Infrared Observations of the Jovian System from Voyager 2

Abstract. Infrared spectra obtained from Voyager 2 have provided additional data
on the Jovian system, complementing those obtained from Voyager 1. The abun-
dance ratio of ethane to acetylene in Jupiter’s atmosphere appears to be about three
times larger in the polar regions than at lower latitudes. A decidedly hemispherical
asymmetry exists, with somewhat higher ratios prevailing in northern latitudes. An
overall increase in the abundance ratio by a factor of about 1.7 appears to have
occurred between the Voyager 1 and 2 encounters. Global brightness temperature
maps of Jupiter at 226 and 602 cm™! exhibit a large amount of local- and planetary-
scale structure, as well as temporal variability. Although heterogeneous cloud struc-
ture and ammonia concentration in the lower troposphere may contribute to the
appearance of the 226-cm™' map, the detail in the 602-cm™' maps probably repre-
sents the actual horizontal thermal structure near the tropopause and suggests that
dynamical heating and cooling processes are important. Low-latitude surface tem-
peratures on the Galilean satellites range from approximately 80 K on the dark sides
to 155 K at the subsolar point on Callisto. Below a thin insulating layer, the thermal
inertia of Callisto is somewhat greater than that of Earth’s moon. Upper limits on the
infrared optical depth of the Jovian ring ranging from approximately 3 X 10~* at 250

em~tto 3 X 1073 at 600 cm™! have been found.

The infrared spectroscopy and radiom-
etry (IRIS) instrument on Voyager 2 is
identical to the one on Voyager 1 (/). It
consists of a Michelson interferometer
for the infrared (180 to 2500 cm™?) with a
spectral resolution of 4.3 cm™!, and a ra-
diometer for the visible and near infrared
(5000 to 25,000 cm™!). Both devices
share a 50-cm Cassegrain telescope with
a field of view 0.25° in diameter. A small
misalignment of the interferometer on
Voyager 1 was also present and even
slightly more pronounced on Voyager 2;
this resulted in a lower responsivity and
consequently a higher noise equivalent
spectral radiance in the Voyager 2 in-
strument. For example, at 2000 cm™! the
responsivity of the Voyager 2 IRIS appa-
ratus was about half that of Voyager 1,
whereas at low wave numbers, the in-
struments on the two spacecraft per-
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formed nearly alike. The response of the
Voyager 2 IRIS changed gradually with
time during the encounter period. In the
final calibration, this temporal effect,
though small, will be removed. Since this
has not yet been done, the data shown in
this report must be considered prelimi-
nary.

As on Voyager 1, the Voyager 2 in-
strument returned a large number of
spectral and radiometric data on Jupiter
and its satellites for varying conditions of
latitude, longitude, local time, and phase
and emission angles. Spectra of Jupiter
from both spacecraft are shown in Figs.
1 and 2. In each case, 133 near-encounter
spectra with brightness temperatures
greater than 240 K at 2000 cm™! were av-
eraged. As expected, the spectra are
nearly identical, with minor differences
attributable to the temporal and spatial

differences between the data sets. Con-
sistent with the measured responsivities,
the Voyager 2 average spectrum is slight-
ly noisier than that from Voyager 1. The
purpose of this report is to show selected
examples of results from the Voyager 2
infrared investigation.

Latitudinal variation of the abundance
ratio of ethane to acetylene. Upon com-
paring Voyager 1 high- and low-latitude
data at comparable emission angles, it
became evident that the intensity of the
vy CoHg band at 821 cm™! tended to in-
crease with increasing latitude relative to
that of the v5 C,H, band at 729 cm™~!. Fur-
ther analysis demonstrated that this ef-
fect could not be due solely to thermal
structure differences, but that the ob-
served relative intensities were directly
related to differences in the abundance of
the two hydrocarbons. Since the actual
latitudinal distribution of abundances de-
pends on the relative importance of vari-
ous stratospheric photochemical and dy-
namical transport processes, an observa- -
tional determination of this distribution
provides a useful discriminant in assess-
ing the relative merits of different theo-
retical stratospheric models.

Unfortunately, the spatial resolution
in the Voyager 1 data set was insufficient
for adequately characterizing the latitu-
dinal distribution of hydrocarbons near
the poles; only gross averages could be
obtained for each polar region. In con-
sequence, a change in the Voyager 2 ob-
servational sequence was made in order
to attain higher spatial resolution near
the poles. The successful implementa-
tion of this change has allowed com-
pletion of the overall data set needed for
an adequate analysis.
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Fig. 1 (left). Thermal emission spectra for Voyager 1 and 2. Strong spectral features are seen for the gases Hp, C;H,, NH;, and CH,. Sig-

nificant PH, absorption occurs in the region between 1100 and 1200 cm™, the strongest feature being the Q branch at 1122 cm™.

