
torus. The observations do not remove 
the possibility of a simultaneous magne- 
totail aurora, but if present it must not be 
a dominant component. The power re- 
quired to drive the aurora by precipitated 
electrons stopped in the atmosphere is 
1.7 x 1014 W, and the energy flux is com- 
parable to that in an IBC (international 
brightness coefficient) III aurora on 
Earth (13). The continuous deposition of 
this amount of energy must have a mea- 
surable global effect on the atmosphere 
of Jupiter. The auroral activity may in 
fact be indirectly related to the discovery 
(reported here) of a general deposition of 
particle energy on the dayside hemi- 
sphere, most plausibly in electrons, of 5 
erg cm-2 sec-'. Much of this energy flux 
must end in atmospheric heating. 

Finally, successful solar and stellar oc- 
cultation observations have been ob- 
tained, and we expect the measurements 
to yield significant results on atmospher- 
ic structure pending extensive analysis 
with the aid of atmospheric models. 
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The Voyager 2 magnetic field experi- 
ment, for which the instrumentation is 
identical to that on Voyager 1 (1, 2), op- 
erated flawlessly throughout the second 
Jupiter encounter. Here we present a 
brief overview of the results obtained to 
date on the Jovian magnetosphere, the 
bow shock, the magnetopause, and the 
extended magnetic tail. The magnetic tail 
was first identified during studies of Voy- 
ager 1 data (3). Because the radius of the 
tail on the dawnside of the magneto- 
sphere is so large [150 to 200 Jupiter radii 
(R ,)] and the postperiapsis trajectory 
was at a sun-planet-spacecraft angle of 
140?, Voyager 2 was immersed in the tail 
for approximately 2 weeks. Two cross- 
ings of the near-equatorial current sheet 
(plasma sheet) were observed in the 
magnetosphere and its tail almost every 
10-hour rotation period of the planet. 
Hence, a definitive mapping of the geom- 
etry and character of these enhanced 
plasma and depressed magnetic field re- 
gions has been possible far into the night- 
side tail region. At periapsis the ob- 
served field is 335 nT (nanotesla), 20 per- 
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cent less than the expected 425 nT; this 
is because of the immersion of Voyager 2 
in the current sheet. 

In addition, there is evidence for an in- 
teraction of the satellite Ganymede with 
the Jovian magnetosphere that leads to 
disturbances observed forward of this 
satellite as the Jovian magnetosphere 
corotates with the planet past the satel- 
lite. The character of these disturbances 
is complex. Their spatial location sug- 
gests that the magnetosphere may be in 
motion with respect to the planet at the 
satellite distance of 15 Rj. 

In obtaining the data presented here 
we used averages of the basic vector 
field measurements (at 162/3 Hz) over in- 
tervals of 1.92 seconds, 9.6 seconds, 16 
minutes, and 1 hour. As in the 30-day re- 
port on the Voyager 1 results, these data 
and interpretations are preliminary and 
based on "quick-look" data tapes and 
ephemerides. 

Bow shock and magnetopause. Voy- 
ager 2 crossed the bow shock of Jupiter 
inbound at least 11 times from day 183 (2 
July 1979) at 1621 universal time (UT) to 
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Magnetic Field Studies at Jupiter by Voyager 2: 

Preliminary Results 

Abstract. Data from the Goddard Space Flight Center magnetometers on Voyager 
2 have yielded on inbound trajectory observations of multiple crossings of the bow 
shock and magnetosphere near the Jupiter-sun line at radial distances of 99 to 66 
Jupiter radii (RJ) and 72 to 62 Rj, respectively. While outbound at a local hour angle 
of 0300, these distances increase appreciably so that at the time of writing only the 
magnetopause has been observed between 160 and 185 RJ. These results and the 
magnetic field geometry confirm the earlier conclusion from Voyager I studies that 
Jupiter has an enormous magnetic tail, approximately 300 to 400 RJ in diameter, 
trailing behind the planet with respect to the supersonic flow of the solar wind. Addi- 
tional observations of the distortion of the inner magnetosphere by a concentrated 
plasma show a spatial merging of the equatorial magnetodisk current with the cur- 
rent sheet in the magnetic tail. The spacecraft passed within 62,000 kilometers of 
Ganymede (radius = 2,635 kilometers) and observed characteristic fluctuations in- 
terpreted tentatively as being due to disturbances arising from the interaction of the 
Jovian magnetosphere with Ganymede. 
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day 186, 0955 UT. This corresponds to a 
planetocentric distance range of 98.9 to 
66.5 Rj. Figure 1 shows the trajectories 
of Voyager 1 and 2, as well as Voyager 
l's modeled bow shock and magneto- 
pause boundaries (1, 2). The first and last 
inbound bow shock encounters (filled 
circles) are shown for Voyager 2, and a 
representative set of Voyager 1 inbound 
bow shock crossings are given. Voyager 
2 crossed the magnetopause three times 
inbound to Jupiter, the first crossing oc- 
curring on day 185 at 2337 UT and the 
last on day 186 at 1840 UT, also shown in 
Fig. 1. The upper two panels of Fig. 2 
[magnetic field, B, and root mean square 
(rms) plotted against time] show identifi- 
cations of the inbound magnetopause 
and bow shock crossings. 

