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Ion Distributions in the Dayside Magnetosheaths of Jupiter and Saturn

JOHN D. RICHARDSON

Center for Space Research, Massachusetts Institute of Technology, Cambridge

Data from the Voyager 1 and 2 Plasma Science experiment in the dayside magnetosheaths of Jupiter and
Saturn are analyzed. The ion distributions throughout the dayside magnetosheaths of both planets are well
modeled by a two-temperature proton distribution. The two proton populations have comparable densities,
and temperatures of 100 and 1000 eV. Similar two-temperature proton distributions are occasionally

observed in earth’s magnetosheath.

Ion temperalures, densities, and bulk velocities for the four

magnetosheath crossings are presenled, confirming that sunward flow of up to 100 km/s occurs when the

magnetosphere is expanding.

INTRODUCTION

The magnetosheath is the region between a planet’s bow
shock and magnetosphere which contains shocked solar wind
plasma. The bow shocks at the earth and other planets have
received extensive attention in the literature (see Greenstadt and
Fredericks [1979] and Russell [1985] for recent reviews): This
work has generally focused on the jump parameters across the
shock and microstructure of the shock. Very little has been
written on the distribution function of plasma in the
magnetosheath region, even though knowledge of these
distributions would seem essential for understanding the
processes occurring in the shocks. Many early experiments
noted the presence of a non-Maxwellian high-energy tail on ion
distributions in  earth’s magnetosheath [Howe, 1970;
Hundhausen et al, 1969; Wolfe and McKibben, 1968;
Montgomery et al., 1970]. These high-energy tails contain less
than 10% of the total density and become less pronounced away
from the immediate vicinity of the shock [Montgomery et al.,
1970]. Formisano et al. [1973] linked the presence or absence
of high-energy non-Maxwellian tails in the proton distribution
function to upstream plasma conditions. More recent
observations show that some magnetosheath spectra exhibit ion
distributions which are well described by two Maxwellians with
different temperatures. Observations made from Apollo 15 in
the dusk magnetosheath show that two-temperature ion
distributions sometimes occur during quiet times (low
geomagnetic activity), with the cold component having a
temperature of 10-25 eV and a density of about 1 ¢cm™, and the
hot component having a temperature of 70-150 eV and a
density of 7-10 cm™ [Sanders et al, 1978, 1981].
Measurements in earth’s dawnside magnetosphere by the ISEE 1
spacecraft show that during at least oné quiet time the ion
distribution is well described by two thermal populations of
nearly equal density with temperatures of 60 and 500 eV
[Peterson et al., 1979]. Although no statistical studies have
been done, these two-temperature ion distributions appear to be
rare at the earth, having been reported only during quiet times
by two experiments.

Observations of the magnetosheaths of Jupiter and Saturn
have been made by the Pioneer and Voyager spacecraft. Wolfe
et al. [1974] calculated proton densities, temperatures, and bulk
velocities in the Jovian magnetosheath both inbound and
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outbound using Pioneer 10 data and assuming that the proton
distributions were Maxwellian. Mihalov et al. [1976] found
that, although many ion distributions observed by Pioneers 10
and 11 in the Jovian magnetosheath are Maxwellian, some have
non-Maxwellian characteristics with enhancements at low or
high energy. A two-temperature distribution with characteristics
of both the unperturbed solar wind and magnetosheath plasma
(temperatures of about 3 and 280 eV, respectively) was
sometimes observed by Pioneers 10 and 11 near the shock, but
these spectra may indicate incomplete shock crossings rather
than shock-produced distributions.

Little has been previously reported about the Voyager
magnetosheath plasma data at Jupiter and Saturn, except for a
listing .of the magnetosheath boundaries at the four encounters
[Bridge et al., 1979a, b, 1981, 1982]. This paper presents
results from an analysis of ion spectra obtained by the Plasma
Science instrumert (PLS) on Voyagers 1 and 2 in the
magnetosheaths of Jupiter ardd Saturn. Ion distributions
throughout the dayside magnetosheaths of both plarets are
found to be well simulated by protons with a two-temperature
distribution. The densities of these two Maxwellian proton
populations are comparable, and their temperatures are about
100 and 1000 eV.

