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The Response of Jupiter's Magnetosphere 
to an Outburst on lo 

Michael E. Brown* and Antonin H. Bouchez 

A 6-month-long monitoring campaign of the lo plasma torus and neutral cloud was 
conducted to determine the characteristics of their interaction. During the observations, 
a large outburst of material from lo-inferred to be caused by the eruption of a volcanic 
plume on lo-caused a transient increase in the neutral cloud and plasma torus masses. 
The response of the plasma torus to this outburst shows that the interaction between 
lo and Jupiter's magnetosphere is stabilized by a feedback mechanism in which in- 
creases in the plasma torus mass cause a nonlinear increase in loss from the plasma 
torus, limiting plasma buildup. 

Jupiter's magnetosphere is filled with plas- 
ma mostly derived from Io, the innermost of 
the large satellites of Jupiter and the most 
volcanically active body in the solar system. 
The magnetospheric plasma and the volca- 
nos on Io are tightly coupled: the volcanos 
feed material. nrimarilv S and 0 .  to the , L 

atmosphere and surfac; frosts of' Io ( I ) ;  
bombardment by magnetospheric plasma 
removes the atmosphere and frosts into an  
extended cloud of gas surrounding the sat- 
ellite's orbit (2). This gas is ionized by 
collisions with the magnetospheric plasma, 
becomes incorporated into the Io plasma 
torus (the inner, dense uortion of the iovian 
magnetosphere), and returns to further 
bombard 10. 

The plasma density in the Io plasma 
torus remained roughly constant over at 
least a 13-year period (3), even though 
volcanic activity on Io is presumably spo- 
radic (4). The stability of the system in the 
face of variable volcanlc input must be 
achieved through some feedback mecha- 
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nism, either through the regulation of sup- 
ply to the extended gas cloud surrounding 
Io ("supply-limited") or through regulation 
of loss from the plasma torus ("loss-limit- 
ed") (5, 6). 

The system will be supply-limited if an  
increase in the plasma bombardment rate 
causes a less strong increase in the rate of 
supply to the extended neutral gas cloud. 
Two atmospheric models that lead to sup- 
ply-limitation include an  ionospheric buff- 
ering model, where an  increase in plasma 
bombardment increases 10's ionosuhere. 
which then begins to deflect the plasma 
bombardment, thus reducing the supply of 
material to the neutral cloud (7) ,  and a 
constant-source model, where supply to the 
neutral cloud is a characteristic solely of 10's 
atmosphere and does not change with 
changing plasma bombardment (8). 

The system will be loss-limited if in- 
creases in plasma mass cause even larger 
increases in plasma loss. One loss-limited 
plasma transport model suggests that deple- 
tion of the plasma torus is driven by non- 
linear centrifueallv driven diffusion caused 

u ,  

by the fast rotation of the jovian magneto- 
suhere. In such a svstem. the diffusion rate 
iH proportional to the square of the plasma 

tend to lie flat on the surfaces of the bulk composite. 
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density (rather than to the first power of the 
density for linear diffusion) (9). Another 
loss-limiting mechanism could be plasma 
transport initiated by large-scale plasma in- 
stability ( l o ) ,  where the onset and growth 
of the instability would lead to a nonlinear 
ulasma loss. 

To  determine the type of feedback mech- 
anism operating on Io (Fig. I ) ,  we moni- 
tored emission from the Io plasma torus and 
the extended neutral cloud of material sur- 
rounding 10's orbit for 6 months. We report 
a major perturbation to the system that oc- 
curred in March 1992, most likely as a result 
of a volcanic outburst on Io. 

