
pa's illuminated disk, its motion during an 
exposure, and the penumbral broadening of 
10's shadow. The width of the resultant 
spatial resolution element varied from 
-2 rl,, far from eclipse, to -0.5 rl, when 

Eclipse Measurements of 10's Sodium Atmosphere Europa was partly in-shadow. 
The observations required high spectral 

resolving power (AIGA - 5 X lo4, where A 
NICHOLAS M. SCHNEIDER, DONALD M. HUNTEN, WILLIAM K. WELLS, is wavelength) and telescopes large enough 
LAURENCE M. TRAFTON to obtain several good spectra during Euro- 

pays quick traverse through 10's shadow. 
The satellites of Jupiter eclipsed each other in 1985, and these events allowed an Our best data came from the Catalina Ob- 
unusual measurement of the sodium in 10's extended atmosphere. Europa was used as servatory 1.5-m telescope where we used the 
a mirror to look back through the 10 atmosphere at the sun. The measured column Lunar and Planetary Laboratory Cassegrain 
abundances suggest that the atmosphere is collisionally thin above 700 kilometers and echelle spectrograph. Additional data came 
may be collisionally thin to the surface. The sodium radial profile above 700 kilometers from the 2.7-m McDonald Observatory 
resembles a 1500 kelvin exosphere with a surface density near 2 x lo4 sodium atoms telescope used at the coudk focus with an 
per cubic centimeter, but a complete explanation of the dynamics requires a more echelle spectrograph. Figure 2 shows sample 
complex nonthermal model: the calculated loss rates suggest that the atmosphere is spectra of Europa during and after the 14 
being replaced on a time scale of hours. September eclipse. The absorption features 

indicated by the arrows are caused by sodi- 

T HE ATMOSPHERE OF 10 IS A RESER- from the atmosphere and photons scattered um along the sun-Europa line, which grazes 
voir of atoms and molecules that is from the bright surface. Trying to distin- 10. In the eight-exposure sequence, the ab- 
continually consumed by Jupiter's guish one from the other is analogous to sorption feature systematically increased as 

plasma torus and replenished from the fresh attempting to see clouds against a snow- Europa neared 10's shadow, then symmetri- 
volcanic surface (1). The satellite's atmo- covered planet: there is no contrast. As a cally decreased as it receded from the other 
sphere responds not only to the forces of result, no reliable results can be obtained side. Each spectrum was reduced (8, 9) to a 
gravity and pressure but also to a host of with the use of standard emission measure- set equivalent widths (10) for the D l  and D2 
other processes more important at 10 than at ments near 10 (5) .  During several eclipse absorption lines. Since the D2 line is twice as 
other planets: atmospheric and surface sput- events in 1985 involving Jupiter's satellites, optically thick as the D l  line, both the 
tering (2) ,  atomic and ionic collisions, ion- 10's resonantly scattering sodium atmo- sodium column abundance and temperature 
ization, volcanic eruptions, atmospheric sphere cast its shadow on Europa. At these can be determined. 
evaporation, and possibly rapid hydrody- times, we were able to study 10's sodium by The data from both eclipses are plotted 
namic escape. Each of these depends strong- the absorption in Europa's spectrum instead with theoretical curves in Fig. 3. Because the 
ly on the distribution of atoms with height, of the emission in 10's spectrum. exact velocity distribution is unknown, to 
but each can also drastically affect that distri- A series of high-resolution spectra of Eu- obtain the theoretical curves we assumed a 
bution. The radial profile is an important ropa was taken as it swept through 10's Gaussian profile parameterized by a tem- 
link in our understanding of the reactions shadow (Fig. l ) ,  effectively scanning perature. This assumption is supported by 
and interactions that simultaneously create through 10's atmosphere at a variety of the good agreement between the observed 
and destroy the 10 atmosphere. Unform- impact parameters (6, 7). Information about line profiles and theoretical line shapes 
nately, the primary components, SO2, S, 02, the two eclipses discussed here is contained broadened by the instrumental profile. The 
and 0 ,  are almost undetectable from Earth. in Table 1. Each spectrum contains averaged term "temperature" is an oversimplification, 