To obtain an estimate of the average 
bow shock normal direction over 7 of the 
11 crossings, we used magnetic copla- 
narity where applicable and linear field 
component averaging for "parallel" 
shocks (that is, those for which the 
shock surface normal is parallel to the 
upstream magnetic field). Results in he- 
liographic coordinates were: (X) 
= 180? ? 19?, and (8) = 30? + 38?, 
where X and 8 are, respectively, the lon- 
gitude and latitude referenced to the so- 
lar equatorial plane (X 180? is sunward 
and 8 -90? is "northward"). Because of 
the large variability of the data around 
most of the bow shock crossings, reflect- 
ed in part by the large uncertainties on 
(X) and (6), a meaningful comparison 
with the modeled hyperbolic bow shock 
normal (Xmodel = 160?, 6- 0?) based on 
the Voyager 1 crossings is impossible. 
The second and third magnetopause 
crossings were analyzed by determining 
for each the plane of minimum variance 
(4) of the magnetic field through the tran- 
sition zone using 1.92-second averages. 
The analyses yielded X2 = 156?, 82 = -3? 
for the second crossing and X3 = 154?, 
63 = 1? for the third. The magnetopause 
crossings were classic tangential discon- 
tinuities. Analysis of the first magneto- 
pause crossing, which was unusually 
broad and turbulent, has not yielded 
meaningful results. 

As of this date (2 August 1979) no out- 
bound shock crossings have been identi- 
fied. Although no unambiguous out- 
bound magnetopause crossings have 
been distinguished, the magnetic field 
data on days 204 to 206 show character- 
istics of the magnetosheath. However, 
periods in which the data were similar to 

character of the field, on this time scale, 
had taken place during days 204 to 206. 
Before this period, starting at about the 
beginning of day 193 (35 Rj) the field ap- 
peared in all respects like a magneto- 
spheric tail; this region will be discussed 
below. The data gap from day 204, 1616 
UT to day 205, 0036 UT is due to per- 
manent data loss during a spacecraft tra- 
jectory course maneuver. 

Since no clear Voyager 2 outbound 
magnetopause crossing has yet been 
identified, it is impossible to derive an 
accurate estimate of an average modeled 
magnetopause surface. However, since 
the magnetopause as observed by Voy- 
ager 1 was successfully modeled by an x- 
axis symmetric parabola in Jupiter's or- 
bital plane, a similar geometry was used 
to predict the region where Voyager 2 
outbound might be expected to encoun- 
ter the magnetopause. This curve de- 
pends only on the average position of the 
Voyager 2 inbound magnetopause cross- 
ings and the average normal to that sur- 
face at that point. From the results of an- 
alyzing multiple intervals associated 
with the second and third crossings, this 
normal is (A) = 152?, (8) = 0?. This in- 
formation is sufficient to produce the 
modeled Voyager 2 magnetopause (MP- 
V2) shown in Fig. 1, which is analytically 
represented by y = + 10.1(68.2 - x)1'2, 
where x and y are in units of Rj. This 
curve intersects the outbound trajectory 
on midday 208, and yields a solar wind 
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Fig. 1. Voyager 1 (dashed 40- 

lines) and Voyager 2 (sol- 
id lines) Jupiter encoun- 190 
ter trajectories in plan- r JUPITER 
etocentric orbital coordi- , i i 
nates (x-y plane is the or- \ -40 
bital plane, + x toward \ 
the sun, and + z north- 
ward). The day of the -40 
year is labeled on the tra- 19 
jectories. Voyager 2 re- 
mained within 15 Rj of 
Jupiter's orbital plane 80 
over the interval shown. 
The modeled bow shock 
(hyperbola) and magne- -120 
topause (parabola) curves 
are based on average 
Voyager 1 and 2 cross- -6 
ings. (CA, closest ap- -6 
proach.) 

