the
field line plots the middle row of plots are the magnetic draping angle, defined as the
arc cosine of the X component of the local magnetic field divided by the local magnetic
field magnitude. The bottom row of plots are the model magnetic field magnitudes. The
draping angle and field magnitude plots are for X = -10.8 Ry, shown as horizontal lines
in the top row of plots, and Z = 0.125 Ry. These plots clearly show a two-lobe

magnetotail. The lobes show an asymmetry in field magnitude that depends on the
upstream IMF angle.
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region in the distant Venus tail has been used as
evidence that the magnetic obstacle must converge
to the tail axis in a finite distance behind the

The distant tail
obstacle in Figure 2a is as small as possible






