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Abstract

This paper provides a review of past work on the magnetosheaths of the outer planets and also provides the most complete look to date
at the plasma parameters in these magnetosheaths. We (nd that proton distributions in the magnetosheaths of Jupiter, Saturn, and Neptune
(but not Uranus) are well represented by two Maxwellians with the same velocity but di/erent temperatures. The hot proton component
comprises about 40% of the total density and has a temperature about six times that of the cold protons. The Jovian magnetosheath shows
signi(cant motion, with sunward 2ow not uncommon when the magnetosheath region moves outwards, probably due to changes in solar
wind pressure. Gas dynamic models of the boundaries show that the magnetospheres of Jupiter and Saturn are 2attened at the poles.
Deviations from the predictions of gas dynamics are observed, both because of time-dependent e/ects and systematic e/ects such as
encounters with the plasma depletion layer and plasma mantle, both of which are MHD e/ects. Mirror mode waves are ubiquitous in the
magnetosheaths, but other waves and oscillations are also observed, including one so far unique to Uranus which may occur downstream
of parallel shocks. ? 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The magnetosheaths of the outer planets have similarities
to that of Earth but also signi(cant di/erences. The mag-
netosheath consists of solar wind which passes through the
bow shock, becomes subsonic, and then 2ows around the
planetary obstacle, the magnetosphere. The attributes which
are unique to the outer planets are that the obstacle sizes are
much larger than Earth’s magnetosheath, the obstacle shapes
and magnetic (eld con(gurations di/er, and the plasma and
magnetic (eld are much more tenuous giving longer scale
lengths. This paper is both a review and presentation of un-
published work. We discuss various aspects of the magne-
tosheaths of the outer planets: ion distributions, comparisons
of magnetosheath shapes and ion parameters to gas dynamic
models, and waves both within and on the inner boundary
of the magnetosheath.
The outer planets are much larger than Earth, have sur-

face magnetic (elds which are comparable to or larger than
that of Earth, and are embedded in a much more tenuous
solar wind plasma than is Earth. Important parameters for
describing the interaction of the supersonic solar wind with
an obstacle such as a planetary magnetosphere are the
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obstacle size and shape, the solar wind Mach number, and
the plasma beta. The solar wind density N decreases as
R−2, the radial and tangential components of the magnetic
(eld BR and BT as R−2 and R−1, respectively, and the
ion temperature TI as R−0:5 (Richardson et al., 1995). The
electron temperature beyond about 5 AU was too cold for
Voyager to measure, but is thought to decrease at a simi-
lar rate as the ions. The fast mode, or magnetosonic, Mach

number MMS is de(ned as VSW=
√
V 2
A + C2

S where VSW is

the solar wind speed, the Alfven speed VA
B=
√
N , and

the sound speed CS
Te, where Te is the electron tempera-
ture. As the solar wind moves outward, MMS will decrease
due to the decrease of BR and Te. The plasma beta, the
ratio of plasma to magnetic pressure �
NTI=B2, decreases
as T decreases in the outer heliosphere. The solar wind
is not a uniform medium; in particular density variations
are large and remain so in the outer heliosphere. Table 1
shows the distances of the four outer planets in AU, the
range of magnetopause sizes encountered by the Voyager
spacecraft at each planet, the range of Mach number and
plasma beta upstream of the observed shocks at each planet,
the average hot NH component and total NT densities in
the dayside magnetosheath, the ratio NH=NT in the magne-
tosheath, and the ratio of hot (TH) to cold (TC) ion tempera-
ture in the magnetosheath. The last four rows are discussed
below.
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Table 1

Jupiter Saturn Uranus Neptune

Distance from Sun (AU) 5 10 19 30
Magnetopause Stando/ 45–70 19–23 18 26
Distance (Rp)
Observed MMS 3–18 4–11 17 8.8
Observed � 0.2–6 0.1–4 5 0.23
Mean NH 0.51 0.12 0 0.0053
Mean NT 1.5 0.36 0.23 0.011
Mean NH=NT 0.39 0.38 0 0.48
Mean TH=TC 6.3 11.4 0 13.0