INSTRUMENT AND ANALYSIS

The PLS instrument consists of four modulated-grid Faraday
cups which measure jon and electron currents ini an energy-per-
charge range of 10-5950 eV (for complete details on the
instrument see Bridge et al. [1977]). The low-resolution (L)
mode covers this range with 16 contiguous voltage "windows,"
or channels, and the high—resoluﬁon (M) mode covers the same
voltage range with 128 channels. A complete set of L and M
mode spectra is obtained every 96 and 192 seconds,
respectively. Three of the detectors (A, B, and C) are oriented
in a cluster whose central axis points toward earth and are
ideally oriented fot measuring solar wind and magnetosheath
flow. The D cup is at right angles to this direction but still
detects ion fluxes in the magnetosheath where the plasma is
subsonic.

A sample set of M mode spectra is shown in Figure 1.
Current in femtoamps (107'% A) is plotted versus a logarithmic
energy scale. Currents are measured simultancously in all four
cups. The plasma flow is directly into the A, B, and C cups.
The D cup is at a right angle to the flow direction, so currents
measured in this cup are due to the thermal spread in the ion
velocities.
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A sample set of M mode spectra i'rorh Voyager 2 at 69.5 R,. Overiaying the data is the best fit to the data obtained

using a two-temperature proton distribution with (V, Vr, Vy) = (-155, 9, -6) knivs, nog p = 0.74 em™3, Toowp = 53 eV, nyor

= 0.86 cm™>, and Tyyor = 389 eV.

Plasma fluid. parameters are obtained by using a least squares
fitting routiné to find the density, velocity, and temperature,
which, combined with the instrument resporise (see Barnett
[1984] and Barnett and Olbert [1986]), best simulates the data.
It is dssumed that plasma distributions are convected isotropic
Maxwellians and that both ion populations have the same bulk
velocity.

DATA AND RESULTS

Figure 1 shows the data and best fit to a set of M mode
spectra in the dayside magnetosheath taken by the Voyager 2
PLS instrument about 69.5 Jovian radii (R;) from Jupiter. The
two-temperature character of the distribution is apparent in the
data from the A, B, and C cups. The fit shown overlaying the
data thodels the ion distribution using two proton comiponents, a
cold component with a density of 0.74 cm™ and a temperature
of 53 ¢V, and a hot component with a density of 0.86 cm™ and
a temperature of 389 eV. The simulated currents obtained using
these fit parameters fit the data well in all four cups. This set of
spectrda has also been fit assuming that the lower-energy
component is protons and the higher-energy component is alpha
particles. In this case, good fits are again obtained in the A, B,
and C cups with a proton density of 0.84 cm™ and a
temperature of 57 eV, and an alpha density of 0.42 cm™ and
temperature of 649 eV. The simulated currents in the D cup,
however, are a factor of 2-3 lower than the observed currents.
The ratio between the proton and alpha temperatures and
densities are also much different than one would expect based
on upstream solar wind parameters. In the solar wind, alpha
particles make up .5-12 % of the total solar wind density, and
the proton and alpha temperatures are usually within a factor of
2 (see Figures 3-6). Thus fitting the two magnetosheath
components using protons and alphas would require that the
percentage of alpha particles increase by a factor of 3 across the
shock and that alphas be heated 5-8 times as much as the
protons in the shock. This seems unreasonable based on our
knowledge of earth’s bow shock and magnetosheath, justifying

the conclusion’ that both ion populations are predominately
composed of protons. It is certain that an alpha population
containing 5-10 % of the total ion density does underly the
main proton population, but this should have a minimal effect
on the results presented here. The assumption that ion
distributions are isotropic is largely vindicated by the ability of
the simulations to match the data in all four detectors, although
the presence of a small degree of anisotropy cannot be ruled
out.

