
case, the background signal is the radi- 
ance arising from diurnal surface heat- 
ing, integrated over the spacecraft-facing 
hemisphere. Although thermal data are 
available from Voyager I for various 
portions of the surface, a comprehensive 
surface temperature model is not yet 
complete. A conservative estimate of the 
ability to detect thermal anomalies can 
be made, however; viewed at emission 
angle 0, a circular source should be de- 
tectable at, say, 650 cm-l if 

R2B(T) cos 0 ? 0.08 

where R is the source radius (in kilome- 
ters) and B(T) is the Planck function (W 
cm-2 sr-'/cm-l) at temperature T (in de- 
grees kelvin). Thus a thermal event of 
the magnitude observed by Witteborn et 
al. (3), which could be interpreted as an 
area 52 km in radius at 600 K, would 
have been observable from the space- 
craft if present on the satellite at a view 
angle of less than 70?. An area 100 km in 
radius at 290 K, such as that observed 
from Voyager 1 (1), would have been ob- 
servable if at a view angle less than 54?. 
That no such anomalies were seen limits 
the thermal emission from the source of 
plume 8 (5), which was near an emission 
angle of 45? during the Voyager 2 obser- 
vatiuns. For example, an exposed area 
of molten sulfur (385 K) could be no 
more than 50 km in radius. Further anal- 
ysis will refine the detection limit and 
will also enable limits to be placed on the 
activity associated with plumes 2 and 5, 
which were very near the limb at this 
time. 

The flyby of Europa provided IRIS 
spatial resolution of only about one-third 
of the disk. Limited coverage (15 to 21 
hours local time) of the diurnal thermal 
cycle of the surface was therefore ob- 
tained. Surface temperatures between 0? 
and -40? latitude ranged between 85 and 
110 K. This range is consistent with a 
diurnal maximum equatorial temperature 
of - 125 K. 

Although covering a different hemi- 
sphere, the Voyager 2 flyby of Gany- 
mede observed a range of local times 
similar to that obtained during the Voy- 
ager 1 flyby (11 to 24 hours local time). 
Surface temperatures at low latitudes 
ranged between 85 and 145 K. A slight 
wave-number dependence of brightness 
temperature (approximately 5 K higher 
at 600 cm-1 than at 250 cm-') is ob- 
served. This is generally consistent with 
the presence of a range of surface tem- 
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Fig. 7. Brightness temperatures at 250 cm-' 
versus local time for Callisto. Prenoon data 
are from Voyager 2; afternoon data are from 
Voyager 1. Measurements were taken from 
latitudes between -10? and +25?. The ap- 
proximate range of local time covered by the 
instrument footprint is indicated. Pointing un- 
certainties of + 1 hour in local time may exist. 

of a satellite. A plot of low-latitude 
brightness temperatures at 250 cm-l is 
shown in Fig. 7. The predawn cooling 
portion of the curve can be used to esti- 
mate the thermal inertia of the near sur- 
face layers. According to a heat con- 
duction model with physical properties 
independent of depth, diurnal heating 
calculations imply a value of - 2 x 10-3 
cal cm-2 K-1 sec-"/2. This is about twice 
as high as the value for Earth's moon ob- 
tained under similar assumptions. The 
comparison suggests that Callisto has a 
more consolidated subsurface than has 
Earth's moon, as might be expected 
if refusion of icy material occurs. The 
assumption of vertically homogeneous 
properties is actually invalid; eclipse ob- 
servations of Callisto indicate a surface 
layer approximately 1 mm thick with a 
thermal inertia of - 2 x 10-4 cal cm-2 
K-~ sec-112 overlying a higher inertia lay- 
er (6). The present result is consistent 
with this. Not surprisingly, the daytime 
behavior of the surface temperatures in 
Fig. 7 is not well described by the ho- 
mogeneous model. While the morning 
warming behavior can be fit with such a 
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Photometric Observations of Jupiter at 2400 Angstroms 
Abstract. The photopolarimeter instrument on Voyager 2 was used to obtain a 