Sodium is only a trace constituent of 10's information about 10's atmosphere integrat- since the profile includes thermal motions, 
atmosphere, but it is a strong resonant ed along the solar light path. The spatial b u k  flow speeds, and velocities caused by 
scatterer of sunlight. This effect outweighs resolution is determined by the size ofEuro- collisions with the plasma. The location of 
its scarcity and makes it the most easily 
observed tracer ofIo's extended atmosphere. Table 1. Brief description of the eclipse parameters and the instrumentation used for two of the 
The large banana-shaped sodium cloud ex- ~l~served eclipses. 
tends many tens of 10 radii (rI, = 1815 krn) 

Parameter Eclipse 1 Eclipse 2 
and has been observed extensively since its 
discovery in 1973 (3). Although high-reso- Date 27 August 85 14 September 1985 
lution spectroscopy and narrow-band imag- Midpoint time (UT) 0602 0322 
ing of sodium D-line emission (5890 A and ~ ~ ~ ~ ~ & $ ~ ~ h + +  

4% 73% 
1.9 1.3 

5896 A) have proven to be powerful tools ~i~~ inside 10 rI, (mmutes) 310 68 
for studying this phenomenon, these studies 10 orbital phase 47" 86" 
in general apply only to the outer regions of 10 magnetic longitude 1" 56" 

the cloud (4). Light from the region near 10 Primary telescope McDonald 2.7-mi Catalina 1.5-m 
includes both resonantly scattered photons Spectrograph CoudC echelle Cassegrain echelle 

Detector Digicon CCD 
Resolution (d) 115 70 
Typical integration time (minutes) 12 4.5 

N. M Schneider, D. M. Hunten, W. K. Wells, Lunar and Typical signal-to-noise ratio 50 130 
Planetary Laboratory, University of Arizona, Tucson, 
AZ 85721. *In units of 10 radius v,,. Distance of closest approach refers to Europa's center of light, not its bodv center. tThe 
L. M. Trafton, Astronomy Department, University of McDonald 2.7-m telescope obtained better data this ni ht because weather conditions at the Catalin'a Obsenratory site 
Texas, Austin, TX 78712. were marginal. The Catalina data were used as a checf. 
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Earth 

Arrows ir 
nrh;+,l nl 

separated 
track \\,it 
atmosphc 
our mcasl 
a ,  8 8 

each point determines the average column A 

abundance and temperature of the spec- 
trum. The points at the largest column 
abundances give the best line width infor- 
mation, and they indicate most probable E u r ~ a  

velocities in the neighborhood of 1.2 km . . 
Europa 

sec-I. The velocities derived from the more 
distant spectra tend to be larger. Although . .. - 
this might be expected of distant atoms that .- 

. .., 
have been subjected to more ion-atom colli- 
sions, the error bars are consistent with no 
change in velocity dispersion. 

The two spectra from deepest eclipse rule Jill I 

out large isotropic expansion velocities in- 26 21 15 10 -3 

side about 1.5 rl,. Only a small fraction of tes after 0300 UT 

the observed sodium in this region can be . ,. \ I L , l c l \ . l r l < r l r d l  5L,Jlnctn for the eclipse of 14 Scptcmbcr 
traveling at velocities of more than 2 to 3 km 1985. ( A )  Io arid Europn arc sh0a.n in their positinns at the end 

sec-' along the line of sight. It is possible of cclipse. The dark strip behind Io represents the solid body 
sharion of 10. and the gray shadcd rcgion scllcmatically sho\vs 

that the atmosphere is flowing primarily thc "shadow" cast by Io's estcndcd sodium atmosplicrc at tlic 
perpendicular to the line of sight. For the \ v a ~ l c n p h  of resonant scattering. Europa. Io.  arid the sodium 
geometry of this eclipse, this is in fact the cloud are enlarged for clario*, and the penumbra is not sho\vn. 
preferred direction of momentum exchange larcatc tnc nd magnitude of the satcllitc orbital motions, and 0 is 10's geocentric 

in collisions with the corotating ions (11). .,........ r..lase angle. Although I o  and Europa ohviol~sly o\.crlap ivhcn sccn from the sun. they arc 
by about 40 q,, \14lcn seen from Earth o\\,ing to the 8" sun-Jupitcr-Earth angle. (B) Europa's 