Figure 2 shows the persistence of the two-temperature ion
distributions  throughout the Jovian and  Saturnian
magnetosheaths as sampled by both Voyagers 1 and 2. The
spectra shown span the radial range from 48 to 86 R; and 62 to
97 Ry for Voyagers 1 and 2, respectively, at Jupiter and cover
the range from 194 to 26 Rs at Saturn. The fits shown
superimposed on the data in all cases assume both ion
components are protons and are a result of obtaining the best fit
in all four cups, although only one cup from each set of spectra
is shown in the figure. Although there are variations in the
shape of the of the spectra and the relative densities and
temperatures of the cold and hot components, the characteristic
two-temperature signature exists throughout all four Voyager
passages through the dayside magnetosheaths of Jupiter and
Saturn.

An jon distribution consisting of two Maxwellian proton
populations has been used to simulate ion data and derive
plasma fluid parameters throughout the dayside magnetosheaths
of Jupiter and Saturn. At Jupiter, ion spectra from ail the
dayside Voyager magnetosheath crossings are used to derive
plasma properties. The spectra obtained at Saturn are often
contaminated by noise at high energies due to damage the PLS
instrument suffered in the Jovian radiation belts. This,
combined with the lower flux of ions due to Sdturn’s larger
distance from the sun, lowers the signal-to-noise ratio in the
spectra obtained, causing the spectra to be generally more
difficult to analyze and the fit parameters obtained to be more
uncertain. For this reason, less spectra have been analyzed at
Saturn, and the magnetosheath regions encountered by Voyager
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Fig. 2. Sample ion spectra spanning the magnetosheaths of Jupiter and Saturn during the Voyager encounters showing the
persistent bimodal temperature structure. Also shown are the best fit to the data and hot and cold proton densities in units of

om3,

2 between 26.6 and 28.0 Rs and between 29.0 and 31.6 R; have
been not been included in this study because of particularly
severe noise problems.

Figures 3—6 show plasma parameters from Voyagers 1 and 2
in the dayside magnetosheaths of Jupiter and Saturn and in the
adjacent solar wind. The location of the spacecraft (solar wind,
magnetosheath, or magnetosphere) is indicated on the figures, as
are the locations of the magnetopause and bow shock crossings.
When the spacecraft is in the solar wind, there are large radial
velocities, low densities, and low temperatures. Magnetosheath
regions have lower velocities and higher temperatures and
densities. The densities in the outer magnetosphere are too low
for plasma parameters to be obtained.

The top three panels of Figures 3-6 show the three
components of the plasma bulk velocity in RTN coordinates,
where R is radially outward from the sun, T completes a right-
handed coordinate system defined by R and N, and N is
perpendicular to the ecliptic and points northward. The fourth
panel shows the total ion density. The fifth panel gives the
percentage of the total density contained in the hot component if

the spacecraft is in the sheath or the percentage of alpha
particles present if the spacecraft is in the solar wind. The
bottom panel gives the temperature of the two plasma
components present; the hot and cold proton temperatures are
given for the magnetosheath, and the proton and alpha particle
temperatures are given for the solar wind. The top five panels
use circles and triangles to indicate parameters obtained from L
and M mode spectra, respectively. To avoid confusion, the
temperature plot uses the same symbol for temperatures derived
from L and M mode spectra. Depending on the location of the
spacecraft, diamonds and crosses represent either the
temperatures of protons and alphas in the solar wind or
temperatures of the hot and cold proton populations in the
magnetosheath. Sometimes the alpha peak in the solar wind
outside Saturn’s bow shock is overwhelmed by noise; in these
cases, only the proton temperature and density are ploited. The
formal 1-sigma errors from the fits to these parameters (see
Bevington [1969]) are comparable to or less than the point size
on the plots.

The radial velocity decreases by about a factor of 4 across the
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Fig. 3.