those obtained when the spacecraft was 
in the tail were also observed during 
these and many following days. As 
shown in Fig. 2, an obvious change in the 
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stagnation point of 68 Rj. The uncer- 
tainty in the estimated average inbound 
bow shock normal is obviously too large 
for us to use a similar procedure for the 
bow shock. 

Magnetosphere structure. From Fig. 
2, it is clear that a principal feature of the 
magnetic field observations throughout 
the encounter is the persistent 10-hour 
periodicity in the occurrence of two dips 
in the field magnitude each accompanied 
by an increase in the Pythagorean mean 
rms. These events correspond to travers- 
als of the near-equatorial current sheet of 
the inner magnetosphere or to traversals 
or close approaches to the plasma sheet 
in the magnetic tail. They are quite simi- 
lar to the events shown in figure 4 of the 
Voyager 1 report (2). 

Inbound and near Jupiter the magnetic 
field vector is always directed south- 
ward, consistent with the polarity of the 
main planetary field. In the tail, beyond 
50 Rj, the vector tends to be parallel to 
the plasma sheet and the expected posi- 
tion of the magnetopause. The field de- 
pressions are often very significant, 
amounting to 80 percent or more of the 
ambient field on either side of the event. 
Multiple traversals or close approaches 
to the current or plasma sheet are also 
often seen. Away from the current 
(plasma) sheet, the field tends to slowly 
increase to a maximum at a point nearly 
midway between the adjacent sheet 
crossings, and the rms is very small. The 
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direction of the field is nearly radial with 
respect to Jupiter close to the planet and 
outbound beyond 50 Rj where the char- 
acteristic tail geometry becomes domi- 
nant. 

As the spacecraft left Jupiter, the char- 
acter of the field changed from roughly 
dipolar with superimposed depressions 
near the sheet crossings to a tail configu- 
ration. Figure 3 shows the 8-day interval 
from periapsis to 108 Rj, illustrating the 
orientation of the field vector. The nearly 
step function nature of the two angles X, 
6 testifies to the clear distinction of the 
field line source, that is, northern (X - 0? 
to 20?) or southern (X - 180? to 200?) 
hemisphere. Close to Jupiter (R < 30 
Rj), 8 is always significantly negative 
(that is, southbound) but beyond that 
point 8 approaches zero as the tail field 
configuration is developed. 

There are a few specific and, we be- 
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lieve, significant exceptions to the gener- 
al observations described above. Just af- 
ter crossing the magnetopause while in- 
bound, and continuing for approximately 
30 hours thereafter, the magnetic field 
magnitude and direction fluctuated con- 
siderably. The field remained generally 
southward directed but there was no evi- 
dence of a 10-hour periodicity in either 
magnitude or direction. The general ap- 
pearance of the data and the magnitude 
of the field distinguishes the region clear- 
ly from the magnetosheath; it appears to 
be a type of boundary layer between the 
sheath and the corotating magneto- 
sphere. Further examination of this par- 
ticular period of data will benefit by com- 
parisons with data from other in- 
struments on Voyager 2 and also with 
data from Voyager 1 and Pioneer 10 and 
11. 

