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The Average Magnetic Field Draping and Consistent Plasma Properties

of the Venus Magnetotail

D. J. McCoMas

Los Alamos National Laboratory, Los Alamos, New Mexico

H. E. SPENCE AND C. T. RUSSELL

Institute of Geophysics and Planetary Physics, University of California, Los Angeles

M. A. SAUNDERS
The Blackett Laboratory, Imperial College of Science and Technology, London

A new technique has been developed to determine the average structure of the Venus magnetotail (in
the range from —8 R, to —12 R,) from the Pioneer Venus magnetometer observations. The spacecraft
position with respect to the cross-tail current sheet is determined from an observed relationship between
the field-draping angle and the magnitude of the field referenced to its value in the nearby mag-
netosheath. This allows us statistically to remove the effects of tail flapping and variability of draping for
the first time and thus to map the average field configuration in the Venus tail. From this average
configuration we calculate the cross-tail current density distribution and J x B forces. Continuity of the
tangential electric field is utilized to determine the average variations of the X-directed velocity which is
shown to vary from —250 km/s at —8 R, to —470 km/s at —12 R,.. From the calculated J x B forces,
plasma velocity, and MHD momentum equation the approximate plasma acceleration, density, and
temperature in the Venus tail are determined. The derived ion density is approximately ~0.07 p*/cm3
(0.005 O*/cm?) in the lobes and ~0.9 p*/cm® (0.06 O*/cm?) in the current sheet, while the derived
approximate average plasma temperature for the tail is ~6 x 106 K for a hydrogen plasma or ~9 x 107

K for an oxygen plasma.

1. INTRODUCTION

Extensive in situ observations of the magnetic field and
plasma populations in the Venus environs have shown that (1)
Venus does not have a significant intrinsic magnetic field [ Rus-
sell et al., 1980a] and (2) a magnetotail is a regular feature of
the region antisunward of the planet [Russell, 1976; Dolginov
et al., 1978; Russell et al., 1981, 1985; Intriligator and Scarf,
1984; Slavin et al, 1984; Saunders and Russell, 1986]. The
Venus magnetotail is generally believed to form by magnetic
field draping about the Venus ionosphere in a manner first
suggested to explain comet tails by Alfvén [1957].

A steady state configuration of this interaction is shown
schematically in Figure 1. The solar wind, with the imbedded
interplanetary magnetic field (IMF), flows radially outward
from.the rotating sun, causing the well-known Parker spiral
pattern of the IMF. The solar wind carries the IMF flux
through Venus’s bow shock and mass loading, extended, neu-
tral exosphere, and then past the generally unmagnetized but
conducting ionosphere. Little, if any, of the upstream plasma
flow enters Venuss ionosphere. Rather, the flow is slowed,
compressed, and deflected above the dayside ionopause and
eventually slips around the planet. The plasma in the mag-
netosheath to the sides of the Venus obstacle and magnetotail
regions travels at the larger velocity of the magnetosheath
flow, which is a function of position behind the shock. Since
the magnetic field lines link the magnetosheath and near-
Venus regions, the lines become bent. This has the effect of
draping the field lines so that they are “hung up” on Venus
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and stretched out generally sunward and antisunward to the
sides of the Venus magnetotail.

In addition to deflection of the flow by the conductive iono-
sphere, viscous slowing of the flow by the ionosphere and
mass loading of the magnetosheath plasma with material from
the extended Venus atmosphere and ionosphere also contrib-
ute to Venus magnetotail formation. The mass-loaded plasma
flow slows in order to conserve momentum, which signifi-
cantly enhances the draping of field lines around the conduc-
ting ionosphere and substantially helps produce the Venus
magnetotail. Eventually, somewhere very far downstream, we
expect that the field lines should once again assume their in-
terplanetary configuration owing to the Maxwell stresses in
the draped magnetic field configuration. These stresses should
cause the kinked portions of the field lines to accelerate back
up to, and beyond, the solar wind speed, while mass-loaded
material tends to diffuse along the field lines owing to its
parallel plasma temperature.

There is now much direct and indirect evidence for mass
loading of the Venus magnetosheath by the pickup of newly
created ions and other processes, such as charge exchange.
Oxygen ions have been seen in the near-terminator region of
the Venus magnetosheath [Mihalov and Barnes, 1981] and
occasionally in the distant magnetosheath and magnetotail
region [Mihalov and Barnes, 1982]. An enhancement of the
magnetosheath magnetic field strength has been found in the
hemisphere where most ion mass pickup is expected, presum-
ably due to a decrease of the magnetosheath flow speed and
the consequent pileup of the plasma density and magnetic
field [ Luhmann et al., 1985]. Other indirect evidence is that the
position of the bow shock at the Venus terminator has been
found to depend on solar activity. When the solar EUV flux is
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Fig. 1. Schematic diagram of the postulated solar wind interac-

tion with Venus in the plane containing the upstream IMF and solar
wind flow vector. The upstream solar wind carries the IMF through
the bow shock and magnetosheath. At the obstacle the magnetic field
must flow perpendicular to this plane and around the conductive
ionosphere. This diversion of thé flow, enhanced by mass loading of
the flow near to the obstacle, causes the field lines to drape and form
a magnetotail. Note also that the spiral orientation of the upstream
magnetic field causes the magnetic flux in the left lobe to be greater
than in the right at every distance downtail. This has important dy-
namical implications for the actual tail configuration (see text).

high, it appears that more mass is being added to the shocked
solar wind, forcing the bow shock to recede from the planet
[Alexander and Russell, 1985].

An interesting asymmetry between the two draped lobes is
observed in Figure !. If this schematic is correct, the X com-
ponent of the IMF has an important impact on the internal
magnetic configuration of the Venus magnetotail. As a conse-
quence of the larger magnetic flux content of the tailward
pointing lobe at all distances down the tail, the current sheet
should be displaced to the right in an equilibrium configura-
tion. As the IMF spiral angle (in the X-Y plane) rotates, the
current sheet should tend to flap from side to side within the
tail in order to try to maintain an equilibrium condition. In
this study we choose a coordinate system which preserves any
asymmetries between the lobes and examine the importance of
this effect in the morphology of the Venus magnetotail.