2. Ion distributions

Ion distributions in Earth’s magnetosheath often have a
high-energy tail which generally contains less than 10% of
the total density and usually occurs near the shock (Howe,
1970; Hundhausen et al., 1969; Wolfe and McKibben, 1968;
Montgomery et al., 1970). Zastenker et al. (1994) found the
higher-energy proton component comprises 10–20% of the
total proton density, but that the higher-energy alpha (He++)
component comprised 25–50% of the total alpha density.
Sanders et al. (1978, 1981) and Peterson et al. (1979) re-
ported observations where the density of the hot component
was comparable to or greater than that of the cold com-
ponent, but these distributions seem rare at Earth. The hot
component of the ions is thought to be comprised of ions
which are re2ected at their (rst encounter with the bow
shock and gain additional energy as they pass through on
their second attempt (Sckopke et al., 1983). A combination
of observations and shock modeling has predicted that the
percentage of hot ions asymptotically approaches 20% as
the Mach number of the upstream 2ow increases (Fuselier
and Schmidt, 1994).
Observations of the outer planets have been made by Pio-

neer 10 (Jupiter), Pioneer 11 (Jupiter and Saturn), Voyager 1
(Jupiter and Saturn), Voyager 2 (Jupiter, Saturn, Uranus, and
Neptune), Ulysses (Jupiter) and Galileo (Jupiter). Pioneer
10 and 11 observations of the Jovian magnetosheath found
that many of the distributions were Maxwellian, but some
had non-Maxwellian characteristics with enhancements at
low or high energy (Mihalov et al., 1976). Near the shock
two-temperature distributions were reported with character-
istics of both the unperturbed solar wind and magnetosheath
plasma (temperatures of about 3 and 280 eV, respectively),
but these spectra probably indicate incomplete shock cross-
ings rather than shock-produced distributions.
Richardson (1987) surveyed the inbound magnetosheath

distributions observed by Voyagers 1 and 2 at Jupiter and
Saturn, looking at roughly one point each hour. The distri-
butions throughout the dayside magnetosheath were well
represented by a two-temperature proton distribution. The
density of the hot proton population comprised 20–50% of
the total density and the temperature of the hot component is

6–10 times that of the cold component. Phillips et al. (1993)
reported that similar distributions were observed by Ulysses
in the dawn and dusk 2anks of the Jovian magnetosheath
from the magnetopause to the bow shock. The Voyager
2 pass through the dayside Uranian magnetosheath did
not (nd two-temperature distributions; the data were well
represented by single Maxwellians (Richardson, 1987).
Neptune was similar to Jupiter and Saturn; the dayside
magnetosheath distributions were best modeled using two
proton Maxwellians (Szabo and Lepping, 1995). Although
Galileo has made many crossings of the Jovian magne-
tosheath, these data are not yet in the literature.
The ion distributions are important for understanding the

physics of planetary bow shocks and interplanetary shocks
in general since the hot component consists of ions initially
re2ected at the shock, and hence should be carried in the to-
tal mass 2ux budget of the shocks. The ion distributions are
also important for understanding wave growth and damp-
ing. Taking advantage of enhanced computing capacity, we
have reanalyzed all the Voyager 1 and 2 inbound (dayside)
magnetosheath data at Jupiter and Saturn. We (t these spec-
tra using the same assumptions and method as Richardson
(1987); plasma distributions are assumed to consist of two
proton convected isotropic Maxwellians with the same bulk
velocity but di/erent number densities and thermal speeds.
The Voyager plasma experiment (PLS) cannot discriminate
between protons and alphas in the magnetosheath, so the 3–
5% (on average) of the number density in the alpha compo-
nent makes a contribution to the hot proton component, but
the e/ect of the alphas on the results presented here should
be minimal.
Voyagers 1 and 2 are three-axis stabilized spacecraft. The