Ion bulk velocity, total ion density, percentage of total density in the hot proton (magnetosheath) or alpha (solar wind)

component, and temperatures of the two ion populations in the solar wind and Jovian magnetosheath during the Voyager 1
encounter. The bow shock and magnetopause locations are given by alternating long- and short-dashed lines and by short-
dashed lines, respectively. The regions of solar wind (SW), magnetosheath (SH), and magnetospheric (MS) plasma are labeled

at the top of the plot.

bow shock from the solar wind to the magnetosheath, as
predicted by the Rankine-Hugoniot relations for a supercritical
(magnetosonic Mach number (Mys) > 3) shock (see Table 1 for
shock parameters). The flow is diverted at the shock so as to
flow around the magnetosphere, resulting in V3 being
predominately positive at Jupiter where the magnetosheath
crossings occur in the morning sector and negative at Saturn
where the magnetosheath crossings are in the afteroon sector.
Normal velocities are generally small except close to
magnetosheath boundaries since the spacecraft are generally
close to the ecliptic plane. The exception is Voyager 1 at
Saturn, which left the ecliptic to encounter Titan and observes
southward magnetosheath flow.

The measured radial velocity in the magnetosheath results
from a superposition of the velocity of the shocked solar wind
flow and the velocity resulting from the movement of the bow
shock and magnetopause due to changes in the solar wind
pressure. Thus one expects the measured magnetosheath
velocity to be lower when the magnetosphere is expanding (after
crossings from the solar wind to the magnetosheath and before
crossings from the magnetosheath to the magnetosphere) and
higher when it is confracting (after crossings from the

magnetosphere to the magnetosheath and before crossings from
the magnetosheath to the solar wind). The spacecraft velocity is
small compared to the expected speed of the boundaries [Siscoe
et al, 1980]. This effect is most apparent near the
magnetosheath boundaries at Jupiter. The first Voyager 1 bow
shock crossing at Jupiter at 85.6 R, occurred during an
expansion phase, and radial velocities just inside the shock are
near zero. This expansion reverses, and radial velocities
approach 200 km/s before the shock is recrossed at 82.3 R;.
Similarly, the Voyager 1 radial velocities decrease before the
magnetopause crossings at 46 and 67 R; and increase before the
shock crossing into the solar wind at 58 R;. The motion of the
boundaries is fast enough that the flow reverses and becomes as
high as 100 km/s sunward. The presence of sunward flow in
the magnetosheath during the Voyager 1 passage through the
magnetosheath was pointed out by Siscoe et al. [1980]; these
results provide quantitative verification of their conclusions.
The Voyager 2 radial velocities also show this effect, increasing
before the shock crossing at 68.8 R, and decreasing when
approaching the magnetopause crossing at 58 R;. There is no
obvious change in the spectra at the boundaries between inward
and outward flow. The Voyager 2 spectra at 62.1 R, has an
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Ion bulk velocity, total ion density, percentage of total density in the hot proton (magnetosheath) or alpha (solar wind)

component, and temperatures of the two ion populations in the solar wind and Jovian magnetosheath during the Voyager 2
encounter. The bow shock and magnetopause locations are given by alternating long- and short-dashed lines and by short-
dashed lines, respectively. The regions of solar wind (SW), magnetosheath (SH), and magnetospheric (MS) plasma are labeled

at the top of the plot.

outward flow velocity of 15 km/s but is not markedly different
in appearance from other spectra shown. At Jupiter where the
magnetosheath may be encountered over a distance of up to 50
R; the radial velocities could be useful tools for monitoring
solar wind pressure variations upstream if direct monitoring is
not possible.