The purpose of this paper is to examine the detailed average
draping pattern of the magnetic field in the deep (—8 to —12
R,) Venus magnetotail. A detailed mapping of the average
configuration of this region is made possible for the first time
by a new technique. This technique removes the ambiguity of
the spacecraft location with respect to the tail structures by
utilizing an observed relationship between the magnetic field
angle and the field magnitude referenced to the immediately
adjacent magnetosheath value, or diamagnetic reduction. A
statistical study of the field variations with respect to the inter-
nal tail structure is thereby made possible, and the average
plasma properties consistent with these variations are derived.

We will describe this study in sections. Section 2 examines
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the variability of the data ordered by spatial location and lays
the groundwork for developing a coordinate system which
measures locations with respect to the tail structures them-
selves. Section 3 shows how we reconstruct the structure of the
tail in the presence of flapping and examines the average vari-
ations in the field components, culminating in the average
field vectors, cross-tail current density distribution, and J x B
forces as functions of location across the tail. Section 4 derives
the average downtail velocity as a function of distance and
defines a simple model based on the field variations from
which the average plasma acceleration as a function of dis-
tance, density, and temperature are obtained. Finally, the
“Summary” reviews the most salient steps and results of our
analysis.

2. THE AVERAGE VENUS TAIL IN MAGNETIC
COORDINATES

The data set used in this study is a large subset of the data
set chosen by Saunders and Russell [1986]. It consists of mag-
netic field data from the Pioneer Venus Orbiter (PVO) magne-
tometer [Russell et al., 1980b] and contains the magnetotail
portions of 38 orbits which were selected from the first 10
seasons of data (June 1979 to May 1984). In all, 9423 1-min
averaged magnetic field measurements are used. The criteria
used to identify magnetotail portions of the data are vari-
ations in field strength and orientation, and changes in the
spectrum of field variations; they are described in greater
detail, with examples, by Saunders and Russell [1986]. While
the identification of these regions is not perfect, it is correct for
the vast majority of the data, and the mixing in of small
portions of magnetosheath data will not substantially affect
the statistical results described here.

The coordinate system used in this section of our study will
be called the B-v coordinate system. The term B-p is used to
indicate that the orientation of the coordinate system is deter-
mined by the average upstream magnetic field and solar wind
flow directions. In the B-v coordinate system the solar wind
flows parallel to the — X direction, and the magnetic field
component perpendicular to the solar wind flow lies along the
+ Y direction. The B-v coordinate system is derived from the
aberrated VSO coordinate system, described by Saunders and
Russell [1986]. The VSO coordinate system is similar to the
GSE coordinate system, except that it is centered on Venus
and its pole is parallel to the Venus orbital pole. The VSO X
and Y axes are then rotated by 5° about the Z axis to remove
the average aberration of the solar wind flow due to Venus’s
orbital motion.

In order to convert from an aberrated VSO coordinate
system to a magnetic field ordered system we have two
choices. The standard choice would be to rotate about the
solar wind direction so that the magnetic field projected on
the Y-Z plane always pointed in the same direction, e.g., +Y
[Bieber and Stone, 1979; Saunders and Russell, 1986]. There is
a difliculty with this method, however, for if there is an asym-
metry between the two lobes in the tail, as discussed pre-
viously, this method would average out the difference by com-
bining instances of each type of lobe on both the +Y sides of
the tail. The alternative choice is to assume that the sector
polarity of the magnetic field is inconsequential to the draping
of the field and change the sense of each field line so that it
corresponds to a magnetic field line pointing away from the
sun. This gives a coordinate system where the field is always
rotated by less than +90° to project along the + Y direction.
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Fig. 2. The orbital coverage of our data set which includes 9423 one-minute averaged magnetic field data points. The
data are shown in the Y-Z plane of the cross-flow (B-v) coordinate system in which the upstream magnetic field points
along the +Y axis. The data set is truncated at Z = +1.6 R, in order to reduce the effects of a circular tail cross section

when the data set is compressed in Z.

This choice permits the separation of “east-west” asymmetries
in which the two lobes, parallel and antiparallel to the IMF,
are different. However, it does not allow the detection of
“north-south” differences as might occur, for example, if mass
loading is asymmetric as predicted by Cloutier et al. [1974,
1976] and as suggested by the findings of Saunders and Russell
[1985] and J. A. Slavin et al. (unpublished manuscript, 1985).
There is no choice of coordinate system that will allow us to
determine simultaneously both east-west and north-south
asymmetries while combining data obtained in different solar
wind sectors, since the interaction is inherently three dimen-
sional. However, in order to increase our statistical accuracy,
we wish to combine such data. As will become evident in this
study, the east-west asymmetry will be very important, and
therefore we choose to convert the IMF polarities prior to
rotating about the solar wind flow.

The IMF is highly variable, and when the Pioneer Venus
spacecraft is probing the Venus tail, it spends little time in the
solar wind. When available, any solar wind observations are
far removed in time from the periods of the tail observations.
Ideally, it would be desirable to have a measure of the IMF
direction when Pioneer Venus is within the tail. Saunders and
Russell [1986] have established that the cross-tail or Y com-
ponent is everywhere, on average, parallel to the component
of the upstream IMF that is perpendicular to the flow. This is
what is expected if there is little reconnection of the field
between the two tail lobes. Given these results we can use the
direction of the cross-tail component measured on each cross-
ing through the tail to rotate into the desired B-v coordinate
system. During each tail crossing, the component of the field
in the plane perpendicular to X is measured, and its average
direction is used to rotate the coordinate system for the entire
crossing so that the average field projection lies along the B-v
+ Y direction.