PLS experiment consists of four modulated-grid Faraday
cups which measure ion current in the energy-per-charge
range of 10–5950 eV (see Bridge et al., 1977). The instru-
ment has a high-energy resolution (M) mode (ME=E=3:6%)
and a low-energy resolution (L) mode (ME=E=29%), both
of which are used in this analysis. Three cups (A–C) are op-
timized for solar wind detection and thus look sunward into
the nominal magnetosheath 2ow. The fourth cup (D) looks
at right angles to this direction but still detects ion 2uxes
in the magnetosheath since the plasma is subsonic. Currents
are measured simultaneously in all four cups, with a new
set of L mode spectra obtained every 96 s and a new set of
M mode spectra every 192 s.
Fig. 1 shows a typical (t of two Maxwellians with di/er-

ent temperatures to a set of M mode spectra from the Jovian
magnetosheath. The histogram shows the measured current
in femtoamperes (10−15 A) plotted versus a logarithmic en-
ergy scale. The best (t to the data using two proton con-
vected isotropic Maxwellians with the same bulk velocity
is shown by the bold curve with x’s; the other two curves
show the contributions to the total simulated current from
each proton component. Similar (ts are performed on all
the spectra from the Jovian and Saturnian magnetosheaths
except for a few contaminated by noise.
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Fig. 1. A typical set of spectra from the Jovian magnetosheath. These spectra were obtained by Voyager 2 about 70 Jovian radii from the planet. The
data are shown by the histograms. The best (t to the data (bold line) contains contributions from two Maxwellians (light lines). The two-temperature
proton distribution gives the best (t with (VR ; VT; VN) = (114; 87; 1) km=s; nCOLD = 0:68 cm−3; TCOLD = 100 eV; nHOT = 0:79 cm−3, and
THOT = 598 eV.

For all but 4–5 sets of spectra, the data were best (t
using two Maxwellians. The only spectra for which this
distribution did not work were at Jupiter when the mag-
netosheath plasma was 2owing outward (sunward) so
rapidly that the cold component could not be detected by
the Faraday cups, so that only the hot Maxwellian was
observed.
For a two Maxwellian distribution, the important pa-

rameters are the density and temperature ratios of the two
components. Figs. 2 and 3 show these values in Jupiter’s
and Saturn’s magnetosheaths. The Voyager spacecraft made
eight complete passes through the dayside magnetosheath
of these planets, from bow shock to magnetopause, three
each by Voyagers 1 and 2 at Jupiter, and one each by Voy-
agers 1 and 2 at Saturn (one each of the Voyager 1 and 2
Jovian crossings were due to the expansion of the magne-
tosheath past the spacecraft; numerous other entrances into
the magnetosheath occurred and are shown later). For ease
of comparison of these passes, the x-axis on the plots goes
from the bow shock (left) to magnetopause (right); thus the
point spacing varies depending on the length of the cross-
ing. The bow shock locations, magnetopause locations and
upstream conditions for each crossing are shown in each
panel. Mach numbers range from 9 to 19 and plasma �’s
from 0.4 to 11. The percentage of density in the hot compo-
nent ranges from 10% to 50%; this percentage can be quite
variable (third and fourth panels) or steady (sixth panel)
across the magnetosheath. The average percentage is about
40%. The ratio of the hot to cold temperature varies from
4 to 12. This ratio also varies with time, presumably due

to changes in the shock, not evolution of the propagating
distributions as demonstrated below. For the Neptune data
(not shown), the average percentage of hot protons is 48%
and the ratio of the hot to cold temperature components is
13, considerably larger than at Jupiter or Saturn.
Figs. 4 and 5 show plasma and magnetic (eld parameters

as a function of time in the Jovian inbound magnetosheath.
All inbound magnetosheath data are shown as opposed to
Figs. 2 and 3 which show only complete magnetosheath
crossings. The left boundary is the (rst bow shock cross-
ing and the right boundary the last inbound magnetopause
crossing. The other bow shock and magnetopause crossings
are shown by the dashed lines, with the regions between la-
beled as either magnetosphere (MSP) or SW. The ratio of
the hot to total density varies from 0.15 to 0.7. The Voyager
2 data on day 185, in particular, seem to show a bimodal
distribution, with the density ratio quantized at either 0.3 or
0.5. Weaker evidence of a two-state system is seen in the
last magnetosheath crossing in the Voyager 1 data. The hot
and cold temperature pro(les track very well; temperature
ratios TH=TC vary from 4 to over 10. The density ratio is
generally positively correlated with the temperature ratio,
although this correlation does not always hold. Thus, when
more energy needs to be dissipated at the shock, this energy
ends up both as a higher percentage of hot ions and a hotter
temperature of hot ions.
We look for dependences of the density and temperature

ratios of the two proton distributions on the plasma and
magnetic (eld parameters. The only parameter upon which
the density and temperature ratios seem to depend is the
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Fig. 2. Ratio of hot proton density to total proton density for the eight complete passes through the magnetosheaths of Jupiter and Saturn. The
Mach numbers and plasma �’s upstream of each shock crossing are shown. The density of the data points depends on the duration of the magnetosheath
crossing.