The periapsis distance of Voyager 2 
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Fig. 2. Magnetic field magnitude (B) and Pythagorean mean rms deviation (16-minute averaging 
intervals) for - 8/+ 16 days around closest approach to Jupiter which occurred at 2230 UT on 
day 190, 9 July 1979. Inbound bow shock (BS) and magnetopause (MP) crossing times are 
denoted, as are plot scale changes. Rj refers to Voyager 2's planetocentric distance at the 
beginning of each even-numbered day. 
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was 10.1 Rj, twice that of Voyager 1 (4.9 
RJ) and much more than those of Pioneer 
10 and 11 (2.8 and 1.7 Rj). As a result, it 
has not been possible to conduct an anal- 
ysis of the main planetary field in the 
same manner used in these earlier stud- 
ies, since the observations contain im- 
portant and nonuniform contributions 
from localized sources near the space- 
craft. Figure 4 illustrates this point, 
where a comparison of the expected 
planetary field (5) is made with the ob- 
served field magnitude. The large de- 
pressions that occur near the equator 
crossings almost merge into a continu- 
ously depressed field while the space- 
craft is within 16 Rj of the surface of Ju- 
piter. We have chosen to postpone any 
quantitative analysis of the main field, 
because of the large contribution from 
local and external sources. Data from 
Voyager 1 (1, 2) showed that the dipole 
term was smaller by 5 percent than that 
obtained by Pioneer 11. This was inter- 
preted as being due to the magnetic field 
of the current sheet; even though the 
maximum field for Voyager 1 was eight 
times that of Voyager 2, the contribu- 
tions from external sources were impor- 
tant. As Fig. 4 shows, the perturbations 
in magnitude amount to as much as 30 
percent of the background field, so that 
the energy density of the field itself has 
been reduced by one-half. 

Tail structure and dynamics. As with 
Voyager 1, the current sheet in the near- 
planet tail was found to be a broad fea- 
ture with relatively shallow depressions 
in field magnitude. In these respects it 
more closely resembles the dayside cur- 
rent sheet than that of the more distant 
tail. There the sheet crossing signature in 
the magnetic field is generally a very rap- 
id direction change together with a deep 
depression in the field magnitude to near 
zero. In Fig. 5 the spacecraft locations at 
the times of magnetotail sheet crossings 
are shown. Figure 5a also includes 
curves giving the sheet crossing longi- 
tudes as functions of radial distance ac- 
cording to various theoretical models: 
the rigid magnetodisk (6) and two non- 
rigid models (7, 8). 

The observed crossings agree with the 
rigid model near the planet, as pre- 
viously observed (1, 2), and then gradu- 
ally exhibit an increasing delay with in- 
creasing radial distance. An asymmetry 
is found between the two types of cross- 
ings, however. The north-to-south cross- 
ings tend to follow the curve for the mod- 
el of Kivelson et al. (7), but the return 
crossings do not. The south-to-north 
sheet crossings most nearly agree with 
the model of Northrop et al. (8), but that 
model does not fit the north-to-south 
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crossings. A lack of symmetry was also 
observed by Voyager 1, where the south- 
to-north longitudes were not too dif- 
ferent from those expected for the rigid 
model, whereas the north-to-south 
crossings were closer to the curve for a 
disk with spiral distortion. 

In Fig. 5b the current sheet crossings 
are shown in terms of the solar magneto- 
spheric coordinate ZSM. The solar magne- 
tospheric (SM) coordinates form a right- 
handed, nonrotating, orthogonal system 
defined such that XSM is directed from the 
planet to the sun and ZsM lies in the plane 
containing the XSM axis and M, the mag- 
netic dipole moment of the planetary 
field. Voyager 1 showed that within a 
radial distance of 25 Rj, the current sheet 
crossings occurred nearly coincident 
with the spacecraft traversal of the mag- 
netic equatorial plane, while in the outer 
portion of the outbound traversal of the 
predawn magnetosphere, the sheet 
crossings occurred generally near or 
south of the SM equatorial plane (3). 
Voyager 2 data support this view in 
which at increasing planetocentric dis- 
tances there is a transition from an equa- 
torial current sheet to a tail current sheet 
which is approximately parallel to the 
SM xy-plane, although somewhat south 
of it, as shown in Fig. 5b. Figure 5, a and 
b, illustrates the temporal variability of 
the Jovian magnetotail structure. On 
four occasions at R < 140 Rj complete 
crossings of the current sheet were not 
observed, although perturbations of the 
magnetic field were seen. 

Figure 6 shows hourly average tail 
field vector components projected on the 
SM equatorial plane. The length of the 
field vectors was scaled logarithmically 
as K (1 + log Bxy), with representative 
values of 1 and 100 nT illustrated. The 
periodic traversal of the current sheet 
behind the dawn-dusk meridian to a dis- 
tance of - 96 Rj is evident in the alter- 
nating direction of the vectors in this 
projection. There may also have been 
additional traversals at greater distances. 
Other than the data near the end of the 
trajectory segment shown, the few vec- 
tors in Fig. 6 that do not have the charac- 
teristic magnetotail orientation represent 
hours dominated by current sheet cross- 
ings, with changing azimuthal direction 
and a large, generally southward z com- 
ponent. North (south) of the current 
sheet the field was directed parallel (anti- 
parallel) to X- 18? in the near-planet 
portion of the tail, veering gradually to 
X - 12? or less at greater distances. 