In the preceding discussion we have as- h respect to  10's shado\\, on this date, as \.ic\vcd from the sun. Tlic dots rcprcscnt the 
sumed that the sodium can be described by a ,re, with thc dot dcnsin apprositnatcly proportional to the column abundanccs dcrivcd from 
single velocity distribution. But 10's near- urcmcncs. The pcrlurnbrl again is not sllo\\.n: in rcalin both the shade\\ and ntmosphcrc arc 

surface atmosphere is probably colder, that ctlurrca cty about 0.5 r,,,. The circlcs indicatc Europa's position at the midpoirlt of each obscn.arion. 

is, closer to the surface temperatures of \vitli die times sho\ \~~i  bcloxv. The six innermost obscn.ations wcrc 4.5 minutes in dur the 
other nvo \\.ere 10.0 minutes. Sociium absorption \vas dctcctcd ill all cipht cxpsurcs. 

to 200 K. Thus our innermost spectra may 
include both hot and cold sodium atoms. 
Since the absorption lines are already broad 
and deep from the hot component, it is 
possible to add a significant amount of cold 
sodium without appreciably increasing the 
total equivalent width. We have computed 
spectra of 100 K sodium (characteristic ve- 
locity of 0.27 km sec-I) mixed with a hot 
component (2.7 km sec-I) and have deter- 
mined that up to a factor of 10 more cold 
sodium can be masked by the hot compo- 
nent inside 1.3 rl,. Outside that distance the 
absorption features are not as saturated and 
the cold component is not effectively hid- 
den. Furthermore, our observations are not 
sensitive to any dense but sufficiently small 
(-0.1 rl,) atmosphere of any temperature at 
the surface. In the following discussion 
therefore, we consider only the measurable 
sodium, but our conclusions will be limited 
by the undetectable components inside 
about 1.4 r,,. 

The atmospheric profile was constructed 
with the column abundances derived above 
and the predicted average impact parameter 
during an exposure (12). Figure 4 shows 
data from both eclipses plotted against dis- 
tance from 10's center. The remarkable over- 
lap of the data indicates that 10's atmosphere 
is symmetric (within a factor of 2) over two 
orders of magnitude in column abundance 
and one order of magnitude in distance. 
One set of points was obtained over 2 weeks 
before the others, most probably indicating 
stability over this time scale. The difference 

Sun 

,. 4 direction a .. . . 

in magnetic longitude between the two 
eclipses is too sniall to determine any depen- 
dence on this parameter. 

A least-squares power law fit to the data is 
plotted in Fig. 4 (line A). The estimated 
sodium column abundance N (in atoms per 
square centimeter) at anv impact parameter 
b is N(b) = (2.0 ? 0.7) x 10" x b-'2."0.6'. 
This is the integral through an atmosphere 
whose local sodium density n (in atoms per 
cubic centimeter) at radius r is n(v) = 
(6000 5 2000) x where b and r 
are in units of 10 radii. As discussed above. 
these equations are probably not applicable 
below 1.3 rl,. 

The data show 10's atmosphere to be 
surprisingly "well behaved," falling off ac- 
cording to a power law out to ten planetary 
radii. But over much of this range it can 
scarcely be called 10's atmosphere.- ~u~ i t e r ' s  
gravity dominates outside 5.6 PI,, and the 
sodium atoms are far more likely to collide 
with a torus ion or electron-than with 
another atom or the surface. Standard atmo- 
spheric models do not apply here, but for 
the sake of comparison we discuss here two 
simplistic cases. 

Each model is described by a spherically 
symmetric density function, which is inte- 
grated along lines of sight to derive column 
abundances. Line B in Fig. 4 shows a power 
law column abundance distribution with 
exponent -1 (local density x 112). This is 
the dependence observed by Trafion and 

Wavelength 

Fig. 2. Processed spectra of Europa on 14 Sep- 
tember 1985. (TOP) Near eclipse minimum, 0326 
UT; and (bottom) after the eclipse, 0407 UT. 
The broad absorption features marked O are 
caused by sodium in the sun's atmosphere. The 
arrows indicate absorption features that have ap- 
peared on the red side of the solar absorption, 
with the Doppler shift indicating that the sodium 
is moving toward the sun with 10's velocity. Note 
that the D, absorption (left absorption line) is 
slightly stronger than the D l  feature. The top 
spectrum is noisier because the exposure was 
shorter and Europa was about half eclipsed. 