radial component of speed. Higher speeds correspond to both
a higher percentage of hot ion density and a higher TH=TC
ratio. Since higher speeds in the solar wind generally corre-
spond to higher speeds in the magnetosheath, this suggests
that the additional energy in the solar wind ends up in the
hot component.
We note that the percentages of hot ions observed in these

magnetosheaths are signi(cantly larger than the 20% limit
found for Earth’s magnetosheath by Fuselier and Schmidt
(1994). Plasma densities and magnetic (eld strengths are
much smaller and shock scales much larger than at Earth

which may allow for this discrepancy. If we look at the
percentage of hot ions in the magnetosheath near the bow
shock crossings, the percentage may have a dependence on
a Mach number, with percentages near 50% when the Mach
number is over 13 and under 40% for Mach numbers under
9. The distance, MMS, and � for each shock crossing are
shown in Table 2; all the shocks are quasi-perpendicular.
No dependence of the temperature ratio on either the Mach
number or � is apparent.
Figs. 6 and 7 show the same parameters in the Saturnian

magnetosheath. The magnetosheath passes are shorter since
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Fig. 3. Ratio of the hot=cold temperatures of the two proton components. The Mach numbers and plasma �’s upstream of each shock crossing are shown.

the magnetosphere is much smaller, but, in general, the same
relationships hold as for Jupiter. One di/erence is the much
larger hot component temperature observed by Voyager 2
in its (rst excursion into the magnetosheath, with the hot
temperature near 2 keV giving temperature ratios TH=TC of
15–30.

3. Plasma parameters

The radial speeds observed in the magnetosheath range
from 250 km=s planetward to over 200 km=s sunward. These

speed extremes result from superposition of changes in the
solar wind pressure and 2ow around the object. The multi-
ple crossing of the bow shock and magnetopause arise from
the solar wind pressure changes and these e/ect the radial
speeds. For example, the magnetosheath crossing by Voy-
ager 1 starting near day 61.3 occurred when a large increase
in solar wind pressure pushed the whole magnetosheath
region past Voyager 1 so that the spacecraft went from
the magnetosphere to the solar wind in 1:9 h. The inward
speed in this crossing was as large as 220 km=s. In contrast,
the last crossing of the magnetosheath by Voyager 1 (day
61.54–62.1) had large regions of negative (outward) 2ow
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Fig. 4. The inbound magnetosheath data from Voyager 1 at Jupiter. Periods where Voyager 1 was in the solar wind and magnetosphere are labeled SW
and MSP, respectively. From top to bottom are shown the radial speed, total proton density, ratio of the hot density component to the total density, hot
and cold proton temperatures, ratio of hot to cold proton temperature, and magnitude of the magnetic (eld.

resulting from a decrease in solar wind pressure and expan-
sion of the magnetosphere. Siscoe et al. (1980) (rst reported
that Voyager 1 observations suggested sunward 2ow in
Jupiter’s magnetosheath and Richardson (1987) con(rmed
these results (nding sunward speeds of up to 200 km=s.
Sunward 2ow occurs when the solar wind dynamic pressure
decreases and the expanding magnetosphere drives plasma
in the magnetosheath ahead of it. Siscoe et al. (1980) show
that a new stagnation point is created in the magnetosheath,

as shown in Fig. 8. They calculate the distance at which the
stagnation point forms as a function of the ratio between
the sunward speed and solar wind speed; although we do
not have simultaneous solar wind measurements, for the
largest sunward speeds (200 km=s) a large,¿ 50%, portion
of the magnetosheath 2ow must be sunward. These large
regions of sunward 2ow are so far unique to Jupiter. One
reason they exist at Jupiter is that, compared to Earth, the
magnetosphere of Jupiter is highly compressive with the
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Fig. 5. The inbound magnetosheath data from Voyager 2 at Jupiter. Periods where Voyager 1 was in the solar wind and magnetosphere are labeled SW
and MSP, respectively. From top to bottom are shown the radial speed, total proton density, ratio of the hot density component to the total density, hot
and cold proton temperatures, ratio of hot to cold proton temperature, and magnitude of the magnetic (eld.