The densities increase by about a factor of 4 across the shock
from the solar wind to the magnetosheath, also in accord with
the Rankine-Hugoniot relations. The percentage of the density
in the hot proton component varies between 20 and 50% for all
four magnetosheath crossings. This compares to an alpha
population which makes up 4-12% of the solar wind density.
The temperature of the cold proton population in the
magnetosheath varies from 50 to 400 eV, with a median
temperature of about 100 eV. The temperature of the hot
proton component varies from 400 to 2000 eV, with a median
of about 800 e¢V. Thus the temperature of the hot protons is
6-10 times that of the cold protons, and the temperature profiles
of each component track each other quite closely, maintaining a
fairly constant temperature ratio. The percentage of ions in the
hot component is anticorrelated with the temperature of both
proton populations, an effect most clearly seen in the Voyager 2

Jupiter data but also present in the Voyager 1 Jupiter data. The
total density is not correlated with either of these parameters.
For comparison, the ratio of the alpha to proton temperature in
the solar wind varies from 1.5 to 7, with a median of about 2.

DiISCUSSION

The preceding section demonstrated that observed ion
distributions in the dayside magnetosheath of Jupiter and Saturn
are well simulated by two Maxwellian proton distributions with
comparable densities and temperatures of about 100 and 800
eV. The only similar distributions reported in the earth’s
magnetosheath occurred during a quiet time in the dawn
magnetosheath when the magnetosheath flow was stable over
many hours [Petersen et al., 1979]. The two-temperature
distributions may result from a type of shock interaction which
is rare at earth but more common at Jupiter and Saturn. The
shock crossing distance in planetary radii, the magnetosonic
Mach number Mys and the ratio of thermal pressure to
magnetic pressure () are shown in Table 1. All shocks crossed
are quasi-perpendicular (the angle between the solar wind
magnetic field and the shock normal is greater than 50). The
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Ion bulk velocity, total ion density, percentage of total density in the hot proton (magnetosheath) or alpha (solar wind)

component, and temperatures of the two ion populations in the solar wind and Saturnian magnetosheath during the Voyager 1
encounter. The bow shock and magnetopause locations are given by alternating long- and short-dashed lines and by short-
dashed lines, respectively. The regions of solar wind (SW), magnetosheath (SH), and magnetospheric (MS) plasma are labeled

at the top of the ploL.

solar wind M mode spectra immediately preceding (or
succeeding) the shock crossing is used to determine the flow
velocities, plasma densities, and ion temperatures used in
calculating the parameters in Table 1. In calculating Mys the
shock is assumed to be stationary; actual shock velocities may
be as high as 100 kmy/s, so the actual values of My could differ
from the tabulated values by up to 25%. The magnetic field
used is the 96s average from the Voyager Magnetometer
instrument covering the time period when the plasma data is
measured. The solar wind electrons are often too cold for the
Voyager instrument to measure at these distances, so the
polytropic relation of Sittler and Scudder [1980] which is based

on observations between 0.45 and 4.6 AU is used to estimate
electron temperatures for use in computing these parameters.
The shock parameters given here are rough estimates intended
to indicate the wide range of shock parameters which result in
two-temperature proton distributions. At the inbound bow
shocks at Saturn for which good magnetosheath data is available
the upstream M5 was 14.0 and 7.7 and B was 1.4 and 0.54 for
Voyagers 1 and 2, respectively. At Jupiter, values of B in the
solar wind near shock crossings range from 0.18-11, and My,
values range from 4-19. Thus all the shocks are super critical
(Mys > 3), and the data set covers the range from low to high
B. The lower values of B and My;s are in a range which is not

Table 1. Upstream Magnetosonic Mach Numbers and Plasma B at the
Jovian and Satumian Bow Shocks

V1 Jupiter V2 Jupiter V1 Saturn V2 Satum
R, Mys B R, Mys B Rs Mys B Ry Mys B
85.6 87 026 98.6 39 018 261 140 14 236 77 054
823 11.8 072 973 121 071
717 116 079 8.6 170 28
578 176 6.6 688 121 1.1
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Jon bulk velocity, total ion density, percentage of total density in the hot proton (magnetosheath) or alpha (solar wind)

component, and temperatures of the two ion populations in the solar wind and Saturnian magnetosheath during the Voyager 2
encounter. The bow shock and magnetopause locations are given by alternating long- and short-dashed lines and by short-
dashed lines, respectively. The regions of solar wind (SW), magnetosheath (SH), and magnetospheric (MS) plasma are labeled

at the top of the plot.

uncommon at earth. Thus some other effect particular to Jupiter
and Saturn must be responsible for producing these two-
temperature proton distributions. This mechanism was
apparently not operative at the time of the Pioneer encounters
with Jupiter, when many of the proton distributions were single
Maxwellians [Mihalov et al., 1976].