We observed Sf in the Io plasma torus 
and Na in the extended neutral cloud on 56 
clear nights between 1 December 1991 and 
1 June 1992, using the Lick Observatory 
0.6-m coudC auxiliary telescope connected 
to the Hamilton echelle spectrograph (1 1 ). 
These two species were chosen because they 
have the brightest emission intensities in 
the visible wavelength range for a plasma 
torus ion (S+) and neutral cloud atom 
(Na). About 10% of the plasma torus at a 
distance of 6 RJ is composed of St (12). 
Sodium is about 100 times less abundant 
than S or 0 in the neutral cloud (2), but we 
will attemut to use it as a tracer of the maior 
species. From these spectra, we extract 
emission intensity as a function of distance 
from Jupiter along the entire slit and com- 
pare the behavior of SC from the plasma 
torus and Na from the neutral cloud (Fig. 2) 
(13). 

A sudden increase in the brightness (and 
thus, mass) of the neutral Na cloud started 
around Julian date 2448680, or 27 February 
1992 (hereafter, only the last three digits of 
each Julian date will be given), followed by 
a more gradual increase in the plasma torus 
emission intensitv. The Na cloud mass in- 
creased by an  average of about a factor of 2 
for at least 65 days, with transient increases 
of higher than a factor of 4. The St plasma 
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Fig. 3. A direct comparison of the neutral Na and 
ionized S emission intensities. Both are plotted 
relative to the median of their preoutburst values. 
The data are connected by lines through the me- 
dian values of the seven separate clusters of data. 

Fig. 1. Models of the response of the extended 
neutral cloud of lo and the lo plasma torus to a 
volcanic outburst on lo (22). The dotted line indi- 
cates the volcanic input, including a two-step, 40- 
day outburst for illustrative purposes. The dashed 
line shows the neutral cloud mass, and the solid 
line shows the plasma torus mass. In both mod- 
els, the neutral cloud mass responds quickly to 
the outburst, because the lifetime in the neutral 
cloud is less than a day (25). The plasma torus 
mass responds more slowly because the plasma 
lifetime is of the order of 50 days (26). (A) The 
supply-limited case. (B) The loss-limited case. 

Fig. 2. The intensity of (A) 673.1 nm St  emission 
from the plasma torus and (B) 589.0 nm Na emis- 
sion from the neutral cloud as a function of Julian 
date. The observations begin on 1 December 
1991, which is JD 2448591. Intensities are in Ray- 
leighs, defined as 1 R = [1/(4n)] X 10" photons 
cm-' s-I sr-l. Typical measurement errors for 
the dataare -20%. Scatter beyond this amount is 
caused by the intrinsic variability of the plasma 
torus and neutral cloud. 

magnetospheric motion is dominated by co- 
rotation and radial transport and where the 
tailward flow begins occurs around a charac- 
teristic distance, the Hill length LH, of (19) 

stability by a nonlinear increase in plasma 
loss as the ulasma torus mass increases. This 

torus mass increased by almost 30% over 
this time period and dropped back to its 
previous value after the Na outburst (Fig. 3 )  
(14). The timing of the neutral cloud and 
plasma torus perturbations is evidence that 
an  increase in mass injection from 10 caused 
the neutral cloud perturbation, which then 

increased loss overcomes the supply rate 
increase caused by the higher plasma den- 
sity, preventing a positive feedback which 
would make the system unstable. 

Additional evidence for a nonlinear in- 
crease in the plasma loss rate is found by 
examining the magnetospheric response to 
the outburst. Previous observations have 
noted that the plasma torus appears offset 
toward the dawn direction (1 6). This effect 
is a predicted consequence of a large-scale 
dawn-dusk electric field of about 4 mV m-' 
across the inner magnetosphere (1 7). The 
field is thought to be due to the v X B 
electric field. where v is the wlasma velocitv 

where Z is the Pederson conductivity of the 
jovian ionosphere (the conductivity in the 
direction of the electric field), BJ is the 
jovian surface magnetic field strength, and 
M is the total rate of outward mass trans- 
port. As M increases, LH decreases, and 
tailward flow begins closer to Jupiter. Closer 
to Jupiter, the magnetic field strength B is 