magnetopause stando/ distance proportional to the solar
wind pressure to the −1=3 power (at Earth it is proportional
to the solar wind pressure to the −1=6 power). This greater
compressibility is a result of the plasma pressure inside
the magnetosphere providing a substantial amount of the
internal pressure to hold o/ the solar wind.
The magnetosheath densities are generally lower in mag-

netosheath farther from the planet; this result is largely a
selection e/ect as the solar wind pressure depends mostly
on the density, so the spacecraft are in the magnetosheath
far from the planet only when the solar wind density is

low. Near the magnetopause crossings densities are some-
times observed to decrease, particularly near the last inbound
crossings of Voyager 2 at Saturn and Jupiter. The magnetic
(eld magnitude also increases in these decreased density
regions. These are signatures of entry into the plasma de-
pletion layer (PDL), similar to signatures seen at Earth. In
the PDL, draping of the magnetic (eld around the magne-
tosphere causes the (eld magnitude to increase and the in-
creased magnetic pressure causes the plasma to move along
the magnetic (eld out of this high-pressure region (Zwan
and Wolf, 1976).
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Table 2
Distance of shock from the planet and solar wind Mach numbers and �’s
for each dayside bow shock

V1 Jupiter V2 Jupiter

RJ MMS � RJ MMS �

85.6 8.7 0.26 98.6 3.9 0.18
82.3 11.8 0.72 97.3 12.1 0.71
71.7 11.6 0.79 86.6 17.0 2.8
57.8 17.6 6.6 68.8 12.1 1.1
55.7 8.1 0.40 66.5 19.2 11.0

V1 Saturn V2 Saturn

RS MMS � RS MMS �

26.1 14.0 1.4 23.6 7.7 0.54

V2 Uranus

RU MMS �

23.6 17. 3.6

V2 Neptune

RN MMS �

34.8 8.8 0.23

4. Gas dynamic model comparisons

The gas dynamic models developed by Spreiter and Sta-
hara have been applied to the outer planets in a number of
studies. Slavin et al. (1985) compared the locations of the
bow shocks predicted by gas dynamic theory with those ob-
served (using the observed magnetopause location for the
obstacle size). They found that for both Jupiter and Sat-
urn the gas dynamic model predicted a bow shock loca-
tion signi(cantly further upstream from the magnetopause
than observed. They hypothesized that the magnetopauses
of these planets could be 2attened at the poles, since the
energetic particles which provide internal pressure are con-
(ned near the equator. Stahara et al. (1989) adapted their
gas dynamic model to test this hypothesis, allowing the ratio
of the semi-major to semi-minor axis (a=b) to be adjustable.
They then varied the ratio of the equatorial=polar (a=b) radii
until they were able to match the data. Fig. 9 shows they
obtain a good (t to the bow shock position for Jupiter with
a=b = 1:75. For Saturn (not shown) they (nd a=b = 1:25.
Stahara et al. (1989) report that the observed bow shock at
Saturn is still more highly 2ared than predicted, but with
few data points available this may not be a real e/ect. This
result, that the magnetosphere of Jupiter and Saturn are 2at-
tened at the poles, was a major accomplishment for gas dy-
namic theory.
As part of the above work, Stahara et al. (1989) modi(ed

their calculation of magnetosheath parameters and published
maps of magnetosheath properties in the Jovian ecliptic and
meridional planes. We use the results to compare with the
observed values in the magnetosheath in Fig. 10. Data from
the three complete magnetosheath crossings by each Voy-
ager at Jupiter are shown in separate panels by the points and
the model values are shown by the lines. The model assumes