56 SCIENCE, VOL. 238 



Fig. 3. Combined equivalent-width 
calculations for the Dl  and D2 lines. 
The bold lines sho\v the depen- 
dence of equivalent width and line 
ratio for temperatures of 100, 200, 
500, 1,000, 2,000, 5,000, and 
10,000 K. The most probable \,e- 
locities for several of these tempera- 
tures are given. The lighter lines 
represent column abundance con- 
tours in units of sodium atoms per 
square centimeter. Each data set 
sampled the atmosphere above a 
different region of 10: (0)  above 
the Jupiter-facing hemisphere (cen- 
tral 10 longitude 0"); (0) above the 
anti-Jupiter hemisphere (180"); 
and (W) above the hemisphere 45" 
outside the leading hemisphere 
(135"). The error bars show the 
primary axes of the 90% confidence 
error ellipse constructed from the 
measurement errors. 

Dp equivalent width (mA) 

Macy (13) in the range of 20 to 200 go, 
which was interpreted as evidence for a 
radially streaming atmosphere that flows 
without losses and without slowing. The 
new data do not follow a simple streaming 
model over the range 1 to 10 rl,; the 
addition of ionization losses to the model 
and choice of a suitable flow velocity would 
yield a better match to the data. 

Atoms in the upper part of an atmosphere 
(the exosphere) experience few collisions 
with other atoms, whereas atoms are as- 
sumed to be in thermal equilibrium at the 
bottom boundary (the exobase). Above the 
exobase, the atoms travel on ballistic trajec- 
tories without collisions. Curve C in Fig. 4 
represents a 1500 K exosphere with a sodi- 
um density at the surface of 2 x lo4 atoms 
per cubic centimeter. This curve closely re- 
sembles two recent models by Summers e t  
al. and McGrath and Johnson (14), assum- 
ing a 1% sodium mixing ratio and an exo- 
base at or near the surface. The curve match- 
es the data acceptably over the entire range, 
but the model does not include important 
effects such as Jupiter's gravity and all the 
interactions with the corotating plasma. A 
more realistic case would include ionization 
losses and bulk outflow velocities. More 
complex models are required, but these ex- 
amples might serve as useful starting points. 

One of the important unresolved issues of 
the Io atmosphere is the location of the 
exobase. If it is coincident with the surface, 
magnetospheric ions may be able to directly 

bombard the surface, and the ejected atoms 
can escape directly to space. If, on the other 
hand, the exobase lies -lrI, above the sur- 
face, then the atmosphere presents a target 
for bombardment that is four times the area 
of Io alone, and the surface and lower 
atmosphere are protected. The exobase loca- 
tion will be determined by the dominant 
constituents, however, not sodium. The in- 
tegrated density of oxygen, sulfur, and SO2 
above the exobase must be -3 x l O I 4  at- 
oms per square centimeter (15). If we as- 
sume that sodium makes up 1% of the 
atmosphere (16), the total integrated densi- 
ty above the surface implied by the data is 
only 6 x l O I 3  atoms per square centimeter. 
Even if we allow the maximum amount 
permitted by the error bars of the coldest 
imaginable sodium (100 K), the integrated 
density falls below the critical value near 
1.4 r~,. This forces one of two results: either 
the fraction of atomic sodium is much less 
than 1%, or the exobase is below 1.4 rl,. 
Given the assumptions made, we suspect the 
exobase is even lower, Nothing in our data 
precludes the possibility that the exobase is 
coincident with the surface. 

Sodium in the observed range is depleted 
by three major processes: electron impact 
ionization, transport out of the region, and 
charge exchange ( 1 3 ,  and using the best-fit 
model, we can calculate approximate rates 
for each. The power law fit gives a total of 
about lo3' sodium atoms between 1 and 10 
TI,, excluding the region shadowed by 10's 

disk. The ionization lifetime near Io is qpi -  
cally -2 hours (I) ,  giving a loss rate of 
-loz6 atoms per second. This rate would 
increase substantially if a thick undetectable 
component exists near the surface. It would 
decrease if the atmosphere is protected by 
intrinsic magnetic fields, diversion of plasma 
flow, or cooling of the ionizing electrons. 