caused the plasma torus perturbation. For 
examule. on dav 680. the Na mass had 
alreaiy increased by a factor of 2, while all 
observations showed that the ulasma torus 
remained undisturbed. The simplest expla- 
nation for this observation is that the mass 
supply to the neutral cloud suddenly dou- 
bled. The plasma torus intensity slowly be- 
gan increasing around this time, and an 
extrapolation of the increasing phase of the 

and B is the jovian magnetic field strength, 
set up by the plasma flowing down the 
magnetotail, with the field propagated to 
the inner magnetosphere in a manner anal- 

plasma torus perturbation suggests a starting 
time around dav 685. Such behavior would Distance from Jupiter (Rj) 

be expected from an increase in injection of 
material from 10 starting around day 680 
(15). 

In a purely supply-limited system, the 

ogous to terrestrial equatorial currents. 
Our ureoutburst observations of the ulas- 

ma torus show this expected dawn offset: 
the ueak of emission intensitv on the dusk 
sideLoccurred at 5.4 RJ, whereas the dawn 
peak occurred at 5.6 RJ. During the out- 
burst, the peaks of emission of the plasma 
torus shifted even further dawnward. This 
shift was most prominent on the dawn side 
and only marginally visible on the dusk 
side. The dawnward shift of the plasma 

plasma torus mass must increase any time 
the neutral cloud mass is above its equilib- 
rium value (Fig. 1). This requirement re- 
sults because supply to the plasma torus is 
proportional to  the ionization and charge- 
exchange rates, which are proportional to 
the product of the plasma and neutral den- 

0 t I I I 
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Fig. 4. Shifts in the plasma torus. (A) The dawn- 
side emission intensity profile at four time periods 
before and during the torus perturbation. The 
torus shifts systematically dawnward with the in- 
crease in mass. (B) The peak of torus emission as 
a function of relative torus mass for the four time 
periods above. Also plotted are the shifts expect- 
ed for plasma transport by simple diffusion and by 
centrifugally driven diffusion, using the model in 
Eq. 2. The dashed line is the best fit, where plasma 
oufflow is proportional to the seventh power of the 
mass of the plasma torus. 

sities, whereas loss is proportional only to 
the plasma density. Figure 3 shows that the 

torus increased with each increase in the 
plasma mass (Fig. 4A) (18). 

A dawnward shift in the plasma torus can 
be caused bv an increase in the laree-scale 

system does not respond in this supply- 
limited manner; from day 705 until day 740, 
the neutral Na cloud was about twice as 
massive as it was before the outburst, but 

" 
electric field across the inner magneto- 
snhere. Such an  increase could be caused bv 

the plasma torus decreased in mass by 20%. 
Such behavior can only be achieved in a 
loss-limited system. The system maintains 

an increase in the plasma outflow and thus 
bv an increase in mass loss from the vlasma 
torus. The transition between where the 
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higher, and for a simple dipole, the strength 
goes as B 1/Rf. Thus, the tailward plasma 
flow begins in a region of stronger magnetic 
field, and, assuming that the tailward flow 
velocity is controlled by the solar wind 
speed and remains constant, the electric 
field E, which is proportional to v X B, 
increases as 

This analysis reproduces the basic expect- 
ed behavior of the relationship between 
changing plasma outflow rates and the large- 
scale electric field: A n  increase in the mass 
outflow will cause an increase in the electric 
field, thus a dawnward shift in the Io plasma 
toms, as observed (20). 

The  dawnward shift, and thus the plas- 
ma outflow rate, increases as the mass of the 
plasma torus increases. This behavior is that 
expected of a loss-limiting mechanism sta- 
bilizing the interaction between Io and the 
magnetosphere. From Eq. 2 and the mea- 
sured shift in the plasma torus, we can 
estimate the plasma outflow rate as a func- 
tion of the plasma mass. The best polyno- 
mial fit to the data is given by a model 
where plasma outflow is proportional to the 
seventh power of the plasma mass (Fig. 4B) 
(2 1 ). We place no  significance on the spe- 
cific polynomial fit; the critical character- 
istic suggested by these data is that plasma 
outflow increases quickly with an  increase 
in ~ l a s m a  mass. Even the nonlinearitv of 
centrifugally driven diffusion cannot ac- 
count for the increase in plasma outflow 
with increasing plasma mass. Another even 
more nonlinear mechanism, such as trans- 
port through large-scale plasma instability 
( l o ) ,  is required in this case. 