Figure 2 shows the orbital coverage of our data set project-
ed onto the Y-Z plane of the B-v coordinate system. All data

have been accepted in the [ull width of observation in the
cross-flow, Y, direction; however, the data set has been trun-
cated in the Z direction at + 1.6 Venus radii (Ry). This trunca-
tion ensures that the draping, which is expected to occur
somewhat differently as a function of Z in the tail, owing to
the variation in the tail width with Z, does not mix together
the draping patterns from very different portions of the tail.
By choosing only the central portion where the tail width is
fairly constant and over which draping can be expected to be
fairly similar and then by compressing this data set into the
two-dimensional X-Y plane, we maximize the statistical accu-
racy of our derivation of the two-dimensional draping pattern
in the tail. Further, our choice of coordinate system has al-
ready mixed together north-south asymmetries so that our
analysis has already suppressed the vertical gradients in the
tail.

Small sections of orbits observed in this figure correspond
to portions of the time when the orbit, although continuous in
real space, is not continuous in the effective space of the B-v
coordinate system. These correspond to times when the IMF
variation is large enough that the field points in a reverse
cross-flow sense, as will be described shortly. At these times it
is necessary to reflect not only the field, but also the location
in the tail in the cross-flow coordinates, so that toward and
away sectors are again not mixed.

In both panels of Figure 3 the magnitude of the magnetic
field in the tail divided by the average magnitude of the mag-
netic field in the magnetosheath immediately adjacent to the
tail, where the PVO pierces the magnetopause on an orbit-by-
orbit basis, is plotted versus the angle of the field from the
cross-flow Y-Z direction toward the positive aberrated X axis.
Of course, the magnitude of the magnetic field within the
sheath is a function of location as well as the upstream con-
ditions. Along the flanks of the tail from —8 to —12 Ry,
however, the fractional magnetic field strength (compared to
upstream) is probably not a strong function of the exact lo-
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Fig. 3. The magnitude of the magnetic field divided by its average
value in the immediately adjacent portion of the magnetosheath, plot-
ted versus the magnetic field angle as measured from the cross-flow
Y-Z direction toward the aberrated X axis. The top panel shows a
correlation between large relative field strengths and angles near
+90° and indicates that 79% of the data lie within these angles. The
bottom panel shows the same data set where the remaining 21% of
the data have been folded into the central portion (see text).

cation of the PVO’s magnetopause crossings and only serves
to introduce scatter into the effect observed in Figure 3. Still,
this figure clearly reveals a strong correlation between fields
which are close to +90° and the larger relative field strengths.
We identify these regions where the field is comparatively
strong and points basically tailward or Venusward as being
the induced lobes of the Venus magnetotail. The term “in-
duced lobes” is used to distinguish these regions from the tail
lobes in the terrestrial magnetosphere where the earth’s intrin-
sic dipole field plays a fundamental role. At Venus the draped
lobe regions are composed purely of “hung up” interplanetary
magnetic field lines.

In contrast to the induced lobes, the magnetic field in the
Venus tail current sheet is observed to occur at small angles
and at small field strengths. The decrease in the relative field
strength may be due to a diamagnetic reduction in the center
of the tail consistent with an increase in the plasma density, as
is observed in the earth’s magnetotail. Exclusions near +90°
may be due to the purely geometric effect of reduced solid
angles near +90°, or may indicate that the angles in the lobes
never truly achieve 190° and that the variations in aberration
of the tail are smaller than or comparable to the spread in the
draping angle in these lobes.

Twenty-one percent of the data in the top panel of the
figure are observed to lie outside of +90°. In order to deter-
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mine whether this was a property of the tail or caused by the
variability of the upstream conditions, the same analysis
which yielded this result was repeated on 2701 min of mag-
netosheath data taken just outside the Venus tail over the
same orbits as in our tail data set. In the magnetosheath this
reverse draping, which is indicated by angles outside of +90°,
occurred 16% of the time. Therefore approximately 16% out
of 21% of the tail data which lies outside of +90° is accoun-
ted for simply by the fluctuations in the upstream IMF direc-
tion causing reverse draping. The extra 5% which is still unac-
counted for may be due to reconnection or other physical
processes. In any case, for the first time, an upper bound has
been set on the importance of magnetic reconnection in the
Venus magnetotail. Only ~5% of the observed field in the
Venus magnetotail points in a reverse draped sense, and there-
fore our analysis indicates that magnetic reconnection is prob-
ably not an important physical process in the central Venus
magnetotail.

The same data set is shown in Figure 3b, with the measure-
ments outside of +90° “folded” across the +90° lines. This
folded data set will be used throughout the remainder of this
study in order to obtain the most statistically significant re-
sults. Folding is reasonable since the observed variation be-
tween lobe and current sheet also occurs outside of +90°
where the 0° current sheet area is similar to the +180° por-
tion. Since three fourths of the data outside of +90° can be
accounted for by variations in the IMF, truncation of these
data would principally lower the statistics of the data set. It is
therefore advantageous to fold these data back into the data
set by reflecting the data points across +90°.

A similar plot for orbit 1761 alone is shown in Figure 4.
(The magnetometer data for this orbit are displayed in Figure
2 of Saunders and Russell [1986].) The data points have been
connected to show the time series in which the data were
taken. In motions between the two lobes the spacecraft always
encounters the current sheet. That is, there are one or more
data points obtained within the current sheet, which are
characterized by small angles and small field strengths, in the
transition from one lobe to another. The motion of the space-
craft back and forth in the tail is clearly not due to the space-
craft orbital motion (24 hours/orbit), since there are many of
these comparatively quick (a few minutes) crossings in a single
orbit. Rather, some sort of large variations in the tail configu-
ration (perhaps due to the IMF X component) and/or in its
location occurs on the time scale of a few 1-min data samples.
These variations cause the spacecraft to be alternately in one
lobe and then the other, crossing back and forth across the
current sheet many times. This temporal variation has pre-
viously made it impossible to do a thorough analysis of the
average spatial structures of the Venus tail. These large vari-
ations, however, are used in a new way in the next section of
this study to improve the statistics.

The field angle versus the B-v Y location is shown in Figure
5. Current sheet(s) and lobes are observed at all locations
where the tail is encountered, which is consistent with the
observations of large variations in most orbits and is exemp-
lified by the plot of orbit 1761. In Figure 5 there is a clear
preponderance of either tailward or Venusward pointing fields
on each of the two sides of the tail. Magnetic fields near + 90°
occur preferentially on the —Y side of the tail, while fields
oriented near —90° occur predominantly on the +Y side. In
Figure 6 this finding is quantified.