map of Jupiter at an effective wavelength of 2400 angstroms. Analysis of a typical 
north-south swath used to make this map shows strong absorption at high latitudes 
by a molecular or particulate constituent in the Jovian atmosphere. At 65? north 
latitude, the absorbing constituent extends to altitudes above the 50-millibar pres- 
sure level. 
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During the approach phase of the Voy- 
ager 2 encounter with Jupiter, the photo- 
polarimeter instrument (1) was pro- 
grammed to obtain intensity measure- 
ments every 0.6 second by using a 300-A 
bandpass filter centered at 2350 A. When 
convolved with the solar flux, the ef- 
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fective wavelength of these observations 
is 2400 A. With the spacecraft a nominal 
48 Jupiter radii (Rj) from Jupiter, the 
subspacecraft point at 4.5? north lati- 
tude, the phase angle 17.5?, and the sub- 
solar point at 0? latitude, the scan-plat- 
form pointing direction was articulated 
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Fig. 1. Photon counts plotted 
against planetary latitude at 
2400 A. Data from 48 north- 
to-south scans along Jupi- 
ter's central meridian are 
plotted. 
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from north to south in 48 successive 
swaths covering a 10-hour period (one 
complete rotation of Jupiter). Each 
north-south swath consisted, alternately, 
of 16 or 13 discrete pointings spaced 
along the subspacecraft meridian; data 
were obtained for 48 seconds at each 
pointing. The photopolarimeter instru- 
ment used a 0.07? field of view, yielding 
a spot size of 1/16 Rj. Figure 1 shows 
an ensemble of 690 measurements, with 
count rate per 0.4 second plotted as a 
function of latitude. (Four missing 
swaths were filled by using data from the 
previous rotation of the planet.) A very 
consistent pattern for successive swaths 
is shown, with the equatorial region de- 
pressed in intensity. The brightest in- 
tensities occur at 15? south latitude. 

Figure 2 shows a false color map of Ju- 
piter at 2400 A. The color scale was 
made by squaring the intensity (count 
rate) and using 16 colors from bright yel- 
low to dark blue, in order of decreasing 
intensity. The latitude-longitude scale is 

a cylindrical projection of Jupiter; the 
longitude scale is system III, with the 
Great Red Spot (GRS) appearing at 109? 
longitude. The map has been smoothed 
to fill in data gaps. 

The north-south scan data present an 
immediate surprise in terms of the 
amount of structure present at 2400 A. 
The GRS at the resolution of our north- 
south map is - 15 percent darker than the 
South Temperate Zone (STeZ); the 
South Equatorial Belt (South) (SEBs) is 

15 percent brighter than the equatorial 
region. Thus the absorption features of 
the various cloud species continue into 
the ultraviolet (UV) [although not always 
in the same sense as at visible wave- 
lengths; at 2400 A the SEBs is the bright- 
est feature on Jupiter, brighter even than 
the North Tropical Zone (NTrZ)]. Fur- 
thermore, the absorbing materials are lo- 
cated high enough in the atmosphere so 
that bright Rayleigh scattering from 
overlying gas does not obscure these 
contrasts. 

The altitude of absorbers that are re- 
sponsible for the banded structure in the 
UV has not yet been determined. How- 
ever, if the contrasts are produced by 
aerosols in the visible clouds near 0.6 
bar, our data place severe constraints on 
aerosol single-scattering albedos (c6) at 
this level. For example, the contrast be- 
tween the STeZ and the GRS would re- 
quire very absorptive (co < 0.84) parti- 
cles in the GRS, if the zone aerosols 
have Co = 0.994. Furthermore, as shown 
below, additional absorption at higher al- 
titudes is required by Jupiter's low geo- 
metric albedo. 

A second surprise is the very strong 
absorption at high latitudes. North of 30? 
north, and south of 50? south, the in- 
tensity decreases much more rapidly 
than for a Lambert sphere; at 60? north in 
the North Polar Region (NPR), Jupiter is 
only half as bright as predicted by a 
Lambert reflector normalized to mid-lati- 
tudes. The remarkable darkness at 2400 
A of the NPR and the South Polar Re- 
gion (SPR) has to be reconciled with the 
high efficiency of conservative Rayleigh 
scattering at this wavelength. We pre- 
sent several models to bound the multi- 
dimensional range of possibilities. 