We  now estimate the magnitude of the 
outburst from Io. In a purely loss-limited 
system, perturbations to the neutral cloud 
mass directly reflect perturbations to the 
source from 10. so the increase in Na direct- 
ly reflects the ~a increase of the source. But 
is the mass increase in Na, a minor species 
in the neutral cloud, indicative of the be- 
havior of the dominant S and 0? The sub- 
sequent increase in the S plasma mass fol- 
lowing the Na outburst shows that atomic S 
must have increased in mass at the same 
time as atomic Na, but the total amount of 
the S increase remains unknown. We  cal- 
culated a lower limit to  the atomic S in- 
crease by assuming the minimum plasma 
outflow consistent with the observed loss- 
limited behavior, given by centrifugally 
driven diffusion. Using the model of the 
interaction between the neutral cloud and 
plasma torus (Fig. 1)  (22), we found that a 
small perturbation, such as that seen in the 
plasma torus, requires a mass input increase 
of about the same amount as the perturba- 
tion. Thus, for the minimal plasma outflow, 

the 30% increase in wlasma torus mass re- 
quires a 30% increase in neutral cloud mass. 
As the Na mass increases bv a factor of -2. 
Na would have to be -7 times overabun- 
dant in the outburst compared to S in this 
case. 

Assuming, however, that the much larg- 
er increase in plasma outflow with increased 
plasma mass inferred from the plasma torus 
shift is correct, a much larger atomic S 
increase is reauired to account for the in- 
crease in S plasma mass. For this case, we 
find that the observed 30% increase in plas- 
ma torus mass requires an  increase of a 
factor of -3 in supply to the neutral cloud, 
in agreement with the increase by a factor 
of -2 in the neutral Na cloud mass. Thus, 
the data are consistent with the hypothesis 
that the mass of Na is a direct tracer of the 
mass of the more dominant S (and presum- 
ably 0 )  components. 

It is not possible to directly determine the 
cause of the increase in gas supply from 10, 
but with volcanic activitv a known transient 
phenomenon on the satellite, the eruption of 
a volcanic plume on the satellite is a natural 
explanation (23). A typical plume should 
affect the supply rate by only a small amount, 
however: Voyagers 1 and 2 imaged nine 
active plumes on Io (4). All plumes except 
one, however, were active during both Voy- 
ager encounters-4 months apart-so short- 
term variability is not necessarily expected 
for these plumes. Pele, the largest observed 
plume, was the only one observed to have 
turned off between the Voyager 1 and 2 
encounters. Thus, it appears that the largest 
plumes are the most variable, and that a 
plume with duration of only -70 days (Fig. 
2) might be expected to be a large Pele-like 
outburst. If the neutral cloud is fed by sput- 
tering of atmospheres local to active plumes, 
the contribution of each individual plume 
should be roughly proportional to the surface 
area covered by the plume. Based on Voyag- 
er measurements of observed plume widths 
(4). the surface area covered bv Pele was ~ , ,  

almost four times greater than the surface 
area covered bv all of the other ~ l u m e s  taken 
together. Thus, the increase by a factor of 2 
or more in the s u ~ ~ l v  of Na to the neutral 

L L  , 
cloud suggested by the data would be expect- 
ed for the largest observed plumes on Io (22). 