Thus Voyager 2 has confirmed that 
current sheet crossings in the more dis- 
tant (XSM < -25 Rj) magnetotail are not 

symmetrical with respect to occurrence 
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longitude in contrast to predictions by 
the various existing theories. The cross- 
ings are reasonably well understood in 
terms of a periodic rocking of the tail 
current sheet about the longitudinal axis 
of the tail, as Jupiter rotates, in a fashion 
similar to that observed in Earth's mag- 
netotail. Temporal variations are some- 
times seen which perturb the normally 
steady magnitude and direction of the 
tail field and alter the location as well as 
other characteristics of the current sheet 
for periods of hours. Whether these dis- 
turbances are due to external (solar 
wind) variations or to internal dynamical 
processes is not yet known but may be 
clarified through careful correlation of si- 
multaneous observations (with appropri- 
ate time delay) by Voyager 1 and 2. 

Disturbances near Ganymede. Voy- 
ager 2 flew by Ganymede at a distance of 
62,000 km from the satellite center, as 
shown in Fig. 7. We will consider the in- 
teraction between Ganymede and the Jo- 
vian magnetosphere to be expected on 
the basis of magnetohydrodynamic 
(MHD) theory, assuming that Gany- 
mede, like our moon, has no magnetic 
field, no atmosphere, and very low elec- 
trical conductivity of its upper layers. On 
the basis of an electron density of 1.5 
cm-3, the theoretical corotational speed 
of 177 km/sec, a magnetic field magni- 
tude of 120 nT, and a heavy ion mix typi- 
cal of Voyager I torus observations, we 
obtain an Alfven Mach number of 
MA = 0.26, that is, MA2 < 1. Breakdown 
of corotation (9) and an appreciable con- 
tribution of protons would strengthen 
this conclusion. Assuming further that 
Ms2 > MA2, where Ms is the sonic Mach 
number, we expect that there will be no 
bow shock, since MA < 1. 

Flux-tubes moving with their initial 
flow speed will be emptied of some of 
their plasma while passing Ganymede, 
but they will not be deflected appre- 

ciably. The void will generate a rarefac- 
tion wave with plasma filling in from 
above and below. As the flux-tube 
moves, rarefaction wave fronts propa- 
gate in both direttions along B at the 
speed of sound. The rarefaction region 
will not extend perpendicular to B, be- 
cause of the dominance of magnetic field 
pressure. Thus it has the shape of a "del- 
ta-wing" of thickness 2 RG (where RG is 
the radius of Ganymede) and an opening 
angle of 20s = 2 tan-1 (Ms-1). The result- 
ing pressure imbalance will cause a slight 
inward bending of field lines towards the 
rarefaction region leading to a small, 
broad depression in B outside the wing 
and a small increase in B inside. The 
bending produces Alfven waves in a del- 
ta-wing shaped region with an opening 
angle 20A= 2 tan-" (MA-'), which is 
larger than 20s. We expect the Alfvenic 
perturbations to be concentrated toward 
the front edge of the wing. Deviations 
from this simple MHD picture are ex- 
pected because of finite gyro-radius ef- 
fects (especially at the boundary of the 
rarefaction region), and nonstationary 
processes. Last but not least, an internal 
magnetic field (10), a tenuous atmo- 
sphere consistent with data from the 
Voyager 1 ultraviolet spectrometers (11), 
or higher electrical conductivities would 
change this picture. 