We have looked for similar ion distributions in Uranus’s
dayside magnetosheath. They are not present. The My and B
values at the only dayside bow shock crossing at Uranus are
about 15 and 3 [Bagenal et al., 1986], similar to values at some
of the Jovian and Saturnian shock crossings. Despite this
similarity, most of the spectra obtained in the Uranian
magnetosheath are fit fairly well by a single Maxwellian; some
do have high-energy tails, but the persistent two-temperature
distributions seen at Jupiter and Saturn are not seen (see
Bagenal et al. [1986] for sample Uranian magnetosheath
spectra).

The last point to consider is the evolution of these
distributions as the magnetosheath plasma moves past the
planet. This problem can be addressed by looking at
distributions in the nightside magnetosheath. While it is
difficult to map the plasma from the dayside to the
magnetosheath, one can naively assume that magnetosheath
plasma from near the subsolar point ends up close to the

outbound magnetopause boundary. Spectra from the Voyager 1
and Voyager 2 outbound magnetosheath crossings at Jupiter and
from the Voyager 1 outbound crossing at Saturn have been fit.
It is difficult to determine if the two-temperature distribution is
still present for several reasons. One is a noise problem; the
PLS instrument suffered damage from its encounter with the
Jovian radiation belts before passing through the magnetosheath
outbound, causing a noise problem a higher energies. Another
is that the observed ion distributions vary in time. Some are
best fit with single proton Maxwellians, some with two proton
Maxwellians, some with protons and alphas, and some cannot
be simulated at all using Maxwellians. This could be the result
of interactions with the magnetopause or of sampling plasma
which has crossed the shock under different shock conditions
(that is, a different shock normal angle for solar wind plasma
entering at the sides of the magnetosphere). Thus it will take
more analysis of outbound spectra to determine if the two-
temperature distributions observed in the dayside magnetosheath
persist to the tailward magnetosheath or if these distributions
have time to relax to single Maxwellians.

Acknowledgments. 1 would like to thank R. L. McNutt, Jr., for his
work on lhe data analysis routine which made this study possible and F.
Bagenal and J. Belcher for helpful comments on the manuscript. The
magnetic field data used in this study were obtained by the Voyager



6140

Magnetometer instrument (N. Ness, Principal Investigator). This work
was supported by NASA under contract 953733 from the Jet Propulsion
Laboratory to the Massachusetts Institute of Technology.

The Editor thanks W. C. Feldman and J. D. Mihalov for their
assistance in évaluating this paper.

REFERENCES

Bagenal, F,, J. W. Belcher, E. C. Sittler, Jr., and R. P. Lepping, The
Uranian bow shock: Voyager 2 observations of a My > 15 shock, J.
Geophys. Res., in press, 1987.

Barnett, A. S., The response function of the Voyager plasma science
experiment, NASA Tech. Rep. CSR-TR-84-1, 1984.

Bamnett, A. 8., and S. Olbert, The response function of modulated grid
Faraday cup plasma instruments, Rev. Sci. Instrum., 57, 24322440,
1986. .

Bevington, P. R., Data Reduction and Error Analysis for the Physical
Sciences, McGraw-Hill, New York, 1969.

Bridge, H. S., J. W. Belcher, R. J. Butler, A. J. Lazarus, A. M.
Mavretic, J. D. Sullivan, G. L. Siscoe, and V. M. Vasyliunas, The
plasma experiment on the 1977 Voyager mission, Space Sci. Rev., 21,
259-287, 1977.