For the purposes of determining the number of induced tail
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Fig. 4. Similar to Figure 3 except that only data from orbit 1761 are shown. The data points have been connected to
show the time series in which the data were taken. The spacecraft traverses the tail many times in an individual orbit.
Evidently, the size scales of motions and/or reconfigurations of the tail are much larger than those due to the actual orbital
motion. Therefore the data will be much better ordered by a coordinate system which measures locations with respect to
the internal tail structures rather than one which measures them in normal spacecraft coordinates.

lobes, we have, somewhat arbitrarily, defined them as consist-
ing of all data points in which (1) the field strength divided by
the directly adjacent sheath value (as described previously) is
greater than one, and (2) the absolute value of the angle is
greater than 60° (top left and right corners of Figure 4 and the
bottom panel of Figure 3). The fraction of the tailward point-
ing tail lobe is plotted versus the B-v Y location in Figure 6,
and two draped lobes are clearly indicated. The number of
draped lobes was not something that was assumed in our

analysis, but rather it is a result confirmed by our analysis,
which merely assumed that magnetic field draping is the im-
portant phenomena in the tail. We have repeated this analysis
using other lobe cutoff criteria, and all yield the same result.
Figure 4 demonstrated that draped lobes are separated by
current sheets, while Figure 6 confirms that there are only two
lobes in the Venus magnetotail. Therefore the Venus mag-
netotail structure is shown to consist of two roughly opposite
pointing draped lobes separated by a single current sheet, just
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Fig. 5. The magnetic field draping angle versus the B-v Y location. Both direction lobes and current sheet(s) are
observed at all locations antisunward of Venus. There are, however, more tailward pointing lobe data on one side of the

plot and more Venusward pointing data on the other side.
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Fig. 6. The fraction of tailward pointing lobe as a function of the B-v Y location. The average tail configuration consists
of only two draped lobes which are separated by a single field reversing current sheet.

as we anticipated in Figure 1. The average location of the
current sheet center is approximately —0.5 R,.. This is consis-
tent with the IMF X component mapping into the tail so that,
for a normal Parker spiral pattern and an away sector, the
magnetic flux in the draped lobe which contains the tailward
pointing field is larger than the flux in the draped lobe con-
taining the Venusward pointing magnetic field. In a pressure
balance situation the current sheet between these two lobes
will tend to move toward the side of the Venusward pointing
lobe.

Since we are principally interested in determining the
average configuration of the Venus magnetotail, the average
field line draping angles in the lobes must be determined.
Figure 7 shows the measured average lobe angles determined
using the lobe criteria described above for Figure 6. Other,
similar lobe criteria have also been tried and yield very similar
average angles. These field angles in the two lobes will be used
to set the average angle to which the field drapes in the lobes
on the distant sides of the tail. The tailward pointing lobe
average angle is —78.4°, while the Venusward average angle is
+73.4°. This asymmetry can also be accounted for quite
simply by the mapping of the IMF X component through the
magnetosheath and into the tail as shown in Figure 1.

3. THE AVERAGE TAIL CONFIGURATION
WiTH THE EFFECTS OF FLAPPING
REMOVED

In all previous studies, and thus far in this study, the Venus
magnetotail data have been ordered only by the spatial lo-
cation of the PVO with respect to Venus. Our analysis, how-
ever, has indicated that motions and/or reconfigurations of the
tail happen far more rapidly than the PVO orbital motion,
causing the spacecraft to traverse the tail many times per
orbit. In order to advance the understanding of the Venus
magnetotail quantitatively, it is necessary to find a coordinate
system which better orders these highly variable data by sta-
tistically organizing them with respect to the tail features
themselves. Since a relation between the diamagnetic re-

duction and the field angle has already been demonstrated, it
is reasonable to construct a coordinate system in which cross-
flow locations do not correspond to locations in physical
space but rather correspond to locations with respect to the
center of the moving or flapping current sheet.

For the data set used in this study, we have empirically
determined the tail width to be 5.1 R,.. This was accomplished
by determining the fraction of time that each spatial location
behind Venus was engulfed within the tail. Since tail motions
are large, even the average center location of the tail was
apparently within the actual tail only ~97% of the time, and
locations to the sides were within the tail far less. Under these
conditions it is not appropriate to simply find the locations
which are within the tail 50% of the time and determine the
average width of the tail from these. Rather, the fractional tail
coverage behind the planet must be integrated, and the ef-
fective tail width calculated from it so that this integrated
value equals the tail width multiplied by 100% (of the time).

We have already shown that the magnetotail is comprised
of two draped lobes separated by a cross-tail current sheet and
that fields on the + Y side of the tail point tailward, while the
fields on the —Y side point Venusward for an away IMF
sector draping. Further, since the diamagnetic reduction ap-
parently gives a measure of the average distance from the
center of the current sheet, we can now build a coordinate
system which is centered on the current sheet and which mea-
sures distances from that center. Large variations in the tail
configuration and location cause all regions to be sampled at
any physical location in the tail. In a statistical data set, such
as the one used for this study, the fraction of the total data
points which lie within any given angular range gives a direct
measure of the relative width of that portion of the tail. The
sum of all of these relative widths must, of course, equal the
total width of the Venus tail, 5.1 R,. It is then possible to
construct the average configuration of the tail by starting with
the average angles derived in each of the two lobes and calcu-
lating the thickness of each of the angular bins across the tail.