Let us now consider the magnetic field 
observations made near Ganymede. Un- 
usual fluctuations in the 9.6-second aver- 
ages of the magnitude of B and large rms 
variations over 9.6-second average inter- 
vals were observed between - 0350 and 
1200 UT on day 190 (9 July 1979). The 
position of the spacecraft during this in- 
terval is indicated by the dashed lines in 
Fig. 7. The disturbed region extended 
from approximately 61 to -56 RG along 
y, 12.5 to 39 RG alongx, and - 9 to - 27 
RG along z. The nature of the distur- 
bances in the magnetic field intensity is 
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Fig. 4 (above). Comparison of magnitude of the observed magnetic field (4 
second averaging intervals) with that of GSFC 04 Jupiter planetary magnet 
field model (5) for 38 hours around closest approach to Jupiter. Fig. 
(right). (a) Location in Jovicentric distance and system III longitude of currel 
sheet crossings and perturbed field regions in the magnetotail out to a radi 
distance of 150 Rj. Dashed curves indicate crossing longitudes as functions ( 
radial distance predicted by the rigid rotating disk model (R) as well as th 
models of Kivelson et al. (K) and Northrop et al. (N). (b) Location of she( 
crossings in terms of the solar magnetospheric (SM) z-coordinate (see text) ( 
Voyager 2 during the magnetotail passage. In cases of multiple traversals, ; 
shown in (a), only the final complete traversal of the series is shown for clarit 
Those segments of the ZSM versus R position curve that indicate location soul 
of the current sheet are shown, while the dashed lines indicate the full extent 
the oscillations of the spacecraft location in this coordinate system. 
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coordinate system. Distances are measured in units of Ganymede radii (RG = 2635 km). 

970 SCIENCE, VOL. 206 

/ 

It, I 

- v I " 



illustrated in Fig. 8. The following char- 
acteristics of the disturbances are partic- 
ularly significant: (i) the size of a per- 
turbation, AB, is < 5 nT in a background 
field of 60 to 160 nT; (ii) the duration is 
typically of the order of a minute; (iii) an 
exceptionally large negative perturbation 
(AB < 0) is usually preceded or followed 
by a large positive perturbation; (iv) 
large positive and negative perturbations 
may occur in nearly symmetrical pairs 
(Fig. 8, a and b) in which the negative 
perturbations are on the outside and the 
positive perturbations are on the inside. 
Another characteristic of the distur- 
bances in B, not illustrated in Fig. 8, is 
that the perturbations AB = B - (B) 
are primarily along (B). These small 
longitudinal perturbations are unlike the 
large transverse field perturbations ob- 
served near Ganymede's L-shell at 
rather large distances from Ganymede 
by Pioneer 11 (12). 

Comparing the magnetic field observa- 
tions with the plasma fluxes observed by 
the plasma spectrometer (13) we found 
that most of the large perturbations in B 
occur at a boundary where the plasma 
flux changes abruptly. The negative per- 
turbation is always on the higher flux 
side of the boundary. When pairs of per- 
turbations are observed, as in Fig. 8, a 
and b, there is a lower flux region be- 
tween them. The magnitude and sign of 
the perturbations in B are similar to 
those which one expects to observe as a 
result of magnetization and per- 
pendicular gradient drifts at the edge of a 
low-/, cavity. We cannot, however, ex- 
clude the possibility that the field per- 
turbations might also be due to other 
causes such as waves generated by in- 
stabilities in a sheath. 

There are at least three conceivable 
sources of the perturbations discussed 
above: Ganymede and its wake; the Jo- 
vian current sheet; and a temporal mag- 
netospheric disturbance (for example, a 
substorm). The possibility that Gany- 
mede is the source of the perturbations is 
suggested by their proximity to it and by 
the fact that they are observed at nearly 
equal distances toward and away from 
Jupiter relative to Ganymede. They are 
not associated with just the orbit of 
Ganymede, since the fluctuations were 
not observed by Voyager 2 when it 
passed near the orbit as it was outbound 
from Jupiter on day 191. The Jovian cur- 
rent sheet was observed by Voyager 2 at 
about 0330, 1000, and 1315 UT on day 
190 (9 July). Fluctuations observed dur- 
ing hour 10 might be related to the cur- 
rent sheet, but most of the fluctuations 
discussed above were observed away 
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Fig. 8. Examples of perturbations in the 9.6- 
second averages of the magnetic field in- 
tensity, B, observed near Ganymede. AB is 
the change in intensity measured with respect 
to a 4-minute running average of B. 

from the center of the current sheet. 
Conversely, no disturbances were seen 
near the current sheet at about 1315 UT. 
These results suggest that the current 
sheet was not the primary cause of the 
fluctuations observed near Ganymede. 
The possibility that the disturbances are 
due to a transient magnetospheric event 
cannot be excluded. However, it implies 
that the event began just as the space- 
craft was at y = - 56 RG and ended 
when the spacecraft was at y = 61 RG, 
which seems unlikely. Furthermore, 
substorm-related perturbations in B are 
likely to be transverse to B because of 
field-aligned currents (12), whereas we 
have observed perturbations that are 
nearly along B. 