the ratio a=b=1:75, theMach numberM=10, and the ratio of
speci(c heats �=2; it of course assumes steady state which
is not valid. We plot magnetosheath values normalized by
the upstream solar wind values. The measured number den-
sities plotted are the total density and the temperature the
weighted mean temperature. For all pro(les, speed, density,
and temperature, the pro(les show signi(cant di/erences in
both shape and absolute value. Some of this variation is due
to the di/erent upstream conditions (although the parame-
ters are normalized to upstream parameters, Mach numbers,
�’s, and �’s can vary). The general shape of the speed pro(le
predicted by the gas dynamic model matches the observed
speed pro(le quite well, although time-dependent deviations
from the model are apparent. The density pro(le for Voy-
ager 2 at Jupiter matches the model shape fairly well, but for
Voyager 1 through the Jovian magnetosheath the data show
a decrease in density across the magnetosheath while the
model predicts an increase. Near the magnetopause there is
evidence for a PDL, which is not a gas dynamic e/ect and
thus not predicted by the model. The magnitudes of the ob-
served densities are consistently higher than those predicted;
we do not understand this discrepancy. The gas dynamic
model treats the solar wind as a one-2uid model, and thus
does not, in general, get the ion temperature magnitude cor-
rect. The model predicts a 2at temperature pro(le and this
prediction is fairly consistent with observations.
Fig. 11 shows a similar plot showing the two complete

passes through Saturn’s magnetosheath compared to gas dy-
namic predictions. Since Stahara et al. (1989) did not pub-
lish their model results for the a=b=1:25 case appropriate for
Saturn, we compare to the a=b= 1:75 case. The two passes
are quite similar. The speed decreases across the magne-
tosheath, although somewhat less than the gas dynamic pre-
diction. The observed density pro(les decrease slightly from
the bow shock toward the magnetopause, while the model
predicts an increase. Near the magnetopause clear evidence
of the PDL is seen in both pro(les. Voyager 1 observed tem-
peratures about 30% higher than those observed by Voyager
2, and both were higher than the gas dynamic value.
The gas dynamic model was used by Richardson et al.

(1994) to model the magnetosheath at Neptune. As Spreiter
and Stahara (1994) point out, with a solar wind density
of 0:005 cm−3 this may be the lowest density medium to
which continuum 2uid theory has been applied. Solar wind
parameters upstream of the bow shock were used to deter-
mine plasma values in the magnetosheath along the Voyager
2 trajectory. On the dayside, a reasonable (t to the data was
found. The most important results came from (tting the
data on the night side (Zhang et al., 1990). Fig. 12 shows
plasma and magnetic (eld data from Neptune’s outbound
magnetosheath (jagged lines) and gas dynamic predictions
(smooth curves). In general, the agreement is good. One
goal of comparison of data with gas dynamic theory is to
see where the theory breaks down. Comparison with the gas
dynamic model shows regions where the density and radial
velocity are lower than predicted and the magnetic (eld
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Fig. 6. The inbound magnetosheath data from Voyager 1 at Saturn. Periods where Voyager 1 was in the magnetosphere are labeled MSP. From top to
bottom are shown the radial speed, total proton density, ratio of the hot density component to the total density, hot and cold proton temperatures, ratio
of hot to cold proton temperature, and magnitude of the magnetic (eld.

turns more radial than predicted. These regions are shaded
and correspond to times when 2ow is over high magnetic
latitudes. These signatures are those expected for a passage
into the plasma mantle, a slow mode expansion fan which
begins at the reconnection point on the dawn side (Zhang
et al., 1990). The plasma in the mantle is a combina-
tion of solar wind and magnetosheath plasma. The man-
tle should expand away from the magnetopause into the
magnetosphere and magnetosheath as it moves down
the tail. This observation at Neptune was the (rst of
the plasma mantle expanding into the magnetosheath
region.

5. Waves in the magnetosheath

The waves observed in the outer planet magnetosheaths
are generally similar to those at Earth, with one notable ex-
ception. Temperature anisotropies in the magnetosheath tend
to be large, with Tperp¿Tpar, which can result in the gen-
eration of mirror mode waves. These waves are observed
at Earth and are associated with lion roars (Tsurutani et al.,
1982) and have also been reported at Jupiter and Saturn
(Balogh et al., 1992; Tsurutani et al., 1992, 1993; Violante
et al., 1995; Bavassano-Cattaneo et al., 1998). They some-
times exhibit magnetic peaks and dips, but also manifest as
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Fig. 7. The inbound magnetosheath data from Voyager 2 at Saturn. Periods where Voyager 1 was in the solar wind are labeled SW. From top to bottom
are shown the radial speed, total proton density, ratio of the hot density component to the total density, hot and cold proton temperatures, ratio of hot
to cold proton temperature, and magnitude of the magnetic (eld.