The basic principle involved in creating such a coordinate
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Fig. 7. The average angles of the field line draping in the outer portions of the two lobes. The tailward point lobe value
is —78.4°, while the Venusward lobe is +73.4°.

system is shown schematically in Figure 8. For simplicity the
tail has been divided into only three portions, namely, the + X
pointing lobe, the —X pointing lobe, and the current sheet.
The lower portion of the figure is a schematic diagram of
Figure 5. Since variations of the spacecraft position with re-
spect to the internal structures of the tail are so large, all
regions are sampled at every B-v Y location, and the fraction
of field in each of the three angle bins gives a direct measure of
the thickness of that portion of the tail. In this example the
+ X lobe, current sheet, and — X lobe are 32%, 28%, and 40%
of the tail width, respectively. Since the tail is 5.1 R, across,
these would correspond to 1.6, 1.4, and 2.1 R, for each por-
tion, respectively. This technique is simply extended in our
study to measure the thickness of each 1° angle bin across the
tail, and thereby we reconstruct the average tail configuration.
The resultant Y* coordinate axis constructed by this tech-
nique is parallel to, and shares a Venus centered origin with,
the B-v Y axis.

The angle of the magnetic field versus this cross-tail lo-
cation, Y*, is shown in Figure 9. The cross-tail locations of
various angles in the tail have been determined as described in
the previous figure, while the X axis in these new coordinates
is the same as the X axis in the aberrated VSO coordinates.
The procedure described above of dividing up and determin-
ing the relative amount of data in each 1° angle bin has been
carried out over +0.5, 1.0, 1.5, and 2.0 Ry, in B-v Y from
Figure 5. All four of these analyses were carried out indepen-
dently, and the minimum and maximum angles of the four
have been plotted at each Y* location to give the upper and
lower bounds displayed as the two light lines in Figure 9. The
darker, center line is the average of these four analyses and is
adopted for the purposes of this study, hereafter. The very
small variation between the center average line and the mini-
mum and maximum lines indicates that it is relatively unim-
portant over how much of the central portion of the tail the
analysis is done. Variations are sufficiently large in tail config-
uration and location that all portions of the tail are sampled
with little orbital prejudice everywhere between +0.5 and

+2.0 R,. This, then, is the (*) coordinate system in which we
can much better measure the average physical features of the
Venus tail.

Angles beyond the average angles found in the lobes have
been folded into the angles just below the average lobe angles.
This is necessary because the analysis fails as the lobe draping
angle approaches +90°, and at angles of +90° the field lines
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Fig. 8. Schematic diagram of the basic principle used in defining
our constructed coordinate system which measures locations with
respect to the internal tail structure. The fraction of data points
within any range of angles gives the relative thickness of the portion
of the tail which encompasses those angles. Combining this infor-
mation with the total, physical width of the tail gives the spatial scale
to the cross-tail coordinate axis.
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Fig. 9. The angle of the magnetic field plotted versus the Y* location. The two lighter lines are the upper and lower
bounds found by carrying out our analysis over 0.5, 1.0, 1.5, 2.0 R,.. The darker, center line is the average of these and is

adopted for the remainder of this study.

would apparently not cross the tail at all. We expect that these
infrequently measured large angles are not characteristic of
the actual, averaged draping, and probably result from vari-
ations in the aberration angle of the tail. Since we are prin-
cipally interested in the average magnetic field draping in the
tail, it is desirable to have the fields come to their average lobe
values at the edges of the lobes.

The tailward/Venusward magnetic field, By, is plotted
versus Y* in Figure 10. These are actual measurements over
the 9423 data points binned up angle by angle and compared
to their Y* locations, and are not calculated from the angles

used to derive the (*) coordinates. This plot, therefore, gives a
good independent check of the ability of the (*) coordinate
system to order the data. The two draped lobes are easily
discerned in this plot, as is the smooth variation between the
two through the current sheet. The zero point in By once
again occurs slightly offset toward the negative side of the tail.
The variation displayed has been calculated in an average
sense over X; the entire data set has been compressed in X so
that only variations in the cross-tail direction are determined.
Throughout this paper such averages will be indicated with
{), so that By as a function of Y* and averaged over X is
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N
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Fig. 10. The actual, measured By plotted versus Y* in each of the 1° angle bins. This plot gives a good

independent

check of the ability of the coordinate system to order the data set.



MCcCOMAS ET AL.: VENUS MAGNETOTAIL

7947

6llll|llllllll Illllllllllllll
5| -
O -
s s i
[
5 e .
] s i
3 -
P I E U (PSS B S S R
-3 -2 -1 0 1 2 3

Y* Location [Ry]

Fig. 11. The measured B,, plotted versus Y*. The variation is calculated in 11 bins across the tail, which vastly
improves the statistics.

written {B,(Y*))>y. This average By as a function of Y* will
be used shortly to calculate one of the terms of the current
density distribution in the cross-tail current sheet.

A similar plot for the cross-flow magnetic field, By,, as a
function of Y* is displayed in Figure 11. The distribution has
been calculated in 11 bins in Y* to improve the statistics. The
double-humped variation exhibited in this plot is qualitatively
similar to the variation observed in the Fedder simulation of
cometary magnetotails [ Fedder et al., 1986; J. Phillips, private
communication, 1985]. By combining the results in Figures 10
and 11, the field draping in an average sense across the tail is
determined. This average draping pattern is shown in Figure

-1F

X Location [Ry]

3 2 1 ] -1 -2 -3
Y* Location [Ry]
Fig. 12. The average magnetic field vectors determined with our
technique as a function of the Y* location across the tail. The two

draped lobes and the smooth rotation through the current sheet be-
tween them are all clearly shown.

12. Tt must be emphasized that these are not magnetic field
lines but rather, average field vectors in a crosscut through the
tail along Y*. Data from —8 to —12 Venus radii have been
compressed in X to give this draping pattern. Figure 12 clear-
ly displays the two draped lobes and current sheet in which
the field smoothly rotates from one lobe to the other. The
tailward side is thicker owing to larger flux content, as well as
having a larger tailward field component due to the mapping
in of the X component of the IMF, just as we postulated in
Figure 1.

Next, we extend the understanding of the field draping in
the tail by examining variations of the field in the X direction.
Unfortunately, it is only possible to examine the By, field
variation with X since the By variation is such a critical func-
tion of sampling location in Y*. By varies from ahout +13 nT
in the lobes to O in the center of the current sheet, and, there-
fore, any orbital bias can strongly affect the determination of
the exact variation of the X component. On the other hand,
the By, component is relatively constant across the tail and is
therefore not much affected by orbital bias. In the top panel of
Figure 13 we show the orbital coverage in 0.5 R, bins, where
data from —6 to —12 R, have been included in order to
maximize the region covered. The distribution strongly favors
data being taken past —10 R, because the PVO orbit
apoapsis occurs near —12 R,..