If the disturbances are to be attributed 
to Ganymede, then one must explain 
how they are generated and why they are 
seen at relatively large distances from 
Ganymede. Since the magnetic per- 
turbations have the form that one ex- 
pects to be associated with a current in a 
sheath surrounding a cavity, they can be 
produced by creating low-density re- 
gions, which is what happens when the 
magnetosphere rotates past Ganymede 
as explained above. The observation of 
perturbations associated with low flux 
regions as far as y = + 60 RG can be ex- 

plained by strong deviations from co- 
rotational plasma flow, both in magni- 
tude and direction. We may, for ex- 
ample, postulate long-wavelength Alfven 
waves propagating along Jupiter's mag- 
netic field with an amplitude of + 2 Rj. 
In order to explain the tens of large dis- 
turbances that were observed in an 8- 
hour period, one requires Alfven waves 
with periods of the order of 30 minutes. 
For an Alfven speed of the order of 1000 
km/sec, this implies wavelengths of the 
order of 25 Rj. Such waves may be due 
to resonant oscillations in the Jovian 
magnetosphere at the position of Gany- 
mede, analogous to those that are as- 
sumed to be related to pulse-continuous 
oscillations at Earth. The existence of 
Alfven waves implies the existence of 
small fluctuations in the direction of B 
with a period of the order of 30 minutes. 
The waves would have a radial com- 
ponent of velocity directed alternately 
inward and outward with a speed of the 
order of 16B| VA/B, 100 km/sec. Final- 
ly, the motions produced by such waves 
would also tend to produce a relatively 
broad region in which energetic particles 
are swept out by Ganymede. Thus, the 
hypothesis that Alfven waves might be 
present and cause a disturbance pro- 
duced by Ganymede to extend to 
y = ? 60 RG can be tested in future stud- 
ies with the particle and field data. An 
alternative source of bulk plasma mo- 
tions may be provided by interchange in- 
stabilities associated with the outward 
transport of plasma. 
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Plasma Observations Near Jupiter: 
Initial Results from Voyager 2 

Abstract. The first of at least nine bow shock crossings observed on the inbound 
pass of Voyager 2 occurred at 98.8 Jupiter radii (Rj) with final entry into the magne- 
tosphere at 62 Rj. On both the inbound and outbound passes the plasma showed a 
tendency to move in the direction of corotation, as was observed on the inbound pass 
of Voyager 1. Positive ion densities and electron intensities observed by Voyager 2 
are comparable within a factor of 2 to those seen by Voyager I at the same radial 
distance from Jupiter; the composition of the magnetospheric plasma is again domi- 
nated by heavy ions with a ratio of mass density relative to hydrogen of about 100/1. 
A series of dropouts of plasma intensity near Ganymede may be related to a complex 
interaction between Ganymede and the magnetospheric plasma. From the planetary 
spin modulation of the intensity of plasma electrons it is inferred that the plasma 
sheet is centered at the dipole magnetic equator out to a distance of 40 to 50 Rj and 
deviates from it toward the rotational equator at larger distances. The longitudinal 
excursion of the plasma sheet lags behind the rotating dipole by a phase angle that 
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This is a preliminary report of results 
obtained by the Voyager plasma experi- 
ment during the encounter of Voyager 2 
with Jupiter from about 100 Rj before 
periapsis to about 300 Rj after periapsis. 
The instrument is identical to that flown 
on Voyager 1 (1) and has been described 
in detail in (2). We discuss here (i) the 
crossings of the bow shock and magneto- 
pause observed on the inbound and out- 
bound passes, (ii) the radial variation of 
plasma properties in the magnetosphere, 
(iii) variations in plasma properties near 
Ganymede, (iv) corotation and composi- 
tion of the plasma in the dayside magne- 
tosphere, and (v) plasma sheet crossings 
observed on the inbound and outbound 
passes. 