Fig. 2

(right). Thermal emission spectra in the 2000-cm~! Jovian window for Voyager 1 and Voyager 2. Strong absorption features of NH;, H,O, GeH,,

and CH3D are seen.
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The C,Hg(vo) : CoH,(vs) ratio of band
intensities is shown as a function of lati-
tude for each spacecraft in Table 1. All
measurements were taken near the limb
at roughly comparable emission angles.
Because no significant diurnal variation
was found, we averaged the data with-
out regard to longitude or local hour
angle.

A definite asymmetry appears super-
imposed on the overall latitudinal depen-
dence of band intensity ratios, with the
larger values tending to favor the north-
ern hemisphere. Although the ratios ob-
tained from Voyager 1 show a latitudinal
dependence similar to those of Voyager
2, they are systematically smaller by
about a factor of 1.7. The contributions
to this difference from calibration and
signal-to-noise differences between the
two instruments should be small. Be-
cause of the intrinsically higher spatial
resolution of the Voyager 2 polar obser-
vations, the emission angles appropriate
to the polar limb data are somewhat
larger than those for Voyager 1. The
empirical  determination that the
C,H; : CH, ratio of band intensities in-
creases with increasing emission angle
suggests that a small part of the apparent
discrepancy can be removed by properly
accounting for the difference in angles.
The disparity at lower latitudes remains
unaffected. In any event, only a minor
fraction of the difference between the
two spacecraft data sets can be ascribed
to instrumental or observational selec-
tion effects, which implies that a real
change in the Jovian atmosphere has oc-
curred between the two encounters.

The most dramatic variation of the
band intensity ratio with latitude is in-
dicated by the Voyager 2 data in the
south polar region. The relevant averag-
ed spectra (Fig. 3) demonstrate that vari-
ations with local time or longitude are
small compared with those dependent on
latitude. The major effect seems to be the
tendency toward depletion of C,H, with
increasing latitude. However, it is not
yet possible to draw firm conclusions re-
garding the latitudinal distribution of
C,H, because the different vertical tem-
perature structures at different locations
on the disk of Jupiter have not yet been
included in the analysis. Comparable
conclusions regarding the C;Hg : C,H,
abundance ratio do not depend nearly so
strongly on the actual temperature pro-
files; hence the abundance ratios should
mimic the corresponding band intensity
ratios rather closely. Once the quan-
titative modeling now being carried out
is completed, more definitive statements
about the latitudinal dependence of indi-
vidual abundances can be made.
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Table 1. Ratios of band intensities C;Hg (821 cm™):C,H, (729 cm™). The total outgoing energy
radiated in each band relative to the adjacent continuum is calculated, and the ratios taken. All
data for a given spacecraft correspond to roughly equivalent high-emission angles near the limb.

Owing to the basically lower spatial resolution

, Voyager 1 polar data are generally integrated

over a larger and lower emission-angle range than are the Voyager 2 polar data.

Voyager 2 Voyager 1
Region Effective Effective
. Band emission . Band emission
Latitude ratio angle Latitude ratio angle
(degrees) (degrees)
North polar 58°N 35 72 S7°N 17 53
48°N 27 68
Zone 27°N 15 60 24°N 9.4 60
Belt 12°N 10 58 12°N 6.1 62
South polar 50°S 10 67 59°S 11 58
72°S 37 68

Atmospheric thermal structure. The
Voyager IRIS spectra provide extensive
information on the thermal structure of
the Jovian atmosphere. The Voyager 1
IRIS report (/) presented vertical cross
sections of temperature derived by in-
version of spectral data. Of equal inter-
est are horizontal structure and time var-
iability. In this report, a preliminary ex-
amination of these aspects of the
atmospheric temperature field is carried
out through the use of global brightness
temperatures at selected wave numbers.

Maps of brightness temperature at 226
cm™! and 602 cm™!, constructed from
Voyager 2 data taken approximately 3
days before encounter, are shown in
Figs. 4 and 5. The data were acquired
during one rotation of the planet and
from north-south scans passing through
the subspacecraft point. The spatial res-
olution near the equator is approximate-
ly 8° of latitude and longitude. At normal
viewing, the maximum contribution to
the thermal emission at 226 cm™! occurs

at about 800 mbar. This wave-number in-
terval lies in a continuum between two
NH; lines and is in the most transparent
part of the long-wave portion of the spec-
trum. Brightness temperatures in this re-
gion may respond to the presence of
clouds as well as variations in the NH;
abundance and the thermal structure of
the lower troposphere. The weighting
function describing the relative contribu-
tion of each level to the outgoing radia-
tion at 602 cm~! peaks near 150 mbar (ap-
proximately the tropopause level) with
half-amplitude points at 50 and 300 mbar;

" thus, brightness temperatures in this

spectral region reflect the behavior of the
thermal structure in the upper tropo-
sphere and lower stratosphere. Small ef-
fects due to hazes could be present in
both maps, although a preliminary exam-
ination of the data indicates none of the
obvious spectral signatures expected for
NH, particles. The maps shown have not
been corrected for varying emission
angle; therefore, limb darkening is evi-
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Fig. 3. Voyager 2 high-emission-
angle (limb) radiance spectra of the
south polar region. The spectra are
averages of 19, 12, and 18 individual
spectra of the east limb, west limb,
and polar region, respectively. The Q
branch of the v band of C,H, peaks
sharply at 729 cm~! while the broad v
band of C,H, is centered at 821 cm™".
Although the data are somewhat
noisy, the larger absorption features
in the 850 to 950 cm™! region are real
and attributable to NH; located pri-
marily in the troposphere. The hydro-
carbon bands are seen in emission
and are principally stratospheric in 5
origin.
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dent with increasing latitude at 226 cm™!
while moderate limb brightening can be
observed at 602 cm~.