The lower panel of Figure 13 displays By.(X) along with the
best linear fit to this variation. This best fit line equally
weights all data points and does not, therefore, overly stress
the less significant data bins closer to the planet. The equation
for this best fit line for By, as a function of X, again averaged
over Y*,is {By.X))y. = 11.53 + 0.68(X) in nanoteslas, where
X is in Venus radii. From this variation and from the vari-
ation which was shown in Figure 10 the cross-tail current
density can be calculated.

The cross-tail current density is numerically evaluated from
the curl of the magnetic field according to Ampere’s Law.
Using the average variation just described, d{By.)y./dX =
0.61 in the units of nanoteslas/Venus radius from the linear fit
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Fig. 13. The previous analysis is extended to examine the vari-
ation of the field with downtail, X, distance. The top panel shows the
orbital coverage of our data set as a function of X, while the bottom
panel shows the Y*-averaged variation of By.(X). The best linear fit
to this variation is also shown.

to the field variation. This gives a small offset most easily
observed in Figure 14 at the two far sides of the tail, while the
principal variation in current density through the center is due
to the term dBy/dY* and is calculated from the variation
shown in Figure 10. For Figure 14 we have derived the cross-
tail current density in 1] steps in Y* to smooth out variations
which are observed in the derivatives. Clearly, the cross-tail
current density is maximized near the center of the tail at
—0.5 Ry and drops to very small values which correspond
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primarily to the linear dBy,/dX term near the edges of the
lobes.

From this calculated variation and from the field which was
shown in Figure 12, the J x B forces can be calculated in an
average sense across the tail. These forces are shown in Figure
15. All forces have a tailward component, and these — X di-
rected forces maximize in the center. Forces on both sides of
the tail all point toward the center of the tail. Throughout the
side portions of the tail these inward forces are greater than
tailward forces. Asymmetries in the side to side distribution of
forces are due not only to actual asymmetries in the tail con-
figuration but also, to some extent, to the coarseness of our
sampling in Y*.

4. THE INFERRED PLASMA PROPERTIES

The average variations of the magnetic field draping in the
Venus magnetotail are not just interesting in their own right,
but also contain significant information about the average
plasma properties throughout this region. In particular, the X
variations of the downtail plasma velocity, v,(X), and acceler-
ation, a,(X), can be directly obtained from the average field
variations and the continuity of the tangential electric field.
The average plasma density in the current sheet and lobes,
and average ion plasma temperature in the tail, on the other
hand, can be derived from the calculated plasma acceleration
and MHD momentum equation.

The reconstructed (*) coordinate system developed in this
study allows us to represent the steady state, average configu-
ration of the Venus magnetotail. As such, the effects of time-
varying upstream conditions have been removed, and the re-
sultant variations determined with our analysis can be treated
as though they were derived for constant (average) upstream
interplanetary conditions. In this coordinate system the con-
sistent steady state plasma properties of the Venus mag-
netotail can be calculated approximately from our average
magnetic field data. The MHD momentum equation in the
two-dimensional X-Y* plane of the field draping is
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Fig. 14. The cross-tail current density as a function of cross-tail location. Both terms of the curl of the field are
included in this calculation. The term 8B,./0X gives a small constant offset which is most easily observed at the two edges
of the tail, while the primary component through the center of the tail is from 8B,/0Y*.
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Fig. 15. The derived J x B forces as a function of Y* across the tail. The X-directed forces all point tailward and
maximize in the tail center, while the Y*-directed forces point inward on both sides. These forces are the important
electromagnetic term of the momentum equation with which we examine the consistent plasma properties of the Venus

magnetotail.

0 0
J xB)y =—J,By = p(vx X vy + vy FI% vx) (la)

é 0 oP
0 xB)y=Jsz=P(”x_Uy+Uva_YUy)+_

X oy U

The pressure gradient term has been dropped in (1a) because
there is no boundary confining the plasma in the —X direc-
tion, as there are in the +Y directions, and the plasma is
therefore free to flow downtail. For simplicity, we have
dropped the (*) from all Y terms in (1) and throughout this
section; however, it should be understood that all equations
and discussions in this section refer to the average, steady
state configuration described by the statistical X-Y* coordi-
nate system.

If (1) the plasma pressure in the current sheet greatly domi-
nates the magnetic field pressure (8 > 1), (2) the opposite con-
dition holds in the lobes (f « 1), and (3) Y directed acceler-
ations are not too large, then theY-directed J x B force in (1b)
will be primarily balanced by the gradient in the plasma pres-
sure alone rather than the inertial forces. In this case, virtually
all plasma flow will be directed downtail, and V{(X, Y) = 0.
Therefore (1a) simplifies to include only the first of the two
spatial derivative terms. This sort of tail configuration is ex-
pected if ion pickup (e.g., O™) is an important physical process
in the extended dayside ionosphere or if solar wind plasma
flowing near to the stagnation point on the dayside of Venus
flows around the obstacle and into the magnetotail. This limit
of the equation will be explored quantitatively in this section.

Unfortunately, even the large statistical data set used in this
study is insufficient to accurately determine the full two-
dimensional magnetic field variations. Instead, we have
derived the average variations of the tail field in directions
perpendicular to these averages. For example, we derive the
variations of the field with Y in an average sense in X. The
task at hand now is to use these average variations to derive

the average tail plasma properties. In general, the average
value of a product of two functions does not equal the product
of the average values of these functions. However, when one
or both of the functions is approximately constant over the
direction of averaging, these two types of averages are ap-
proximately equal. ‘

The Y-averaged variation of the downtail velocity,
{vx(X))y, is derived from the continuity of the tangential elec-
tric field or, equivalently, the conservation of magnetic flux.
The tangential electric field is

E; = —vyBy + vyBy (2)

and is constant and perpendicular to the two-dimensional
plane of the magnetic field draping. E, is roughly equal to the
product of the X component of the magnetosheath plasma
velocity and the magnetosheath magnetic field Y component.
The average magnetic field crossing the flanks of the tail is,
from Figure 11, 3.5 nT. The average flow speed in the mag-
netosheath along the flanks of the magnetopause, tailward of
~4 R,, is >90% of the upstream solar wind speed and is
directly along streamlines which are very nearly pointing in
the — X direction [Spreiter and Stahara, 1980]. For this study
we will assume the tailward magnetosheath velocity near to
the magnetopause from —8 to —12 R, to be 440 km/s. E,,
therefore, is simply 440 x 3.5 = 1.54 [mV/m].