It is interesting to compare the Voy- 
ager 2 results with those of Voyager 1, 
and in this regard some differences be- 
tween the trajectories of the two space- 
craft should be borne in mind as well as 
some limitations of the preliminary anal- 
ysis used for both data sets. Figure 1 
shows the trajectories of the two space- 
craft projected onto the equatorial plane 
of Jupiter. The closest approach to Jupi- 
ter was 4.9 Rj for Voyager 1 and 10.1 R 
for Voyager 2. A second significant dif- 
ference is the angle between the asymp- 
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tote to the outbound trajectory and the 
Jupiter-sun line, - 115? for Voyager 1 
and - 133? for Voyager 2. As a con- 

sequence of these differences in the tra- 
jectory, Voyager 2 did not penetrate the 
dense plasma of the Io torus and data 
were obtained only in the region referred 
to in (I) as the outer magnetosphere. It is 
apparent from Fig. 1 that the trajectory 
of Voyager 2 was better suited to study a 
possible Jovian magnetotail than that of 
Voyager 1 and this fact is evident in 
some observations discussed below. 

A detailed analysis of the positive ion 
and electron data obtained during the 
Voyager encounters with Jupiter is in 
progress, but definitive results for 
plasma parameters will not be available 
for some time. We have used a crude 
first-order analysis that gives a lower 
limit for the number density of positive 
ions and a good estimate of the variation 
of the electron intensity with distance. 
The ion densities in this report and in (/) 
should be taken as lower limits since two 
important effects have been neglected in 
the preliminary analysis: first, the geo- 
metrical response which depends on the 
Mach number and direction of the flow 
has been treated in a very approximate 
way and, second, calculation of the num- 
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important effects have been neglected in 
the preliminary analysis: first, the geo- 
metrical response which depends on the 
Mach number and direction of the flow 
has been treated in a very approximate 
way and, second, calculation of the num- 
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ber density, n, depends on the composi- 
tion of the ions. We have computed n as- 
suming that the positive ions are pro- 
tons, but most of the low-energy ions 
have A/Z* > 8 (3) (A is atomic mass num- 
ber and Z* is effective charge number); 
hence the actual density has been under- 
estimated by about a factor of 3. The 
positive ion number densities and elec- 
tron intensities computed in this way for 
Voyager 1 and 2 are believed to be di- 
rectly comparable, and relative values at 
the same radial distance are probably ac- 
curate to better than a factor of 2. 

Table 1 includes all boundary cross- 
ings separated by an interval greater than 
96 seconds that occurred on the inbound 
pass, and is complete for the outbound 
pass to 1703 UT on day 215. Many of the 
observed bow shock crossings, as well 
as all the bow shock crossings observed 
by Voyager 1, were of the laminar type. 
However, the first bow shock crossing 
observed by Voyager 2 was of the pulsa- 
tion type (4); as expected for a pulsation 
shock, wave disturbances were observed 
upstream of the shock. These upstream 
waves had periods of the order of 5 min- 
utes and were evident in the plasma den- 
sity and other parameters. 

The number of boundary crossings 
was large, and it was not possible to 
show individual events along the trajec- 
tory plot of Fig. 1. Thus the locations of 
the first and last bow shock crossings ob- 
served along the inbound trajectory of 
Voyager 2 are shown on the appropriate 
trace in Fig. 1, and the first and last mag- 
netopause crossings are shown in a simi- 
lar way. For comparison, similar first 
and last locations of the boundaries seen 
during the Voyager I encounter are in- 
dicated on the Voyager 1 trajectory. 
Data for magnetopause and shock cross- 
ings observed on the outbound trajectory 
of Voyager 2 are not yet complete; the 
first magnetopause and shock crossings 
are shown but there may be additional 
crossings after day 215. Although there 
are boundary layer effects, normal mag- 
netosheath plasma is observed on the 
outbound pass; for example on day 206 
at 1030 UT the shocked solar wind in the 
magnetosheath had an ion number den- 
sity of 0.7 cm-3, a flow speed of 325 km/ 
sec from 15? east of the spacecraft-sun 
line, a thermal speed of - 100 km/sec, 
and a momentum flux density of - 770 
eV/cm3. Most of the ions in the magneto- 
sheath are protons. 

All the magnetopause crossings, with 
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All the magnetopause crossings, with 
the exception of two during the out- 
bound pass, occurred at subspacecraft 
system III (1965.0) longitudes ranging 
from 225? to 33?, with 9 out of 14 cross- 

ings in the range 225? to 351?, in fair 
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