a series of magnetic holes (Winterhalter et al., 1994; Erdos
and Balogh, 1996) as predicted by the non-linear model of
mirror mode instability of Kivelson and Southwood (1996).
Voyager’s traversals of Saturn’s subsolar magnetosheath
provided an excellent opportunity to study the evolution of
these waves from the bow shock to the magnetopause in
quasi-stationary conditions. These waves are readily appar-
ent as oscillations of the magnetic (eld magnitude in Figs. 6
and 7. Bavassano-Cattaneo et al. (1998) show that the mir-
ror modes initially consist of a series of periodic oscillations
whose amplitude increases and frequency decreases with
time. Closer to the magnetopause, these waves evolve into

non-periodic, broad, large-amplitude structures with both
(eld enhancements and rarefactions. Finally, in the PDL re-
gion within 1 h of the magnetopause, only narrow magnetic
holes are observed. The 2uctuations are compressive every-
where. The amplitude growth (MB=B) downstream of the
shock suggests the waves are generated near the shock and
grow while being convected downstream. In the PDL, the
plasma � is lower, about 1, so the plasma no longer sup-
ports the growth of mirror mode waves. Thus, these waves
decay, leaving only relatively stable magnetic holes.
Waves on the magnetopause boundaries of Saturn and

Uranus are reported based on multiple magnetopause
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Fig. 8. Sketch of streamlines for a case when the magnetosheath region is expanding sunward. The axes are normalized by the magnetopause stando/
distance. A new stagnation point (SP) forms in the magnetosheath. The inset graph shows the location of the stagnation point within the magnetosheath
as a function of the ratio of the expansion speed (VS) of the magnetopause to the solar wind speed (VSW) (from Siscoe et al., 1980).

Fig. 9. Comparison of bow shock locations observed by Voyagers 1 and 2 at Jupiter with locations predicted by gasdynamic theory for various ratios
of the magnetosphere major=minor axis (from Stahara et al., 1989).
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(a) (b)

Fig. 10. Comparison of the speed, density, and temperature observed during the crossings of the Jovian magnetosheath by (a) Voyager 1 and (b) Voyager
2 with the predictions of the gas dynamic model of Stahara et al. (1989). The passes through the magnetosheath are normalized to the same time scale
and to the solar wind conditions upstream of the bow shock for each pass. Model predictions are shown by the solid lines.

crossings. Lepping et al. (1981) interpret (ve magnetopause
crossings observed by Voyager 1 inbound at Saturn as
surface waves on the magnetopause. Their analysis shows
that the normals of the magnetopause at the crossings are
consistent with wave propagation along the magnetopause,
not large-scale magnetopause motions which would result
from changing solar wind dynamic pressure. A similar sit-
uation occurred at Uranus, where Lepping et al. (1987)
showed that eight partial crossings of the magnetopause in
the subsolar region had signatures consistent with surface
waves on this boundary. Comparison of waves observed
on the magnetopauses of Earth, Saturn, and Uranus shows
wave speeds of 340, 180, and 76 km=s, amplitudes of
2×103; 26×103, and 4:5×103 km, and wavelengths of pe-
riods of 3, 23, and 7 min, respectively. Although the waves
at Earth were observed at dawn and may not be directly
comparable, speeds seem to decrease with distance from
the Sun and the amplitudes and periods of the waves scale
with obstacle size. Lepping et al. (1981) also propose that
2uctuations in the (eld magnitude observed by Voyager 1
inbound may be driven by the magnetopause motion. The
amplitude of these waves increases up to the magnetopause,
but the density change is out-of-phase with the magnetic
(eld magnitude change, so Lepping et al. (1981) interpreted
these as slow-mode waves. It seems more likely that move-

ment of the magnetopause would compress both plasma
and (eld; the 2uctuations seen by Voyager 1 may be an-
other manifestation of the mirror mode waves which have
time to grow in the lower speed region near the stagnation
point.
A class of waves=oscillations so far not observed at