The north-south scan data can be fit- 
ted by many kinds of models, given suf- 
ficient free parameters. We have experi- 
mented with a sequence of models of 
increasing complexity. First, simply 
choosing the proper value of the reflec- 
tivity of a Lambert surface for each data 
point provides such a fit, although with- 
out any physical importance. Second, 
and more significant, is a model of pure 
conservative (nonabsorbing) Rayleigh 
scattering by gas (of Jovian composition) 
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Fig. 2. Cylindrical projection of Jupiter at 2400 A. The data were assembled from successive north-to-south scans along Jupiter's central me- 
ridian; the image covers 360? of longitude. The GRS (system III longitude, 109?; latitude, 23? south) can be seen as a dark feature near the center 
of the map. 
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above a black surface. Each data point is 
fitted exactly by adjusting the location of 
the surface. The implied pressure levels 
of the black surface are shown in Fig. 3. 
An immediate conclusion is that under 
no circumstances can there be more than 
400 mbar of clean nonabsorbing gas over 
the mid-latitude regions; otherwise, 
these regions would appear brighter. 
This is based on our normalization of the 
north-south data scans to a geometric al- 
bedo of Jupiter of 0.30 at 2400 A (2). 
There can be no more than 40 mbar of 
clean nonabsorbing gas over the NPR at 
65? latitude. This is remarkable consid- 
ering the evidence for enhanced Ray- 
leigh scattering at high latitudes (3). The 
darkness of the NPR at 2400 A implies 
that the absorbing material is very high 
(less than 40 mbar) and is sufficiently 
dark to eliminate reflection from the 
deeper atmosphere. In this model, the 
GRS is higher than the STeZ by 3.0 km. 

Our north-south map data can also be 
explained by models having a semi-in- 
finite homogeneous mixture of gas and 
black absorbing particles or molecules 
characterized by their optical concentra- 
tion, Ta/TR, where r is optical depth, a is 
absorption, and R is Rayleigh scattering. 
The data points can all be fitted exactly 
by adjusting this concentration ratio 
from a minimum of 0.08 for the STeZ to a 
maximum of 1.3 for the NPR. For a giv- 
en concentration, an equivalent pressure 
Pe can be defined, namely the pressure at 
which the total vertical optical depth 
(7a + rR) equals unity. This is given by 
Pe = 300/(1 + Ta/TR) mbar and is shown 
in Fig. 3. The effective pressure varies 
only by a factor of 2 between the mid- 
latitudes (Pe = 260 mbar) and the NPR 
(Pe = 130 mbar), but the effective depth 
of penetration is still less in the polar re- 
gions. In this model, the altitude of opti- 
cal depth unity in the GRS (with Ta/ 

Tr = 0.14) is only slightly higher (0.7 km) 
than for the STeZ. 

Observations of equivalent widths and 
center-to-limb variations of absorption 
bands have led previous investigators (4, 
5) to design models in which several 
cloud layers are used. To demonstrate 
the restrictions that our data place on 
these models, we calculated reflectivities 
using the model by Sato and Hansen (5), 
which is sketched in Fig. 4. Only the 
properties of this model at and above 650 
mbar have any effect on intensity at 2400 
A. Particles (or molecules) absorbing at 
2400 A are mixed uniformly relative to 
the molecular gas from the bottom of the 
upper cloud at 650 mbar up to a pressure 
level P0. The upper cloud, assumed to 
have an optical depth of 5 at 2400 A, was 
considered to have no distinct absorp- 
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Fig. 3. Effective pressure for absorbing mate- 
rial plotted against latitude in two extreme 
models. In the pure Rayleigh-scattering mod- 
el, conservatively scattering gas lies above a 
black absorbing layer. In the homogeneous 
model, a semi-infinite optical depth of Ray- 
leigh-scattering gas is mixed with absorb- 
ing molecules or particles. In this model, the 
effective pressure level is for total optical 
depth equal to unity. 

tion at this wavelength. Figure 4 shows, 
for each of several latitudes on Jupiter, 
the range of (Po, Ta) combinations that 
give exact fits to the observed intensities 
at 2400 A. These curves illustrate the 
trade-off between the total-absorption 
optical thickness, Ta, and the pressure 
level, P0, to which the absorbing parti- 
cles (haze or gas molecules) extend. 
Thus, for example, the UV brightness of 
the NPR (at 65? north latitude) requires 
Ta 