Bridge, H. S. et al., Plasma observations near Jupiter: Initial results from
Voyager 1, Science, 204, 987-991, 1979a.

Bridge, H. S. et al., Plasma observations near Jupiter: Initial results from
Voyager 2, Science, 206, 972-996, 19795,

Bridge, H. S. et al., Plasma observations near Saturn: Initial results from
Voyager 1, Science, 212, 217-224, 1981.

Bridge, H. S. et al,, Plasma observations near Saturn: Initial results from
Voyager 2, Science, 215, 563-570, 1982.

Formisano, V., G. Moreno, F. Palmiotto, and P. C. Hedgecock, Solar
wind interaction with the earth’s magnetic field, 1, Magnetosheath, J.
Geophys. Res., 78, 3714-3729, 1973.

Greenstadt, E. W., and R. W. Fredericks, Shock systems in collisionless
space plasmas, in Solar System Plasma Physics, edited by L. J.
Lanzerotti, C. F. Kennel, and E. N. Parker, pp. 5-43, North-Holland,
Amsterdam, 1979.

Howe, Herbert C., Jr, Pioneer 6 plasma measurements in the
magnetosheath, J. Geophys. Res., 75, 2429-2437, 1970.

RICHARDSON: BRIEF REPORT

Hundhausen, A. ], S. J. Bame, and J. R. Asbridge, Plasma flow pattern
in the earth’s magnetosheath, J. Geophys. Res., 74, 2799-2806, 1969.

Mihalov, J. D., I. H. Wolfe, and L. A. Frank, Survey for non-
Maxwellian plasma in Jupiter’s magnetosheath, J. Geophys. Res., 81,
3412-3416, 1976.

Montgomery, M. D., J. R. Asbridge, and S. J. Bame, Vela 4 plasma
observations near the earth’s bow shock, J. Geophys. Res., 75,
1217-1231, 1970.

Peterson, W. K., E. G. Shelley, R. D. Sharp, R. G. Johnson, J. Geiss,
and H. Rosenbauer, H* and He'* in the dawnside magnetosheath,
Geophys. Res. Lett., 6, 667-670, 1979.

Russell, C. T., Planetary bow shocks, in Collisionless Shocks in the
Heliosphere: Reviews of Current Research, Geophys. Monogr. Ser.,
vol. 35, edited by B. T. Tsurutani and R. G. Stone, pp. 109-130,
AGU, Washington, D. C., 1985.

Sanders, G. D., H. K. Hills, and J. W. Freeman, Two temperature
structure of the magnetosheath at lunar distance (abstract), Eos Trans.
AGU, 59, 364, 1978.

Sanders, G. D., J. W. Freeman and L. J. Maher, A two-temperature
plasma distribution in the magnetosheath at lunar distances, J.
Geophys. Res., 86, 2475-2479, 1981.

Siscoe, G. L., N. U. Crooker, and J. W. Belcher, Sunward flow in
Jupiter’s magnetosheath, Geopys. Res. Lett., 7, 25-28, 1980.

Sittler, E. C,, Jr., and J. D. Scudder, An empirical polytrope law for
solar wind thermal electrons between 0.45 and 4.76 AU: Voyager 2
and Mariner 10, J. Geophys. Res., 85, 5131-5137, 1980.

Wolfe, J. H., and D. D. McKibben, Pioneer 6 observations of a steady
state magnetosheath, Planet. Space Sci., 16, 953-969, 1968.

Wolfe, J. H., J. D. Mihalov, H. R. Collard, D. D. McKibben, L. A.
Frank, and D. S. Intriligator, Pioneer 10 observations of the solar
wind interaction with Jupiter, J. Geophys. Res., 79, 3489-3499, 1974,

J. D. Richardson, Center for Space Research, Massachusetts Institute
of Technology, Cambridge, MA 02139.

(Received November 17, 1986;
revised March 3, 1987;
accepted March 5, 1987.)