The following scenario explains the ob- 
servations we present. Starting on about day 
680, a large plume, with dimensions similar 
to those of the Pele plume, began erupting. 
This eruption greatly increased the surface 
area of plume material available to be sput- 
tered into the neutral cloud, and the neutral 
cloud mass quickly adjusted to this increase 
in mass inwut. The ~ l u m e  remained active 
for about 70 days, and its output was vari- 
able during this time. The increase in mass - 
of the neutral cloud caused an increase in 

the supply of ions to the plasma torus, so the 
mass of the plasma torus began to increase. 
The increase in mass of the plasma torus 
then led to a highly nonlinear increase in 
plasma outflow, causing the plasma torus 
mass to fall to its equilibrium value quickly 
after the cessation of plume activity. 

This scenario suggests the following im- 
plications for Io and the plasma torus: (i) 
The stability of the magnetosphere-Io inter- 
action is controlled not by Io and the de- 
tails of its atmosphere and mass pickup, but 
by the magnetosphere and the method of 
plasma transport. (ii) A n  increase in plasma 
mass causes a very strong increase in plasma 
loss from the torus. (iii) Sodium is a good 
tracer of plume activity on Io. (iv) The 
large response of the Na neutral cloud, if it 
is representative of the S and 0 clouds, 
shows that the 10 atmosphere is easily over- 
whelmed by the eruption of a single large 
plume, lending support to  the idea that the 
atmosphere of Io arises primarily from 
plumes (24). (v) Variable volcanic activity 
on 10 affects plasma mass, plasma transport, 
and large-scale electric fields in the jovian 
magnetosphere. 
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Organics and Other Molecules in the Surfaces 
of Callisto and Ganymede 
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R. N. Clark, C. A. Hibbitts, F. P. Fanale, J. C. Granahan, 
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Five absorption features are reported at wavelengths of 3.4, 3.88, 4.05, 4.25, and 4.57 
micrometers in the surface materials of the Galilean satellites Callisto and Ganymede 
from analysis of reflectance spectra returned by the Galileo mission near-infrared map- 
ping spectrometer. Candidate materials include CO,, organic materials (such as tholins 
containing CzN and C-H), SO,, and compounds containing an SH-functional group; 
CO,, SO,, and perhaps cyanogen [(CN),] may be present within the surface material itself 
as collections of a few molecules each. The spectra indicate that the primary surface 
constituents are water ice and hydrated minerals. 

T h e  four largest satellites of Jupiter, called 
the Galilean satellites after their discoverer, 
are a mini solar system. They are about 
moon-sized to larger than Mercury, and the 
innermost satellite, Io, is the most volcani- 
cally active body in the solar system. ELI- 
ropa, the second Galilean satellite from Ju- 
piter, has a dense core and an ice crust that 
may be underlain by a liquid water ocean. 
Ganvmede. the third Galilean satellite. is 
also differentiated, with scars from giant 
impacts but clearly showing essentially 
complete resurfacing. Finally, Callisto, the 
fourth satellite, appears heavily cratered 
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and undifferentiated, thus perhaps preserv- 
ing evidence of its early history (1) .  The  
Galilean satellites are located in the tem- 
perature region of the solar system where 
water ice and other volatiles become stable 
over the age of the solar system (2) .  The 
composition and chemistry of the surfaces 
of these objects is of interest because they 
provide clues to the origin of our solar 
svstem and because thev contain water ice 
and may contain organic molecules that are 
essential for the initiation of life. 

The NASA Galileo spacecraft carried 
the near-infrared mapping spectrometer 
(NIMS) (3) into orbit around Jupiter on 7 
December 1995, and the NIMS started 
spectrometric observations of the Galilean 
satellites in Tune 1996 ( 4 ,  5). The NIMS 
covers the wavelength range 0.7 to 5.2 pm 
with up to 408 spectral channels and a 
resolving power of 40 to 200 (AA/A, where 
A is wavelength). The instrument's instan- 
taneous field of view is 0.5 mrad, giving a 
spatial resolution (pixel size) of, for exam- 
ple, 5 km at a distance of 10,000 km. The  

:ncemag.org SCIENCE VOL. 278 10 OCTOBER 1997 271 