any other planet was observed in the outbound Uranian
magnetosheath (Richardson et al., 1990). An example of
these oscillations is shown in Fig. 13. They are character-
ized by factor of 4–10 changes in the plasma temperature
and density which are anti-correlated. Large changes in
the 2ow direction are observed, with the tangential ve-
locity (in the RTN system; the Voyager trajectory passes
through the dawnside (T ¿ 0)) also anticorrelated with
the changes in density. The magnetic (eld in these regions
shows large, rapid variations with frequencies much larger
than those of the plasma oscillations. Typical plasma pa-
rameters in this region are � = 5–10, MMS = 8, proton
gyrofrequency = 0:04 Hz, and Larmor radius = 2000 km.
These oscillations are centered on times when Voyager 2
would be downstream a parallel bow shock and also occur
when Voyager 2 is near the bow shock. The best hypothesis
seems to be that these oscillations are downstream remnants
of a parallel shock interaction although no quantitative
modeling has been done.
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Fig. 11. Comparison of the speed, density, and temperature observed
during the crossings of the Saturnian magnetosheath with the predictions
of the Jovian gas dynamic model of Stahara et al. (1989). The passes
through the magnetosheath are normalized to the same time scale and
to the solar wind conditions upstream of the bow shock for each pass.
Model predictions are shown by the solid lines.

6. Summary

The magnetosheaths of the outer planets provide a rich
and varied environment for studying the interaction of the
solar wind with varied magnetospheres. A major di/erence
between these magnetosheaths and that of Earth are the ion
distributions. At Earth ion distributions are generally well
represented by Maxwellians with hot tails contributing on
the order of 10% of the density. At Jupiter, Saturn, and
Neptune, however, the distributions are comprised of two
proton Maxwellian distributions with di/erent temperatures.
The ratio of the hot to total density averages about 40% and
the hot to cold temperature ratio averages about 6–8. The
shocks in the higher Mach number and more tenuous wind
further from the Sun clearly maintain energy conservation
by re2ecting a larger percentage of ions at their (rst shock
encounter so that they receive a double dose of heating.
At Uranus distributions are more like Earth; more study is
needed to understand the physics creating these ion distri-
butions.
The magnetospheres of the outer planets are much larger

and respond more dramatically to solar wind changes, par-
ticularly Jupiter. Thus time-dependent e/ects are very ap-
parent in passages through these magnetosheaths. At Jupiter,

Fig. 12. Comparison of the magnetic (eld and plasma data observed in
Neptune’s magnetosheath downstream of the planet with that predicted
by a gas dynamic model (solid line). The magnetopause and bow shock
positions are labeled. The shaded regions show possible signatures of the
plasma mantle.

Fig. 13. An example of a wave mode so far unique to Uranus. The density
is anticorrelated with the temperature and the tangential component of the
magnetic (eld. The magnetic (eld exhibits large 2uctuations in magnitude
and direction.
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outward motion of the magnetosphere due to solar wind
pressure decreases results in large sunward magnetosheath
2ows. The importance of time-dependent e/ects makes di-
rect comparison with gas dynamic predictions diOcult; the
general shape of the plasma pro(les is similar to that pre-
dicted by gas dynamic theory with a few exceptions. One of
these is the PDL, a non-gas dynamic e/ect observed near the
magnetopause. Another is the (rst observation of the plasma
mantle into the magnetosheath, observed by Voyager 2 at
Neptune and identi(ed in part by the departure of the obser-
vations from the gas dynamic theory. Another success of gas
dynamic theory was the determination of the magnetopause
shape; (ts to observations of magnetopause and bow shock
locations could only be obtained if the Jovian and Saturnian
magnetospheres were signi(cantly 2attened at the poles.
Waves observed in the outer planet magnetosheaths are in

most cases similar to those at Earth, but the low density, low
magnetic (eld conditions make distance scales much longer
and the waves easier to study. The Saturnian encounter was
ideal for study of the evolution of mirror modes from the
growth phase in the outer magnetosheath to decay in the
PDL. One new wave mode in the Uranian magnetosheath
has density anticorrelated with temperature and tangential
speed and may be associated with regions downstream of
parallel shocks.
The comparison of observations from other planets is an

ideal way to test the physics we think we have learned from
observations and models of Earth. The data sets so far ob-
tained are only beginning to be mined. The sampling of
topics shown here wets the appetite for what more detailed
study and comparison of these magnetosheaths could teach
us.
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