A calculation of the sodium transport rate 
requires knowledge of the velocities in the 
outer part of the observed region ( 5  to 
10 rI,). This region must be replenished on 
the time scale of an ionization lifetime, so 
velocities of at least 2 km sec-' are required 
there. If this is used as an expansion velocity, 
the rate of transport of neutral sodium 
across the 10 go boundary is 2 5  x 
atoms per second, giving an atmospheric 
lifetime of at most -6 hours. It is difficult to 
compare these calculations with previous 
ones (1, 2) that combine ionization and 
transport rates, but to first order they are 
consistent. 

Finally, we calculate the rate for charge 
exchange, the process responsible for creat- 
ing the high-speed jets observed from Earth 
(17). From the atmospheric inventory de- 
rived above, the supply rate to these jets is 

atoms per second, for a 1% sodium- 
ion mixing ratio. Analysis of the jet observa- 
tions may prove to be quite powerful: 
charge exchange is the only directly measur- 
able loss process and may indicate either the 
presence of a near-surface component or the 
existence of a shielding mechanism. 

One of the remarkable traits of the well- 
studied sodium cloud outside 10 r1, is its 
stability over time scales of hours to years, 

1 2 5 10 20 
(Surface) 

Impact parameter (lo radii) 

Fig. 4. The determined column abundances are 
plotted versus average impact parameter from 10's 
center. The vertical error bars show the propagat- 
ed errors from the observed quantities but do not 
include the possible existence of a cold compo- 
nent. Each measurement was made over a range 
of impact parameters, because of Europa's size 
and motion. The spatial resolution element was 
typically 1.2 r,, across but varied with the phase 
of eclipse and integration time. The error in the 
centroid is -0.05 r,, and is not shown. The 
column abundances beyond -8 rlo were con- 
firmed by means of simultaneously obtained stan- 
dard emission spectra. 
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even though 10's plasma environment shows 
large variations. This suggests the existence 
of some protected reservoir. The calcula- 
tions above show that the lifetime of the 
inventory in the range - 1 TI, to 10 Y,, is too 
short to perform that hnction. The surface 
itself or a dense atmosphere Inside 1.4 TI, 

may be actlng as a buffer. 
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Electromagnetic Stabilization of Weakly Conducting 
Fluids 

Classical hydromagnetic theory predicts that the flow of dilute aqueous electrolyte in a 
slit can be stabilized by application of a strong, transverse magnetic field. However, 
recent experiments indicate that stabilization can be achieved with the use of a much 
weaker field in the presence of a small lateral current. A revised theory describes how 
the magnetic and electric fields interact to eliminate natural convection. 

W HEN A HORIZONTAL LIQUID an electric current. In this case experiments 
film is heated uniformly from conducted at Ra slightly higher than the 
below, a patterned flow consist- 

ing of spatially periodic rolls or cells (Fig. 1) 
may develop if the temperature gradient, 
VT, causes the Rayleigh number 

O o O  I 

to exceed its critical value. In this expression 
p ( T )  is the density, 8 is the gravitational 
acceleration, p is a thermal expansion coeffi- number 

cient, h is the thickness of the film, is the o 2 4 6 

viscosity, and K is the thermal difhsivity of Wave number 

the fluid. For a horizontal slit bounded by 
perfectly conducting walls this critical value 
is Ra, ;= 1708 (1). 

A related instability occurs if the slit is 
oriented vertically while maintaining the 
temperature gradient parallel to gravity. For 
example, consider a chamber (Fig. 2) in 
which a thin film of electrolyte is heated by 

Department of Chemical Engineering, University of Fig. 1. Natural convection in a horizontal film 
Notre Dame, Notre Dame; IN 46556. heated from below is sometimes evident as spa- 
*To whom corres ondence should be addressed. t i dy  periodic rolls or cells. Convection ma!. occur 
+Present address: bepartment of Chemical Engineering, when the Ra!'leigh number exceeds its critical 
Washington State University, Pullman, WA 99164. value, in this case Ra, = 1708. 
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