: 3.3 and P0 < 40 mbar. If a = 

Po(mb) 

Fig. 4. Relationships between pressure and 
optical depth for absorbers in the Jovian at- 
mosphere. A schematic diagram of the model 
used (5) is shown at lower right. Permitted 
combinations of Po and Ta are shown for sev- 
eral latitudes. 

infinity, then P0. = 40 mbar and we have 
the model in which there is clean gas 
above a black surface. If P0 = 0, then 
Ta = 3.3 and we have (above 500 mbar) 
the model in which there is a homoge- 
neously mixed absorber. No more than 
340 mbar of clean gas can lie above the 
GRS-less if we permit Ta to decrease to- 
ward its minimum of 0.4 (for which Ta/ 

TR= 0.24 above 500 mbar). Analysis of 
additional data will be necessary in order 
to select the correct combination of P0 
and Ta along the line of permitted solu- 
tions for a given latitude. 

It is difficult to determine whether our 
preliminary analysis of data at 2400 A is 
consistent with ground-based (6) and 
spacecraft-based (3, 7) observations at 
other wavelengths. If the UV absorbers 
are particulates, we might expect corre- 
lation with images of Jupiter in the strong 
methane band at 8900 A and in polariza- 
tion maps. There are some indications 
that such a correlation exists, particular- 
ly at the poles (> 65?) and the equator. 
However, at latitudes > 30?, the cloud 
height in our pure Rayleigh-scattering 
model increases with latitude, in contrast 
to what is shown by methane-band im- 
ages and polarization data: deeper 
clouds at higher latitudes (between about 
30? to 50? north and 30? to 60? south). 
Care must be taken in comparing UV 
data with data at visible and near-in- 
frared wavelengths because the UV ab- 
sorbers may not be particulates and, 
even if they are, their scattering and ab- 
sorption efficiencies may vary dramati- 
cally over a threefold range in wave- 
length. 

Models in which absorbing material 
high in the atmosphere is generated (as 
when complex molecules are formed 
from photochemistry or from electron 
impact-initiated processes) can account 
for the extreme absorption in the polar 
regions. Because of trapping by low tem- 
peratures in the Jovian atmosphere, it 
may be difficult to bring molecular ab- 
sorbers (those which absorb at 2400 A) 
upward to a pressure level of 40 mbar. 
The absorber could also originate from 
external precipitation of ionized materi- 
al, possibly transported from Io or its 
torus. This material would follow the 
magnetic field lines and be deposited in 
the atmosphere in the polar regions. The 
Jovian rings may be an additional source 
of material that contributes to absorption 
in the equatorial zone. 

Energetic particle impact leads to the 
formation of compounds not in thermal 
equilibrium in the earth's auroral zone. 
Such processes could have an important 
effect on the chemistry of Jupiter's upper 
atmosphere. Several laboratory experi- 
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ments involving particle bombardment 
of gas mixtures of methane and hydrogen 
have demonstrated the production of C2 
to C5 hydrocarbons in which the saturat- 
ed aliphatic compound predominates, 
presumably because of free radical scav- 
enging (8). The unique characteristic of 
this kind of hydrocarbon mixture is that 
it is colorless in visible light and absorbs 
substantially in the near UV, especially 
in the 2000- to 2600-A range. Assuming 
that the nitrogen and sulfur compounds, 
principally NH3 and H2S, are trapped by 
cold at lower altitudes and higher pres- 
sures, the radiation and photochemically 
induced processes should be active high 
in the atmosphere and should mostly in- 
volve CH4 and H2. 