In the limit studied here, vy = 0 and (2) becomes simply
—vyBy = 1.54 [mV/m]. B, is approximately constant as a
function of the Y location, varying by only ~ +15%. There-
fore, to within the accuracy of this derivation, the vy and By
terms of this equation can be averaged separately over Y. This
procedure yields the equation for the average tailward velocity

—1540  —1540
(By(X)>y 11.53 + 0.68X

ox(X)y = 3
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Fig. 16. The Y-averaged tailward plasma velocity, (v,(X)),, as a function of downtail distance. Equation (3) describes
this variation quantitatively. Venusward of —11.8 R,, the flow is slower than the nominal solar wind speed, while beyond

this distance the field lines are catching up with the nominally straight IMF configuration.

where the velocity is given in km/s, and X is in R,. This
function is plotted in Figure 16 from —8 to —12 Ry, which is
the range over which it is reasonably reliably determined.

Extrapolation of (3) outside the range over which our data
set extends is problematic. The qualitative result, however,
that tailward plasma motion near Venus is quite slow com-
pared to the solar wind speed is well determined. The deep tail
region from —8 to —12 R, is shown in this study to be an
interesting transition region. Tailward of —8 R, the average
plasma velocity increases from about —250 km/s to the solar
wind speed of —440 km/s at ~ —11.8 R, and therefore the
draped field throughout this portion of the tail ¢ontinues to
fall further behind the IMF. At —12 R, the average plasma
velocity is greater than the solar wind speed, and the field in
this portion of the tail is in the process of catching up with the
comparatively straight IMF configuration.

The steady state plasma acceleration is simply the spatial
derivative vydv,/0X. The Y-averaged spatial acceleration,
{vx0v4/0X >y, cannot be uniquely determined from (3); how-
ever, the product of the average terms in the acceleration gives

—267

oI OX = s o ey

@
in km/s2, where X is in R,. This spatial acceleration is shown
in Figure 17 from —8 to —12 R,,.

The precise plasma density distribution and temperature
cannot be uniquely calculated from the average velocity and
acceleration derived above. The approximate values of these
quantities, however, can be calculated from the variations and
the momentum equation. In the limit described in this study,
(1) becomes

—J By = plvx0vy/0X)
J,By = 0P/OY

(59)
(5b)

Insertion of the average field, currents, and plasma acceler-
ation into (5a) yields

o SIDOKBYy
B oxdr0vxdy/0X

By averaging the denominator of (6) over X, the remaining ¥
variation of the numerator then determines the gross Y vari-
ation of the density. Of course, the plasma acceleration also
varies as a function of Y, but, since the average plasma veloci-
ty is similar to the sheath velocity in this portion of the tail,
the acceleration is probably not a strong function of Y. In
addition, it must be remembered that these are only rough
calculations and that all terms cannot be fully treated with the
average variation information gathered in this study. In the
draped lobes the derived mass density is then ~1.2 x 1022
kg/m3, while the average derived mass density in the current
sheet is ~1.6 x 1072! kg/m>. These values are equivalent to
densities of approximately 0.07 and 0.9 protons/cm?, respec-
tively. If the plasma in the Venus tail is composed of O*, then
the equivalent densities are 0.005 and 0.06/cm?,

These average values of the plasma density are in good
agreement with the lack of observations of plasma in the
Venus magnetotail by the PVO plasma analyzer [Intriligator
et al, 1980]. This instrument was principally designed for
solar wind observations and does not have the sensitivity to
measure plasmas with densities of <1/cm® (M. A. Saunders et
al., unpublished manuscript, 1985). Since our derived average
plasma densities are lower than this cutoff, we would predict
that the Venus tail would generally be indicated by a “plasma
dropout” of the plasma analyzer. This is actually observed to
be the case [Mihalov and Barnes, 1982]. When present, these
observations usually show both O and proton peaks in the
spectra, but the spectra are almost never well enough formed
to actually derive moments from. Even where it is possible to
derive moments, these would represent unusual plasma con-
ditions in the tail (perhaps high density and low flow speed),
while our derived plasma properties are consistent with the
average, steady state configuration of the tail.

The typical plasma temperature in the Venus tail can be

(6
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Fig. 17. The Y-averaged plasma acceleration (vy)y 0<vy)/0X as a function of downtail distance. Equatioh (4) describes
this variation quantitatively.

derived from (5b) by using the variation in the density which
was just determined. We derive only the approximate plasma
temperature averaged over this entire portion of the tail, since
the variations derived in this study are insufficient to deter-
mine gradients in the temperature. Averaging all terms in (5b)
and replacing dP/0Y with kT(An/AY), we solve for the tem-
perature which gives

- IR0 v{<BxDx)y A_Y
= K An

T y]
where K is Boltzmann’s constant and An and AY are typical
variations in density and Y location between the lobes and
current sheet. Equation (7) was numerically evaluated using
{{Bx)>x>y =10 nT and the derived variation in the density
between the draped lobes and the current sheet. If the tail is
assumed to consist entirely of hydrogen, then the proton tem-
perature is of the order of 6 x 106 K. If, on the other hand, the
plasma is principally formed by O™, then the ion temperature
is of the order of 9 x 107 K. These values represent upper
bounds only, since we have assumed that the electron pressure
is negligible in this final portion of the derivation. If the elec-
tron temperature is comparable to or greater than the ion
temperature, these values would be much reduced. In addition,
successive steps in this derivation have required successively
greater assumptions, and therefore these derived temperatures
are the least well determined of our plasma parameters. We
principally intend that they be used only as rough estimates.
These values, however, are not so high as to be impossible to
achieve in an induced magnetotail where ion pickup may be
important. O* picked up by the unimpeded solar wind can
have temperatures as high as ~2 x 10®8 K when they are
picked up with an initial perpendicular (thermal) velocity of
the typical solar wind speed (440 km/s).