The Voyager 1 and 2 UV spectrome- 
ters detected a very intense auroral ring 
around the Jovian polar regions that is 
connected to the lo torus (9). Particle 
precipitation along the magnetic field 
lines into the Jovian atmosphere pro- 
vides the mechanism for intense radia- 
tion bombardment of the polar region 
with subsequent radiation-induced 
chemistry and the production of small- 
particle UV absorbers at high altitudes. 
It is interesting to note that the Voyager 
1 and 2 infrared interferometer spec- 
trometers (IRIS) have detected marked 
north-south spatial asymmetry in the ra- 
tio of ethane to acetylene, with the satu- 
rated hydrocarbon more dominant in the 
polar domains-indicative, perhaps, of 
change in equilibrium toward a higher 
percentage of radiation-induced chemis- 
try (10). The IRIS-determined latitudinal 
dependence appears to follow approxi- 
mately the asymmetry in latitude of the 
auroral ring, with the north polar ring ex- 
tending more southerly to lower latitudes 
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About 22 hours after its closest ap- 
proach to Jupiter, Voyager 2 passed be- 
hind the planet as viewed from the earth. 
Although the spacecraft was geometri- 
cally occulted for nearly 2 hours, the ra- 
dio links between it and the earth were 
maintained almost continuously because 
of the refraction of the signals in Jupi- 
ter's south polar atmosphere. Figure 1 
shows the plane-of-the-sky geometry of 
this grazing occultation and preliminary 
data on the intensity of the spacecraft ra- 
dio signals as received by the tracking 
station at Goldstone, California. 

The conditions for this occultation dif- 
fer markedly from the nearly central pas- 
sage of Voyager 1 behind Jupiter (1, 2) 
and, as a result, somewhat different 
characteristics of the atmosphere can be 
studied in the two experiments. In this 
report, we discuss several general fea- 
tures of the Voyager 2 occultation and 
present preliminary profiles of the 
plasma density for the topside of the ion- 
osphere at the two occultation locations. 
Voyager 1 and 2 were also occulted by 
the lo torus; we have derived a prelimi- 
nary result from the Voyager 1 experi- 
ment for the density and distribution of 
plasma in this region. Our previous com- 
ments in the Voyager 1 report (/) con- 
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cerning (i) the nature and limitations of 
the initial data and derived preliminary 
results and (ii) the need for intensive 
studies of more complete signal charac- 
teristics for all of the potential radio sci- 
ence investigations (1, 2) apply to the 
Voyager 2 data and results as well. 

Ionospheric occultation entry of Voy- 
ager 2 occurred at about 66.7?S, 254.8?W 
(system III, 1965.0), and occultation exit 
was at about 50. 1?S, 148. 1?W (Fig. 1). Ju- 
piter limb-to-spacecraft distances were 
about 18 and 19 Jupiter radii (Rj) at entry 
and exit, respectively, and the maximum 
angle of refraction in the atmosphere at 
midoccultation was about 0.3?. This 
bending would be produced at a pressure 
level of about 200 mbar in a region about 
10 km below the tropopause, under the 
assumption of an atmospheric structure 
similar to that measured by Voyager 1 
near 12?S latitude (1). The intensities and 
frequencies of the two communications 
signals (at wavelengths of 3.6 and 13 cm) 
were measured during the occultation 
period; only intensity data are shown in 
Fig. 1 (3). 

Both atmospheric and ionospheric fea- 
tures are illustrated in the intensity data. 
At occultation entry (Fig. 1), the iono- 
sphere first caused an increase in the sig- 
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Radio Science with Voyager at Jupiter: Initial Voyager 2 

Results and a Voyager 1 Measure of the lo Torus 

Abstract. Voyager 2 radio signals were observed essentially continuously during a 
grazing occultation of the spacecraft by the southern limb of Jupiter. Intensity data 
show a classic atmospheric occultation profile and the effects of turbulence and iono- 
spheric focusing and defocusing. No reliable profile of the neutral atmosphere has 
yet been obtained, primarily because of a combination of large trajectory uncer- 
tainties and error multiplication effects associated with the grazing geometry of the 
Voyager 2 occultation. Analysis of the dispersive ionospheric refraction data yields 
preliminary profiles for the topside ionosphere at 66.7?S (entry in the evening) and 
50.1?S (exit in the morning) that are reversed with respect to corresponding Voyager 
I profiles in terms of plasma concentration at a fixed altitude. Plasma scale heights 
and temperatures of 880 kilometers, 1200 K and 1040 kilometers, 1600 K were ob- 
tained for morning and evening conditions, respectively. Preliminary reduction of 
the pre-encounter occultation of Voyager I by the Io torus yields an average plasma 
density of about 1000 electrons per cubic centimeter. 
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