Using the approximate plasma parameters derived above,
the lobe and current sheet §° can be calculated. The plasma §
in the lobe is ~0.08, which is consistent with the difference in
the magnetic flux in the two lobes moving the current sheet
from side to side and with our assumption of low § lobes in

the above derivation. The § in the current sheet, on the other
hand, is ~ 12, which is consistent with our assumption of a
high B current sheet in the derivation of these plasma parame-
ters. The calculated gyroradii of protons and O* ions calcu-
lated from these plasma moments are ~0.1 and ~1.5 R, in
the current sheet, respectively, and only ~30% of that in the
lobes. Since these size scales are appreciably smaller than the
width of the tail, our use of the fluid momentum equation in
this derivation is vindicated.

The average plasma properties derived in this study can be
used to determine the approximate average mass flux down
the Venus tail, which also represents an upper bound on the
mass loss rate of Venus. For this rough calculation we assume
that the current sheet and lobes each take up one third of the
cross-sectional area of the tail, which we assume to be circular
and 5 R, in diameter. At the average downtail distance of
data in our data set (—10.8 Ry), (3) gives {vy>y = —368 km/s.
Multiplying this velocity by the sum of the current sheet and
lobe densities times their respective cross-sectional areas, we
calculate a downtail mass flux of ~1 x 10?¢ amu/s or ~6

x 102* O*/s. If all of the material in the Venus magnetotail is
of planetary origin, then this value represents the approximate
Venus mass loss rate. In any case, ~1 x 10 amu/s repre-
sents an upper bound for the mass loss rate of the Venus
atmosphere through tail formation.

SUMMARY

This study began with the schematic diagram of the solar
wind/IMF interaction with Venus displayed in Figure 1. We
postulated that the IMF X component could have an impor-
tant effect on the internal structure of the draped magnetotail.
In particular, variations of the X component could cause the
flapping of the current sheet from side to side within the tail
consistent with the magnetic pressure of the varying quantities
of magnetic flux in the two lobes. We developed this study in
three sections.

In section 2 we demonstrated that magnetometer data or-
dered by spatial location is extremely variable. Both lobes and
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the current sheet can be found at all spatial locations within
the tail, although there is a preference for the tailward point-
ing lobe on the +Y side and the Venusward pointing lobe on
the —Y side. The average separation between the two lobes
was shown to be offset toward the lobe which contains less
magnetic flux. This observation, along with the high varia-
bility observed, confirmed our postulated importance of the
IMF X component. Clearly, what was needed to further ad-
vance the quantitative study of the Venus tail was to find a
coordinate system which measures locations with respect to
the internal tail structures themselves.

In section 2 we also showed that magnetic reconnection is a
small effect in the central Venus tail and that the magnetic
field strength in the tail, referenced to the average mag-
netosheath value immediately adjacent to the tail, at the
points in each orbit where the PVO pierces the magnetopause,
is strongly correlated with the magnetic ficld draping angle. In
the lobes the field points roughly tailward and Venusward,
and the relative field strength is large. In the lobe separating
current sheet, on the other hand, the field points roughly
across the tail and the relative field strength is comparatively
small. We used this correlation to construct a coordinate
system which statistically locates data with respect to the tail
current sheet itself.

In section 3 we actually constructed this coordinate system
and measured the average variations of the field components
for the first time. The By component was demonstrated to
smoothly vary from strongly Venusward on the far —Y side
of the tail, through zero in the center of the current sheet, to
strongly tailward on the far +Y side of the tail. The By,
component, on the other hand, showed a two-humped distri-
bution across the tail and decreased fairly linearly with dis-
tance from the planet. From these variations we drew the
average draping pattern in the deep Venus tail in Figure 12
and derived the average cross-tail current density distribution.
Knowledge of the average magnetic fields and self-consistent
currents made it possible to calculate the electromagnetic
J x B forces and examine the average consistent plasma
properties of the tail.

In section 4 we used the continuity of the tangential electric
field and found field variations to derive the average tailward
velocity and acceleration as functions of downtail distance.
The tailward velocity was shown to vary from ~ —250 km/s
at —8 R, to ~—470 km/s at —12 R,. From the derived
accelerations, the calculated J x B forces, and the MHD mo-
mentum equation, we calculated the approximate plasma den-
sities in the current sheet and lobes and very approximate
average plasma temperature. The current sheet density was
shown to be ~0.9 p*/cm? (0.06 O*/cm?), while the lobe den-
sity was approximately 15% of that. These densities were
shown to be consistent with the general lack of PVO plasma
observations in the tail. If the tail plasma is composed purely
of hydrogen, then we calculate that an average, approximate,
maximum ion temperature is ~6 x 10% K, while if it is com-
posed essentially of oxygen, this temperature is ~9 x 107 K.
Finally, we calculated the mass flux in the tail, which is ~1

x 102% amu/s. This value represents an upper bound for the
mass loss rate of the Venus atmosphere through tail forma-
tion.

While this study derives many previously unknown average
quantities of the deep Venus magnetotail, and sets, for the first
time, the average magnetic field draping pattern, self-
consistent currents and forces, and approximate inferred
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properties of this region, it should not be thought of as an end
to the study of the deep Venus magnetotail. Rather, a power-
ful analysis tool has been developed for examining the detailed
physics of this region by referencing the location of not just
magnetic field data but all PVO data, with respect to the
internal tail structures themselves. Finally, our method may be
very valuable in examining the magnetotails of other mass
loading obstacles in the solar wind, such as comets, and the
deep (reconnected) terrestrial magnetotail, since the orienta-
tion of the upstream IMF should also have a strong influence
on these regions.
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