The gross belt-zone structure ob-
served in visual imaging is apparent in
the thermal maps. Relatively cold re-
gions occur in both maps at approxi-
mately 20° to 35°N and 20° to 35°S, corre-

sponding to bright zones seen in Voyager
images. The warmest temperatures in
both maps occur between approximately
15°N and 15°S, which is associated with
a visually dark equatorial belt.

Perhaps the most striking aspect of the
maps is the abundance of relatively lo-
calized features. In some cases, these

areas can be correlated with visual fea-
tures seen in the Voyager images. For
example, the cold area observed at 602
cm~! near 23°S, 105°W is associated with
the Great Red Spot, and the warm fea-
ture near 13°N, 215°W coincides with
one of the dark brown elongated spots
discussed by Smith et al. (2). On the oth-

Fig. 4. Voyager 2 brightness temperature map of Jupiter at 226 cm~!. At normal viewing of a clear atmosphere, this corresponds to a pressure of

approximately 800 mbar. The ordinate and abscissa are latitude and west lon

Kelvin.

gitude, respectively. Temperature contours are labeled in degrees

Fig. 5. Voyager 2 brightness temperature map of Jupiter at 602 cm~?, corresponding to a pressure of 150 mbar. The map is labeled as in Fig. 4.
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er hand, many other thermal variations
are not obviously correlated with visual
features. Comparison of localized fea-
tures in the 602-cm~! map with those at
226 cm™! is also of interest. Warm fea-
tures within the equatorial belt in both
maps correlate rather well. Other fea-
tures, however, do not. For example, the
Great Red Spot is not very apparent at
226 cm™!.

The reasons for the local variations in
brightness temperatures are not yet fully

understood. The 602-cm™! temperatures .

are most likely reflecting true atmospher-
ic temperature differences in the vicinity
of the tropopause. In some cases these
temperature differences may be caused
by adiabatic heating and cooling result-
ing from localized forced vertical mo-
tion. Other possible causes include hori-
zontal advective transport and local radi-
ative effects associated with clouds or
hazes. Because of the depth from which
the 226-cm™! radiation would originate in
a clear atmosphere, the brightness tem-
peratures at this frequency should be
more sensitive to clouds. Although there
appears to be a correlation with gross
cloud structure, an examination of Fig. 4
suggests that when limb darkening is
taken into consideration, any cloud
decks that are completely opaque at this
frequency must lie below the 140 K level
(~ 500 mbar). Although the spectral in-
terval lies between NH; lines, there is
still significant NH; absorption, and vari-
ations in ammonia abundance may affect
these measurements.

Table 2. Upper limit to normal optical depth
of the Jovian ring; I(v) is the upper limit of
signal in the infrared spectrum of the ring.

v I(v)

(cm™) (Wem™2sr/cm™Y) ™)
250 1x 107 3 x 10
400 1x10°° 5 x 104
600 2 x 107? 3 x 1073

To obtain some estimate of possible
temporal variations, a map at 602 cm™! at
comparable spatial resolution was con-
structed from Voyager 1 data acquired
approximately 4 months earlier (Fig. 6).
The Voyager 1 and 2 maps are similar in
their gross features; however, the Voy-
ager 2 data appear to be systematically
warmer by approximately 1 K, probably
as a result of errors in the preliminary
Voyager 2 calibration. Anticipated
changes in the longitude of specific fea-
tures such as the Great Red Spot are evi-
dent, but there also appear to be signifi-
cant intrinsic changes in certain areas
such as the localized warm features
slightly south of the equator. The occur-
rence of such changes over a time scale
of a few months suggests they are related
to dynamic processes, since the radiative
time constant at this level is of the order
of several years.

Jupiter’s ring. A set of 20 spectra was
obtained during a radial scan of the ring.
An average of this set, which showed no
evident thermal signal, can be used to set
an upper limit on the normal optical

depth of the ring in the thermal infrared.
For an optically thin emitting medium,
the normal optical depth r(v) is given by

() = 1) [f sec 6 B(v, 1]

where I(v) is the measured signal
strength at wave number v, f is the frac-
tion of the instrument field of view filled
by the medium, 6 is the view angle mea-
sured from the normal, and B is the
Planck function at the ring temperature
T. From images taken during the obser-
vational sequence (3), the bright portion
of the ring in the IRIS field of view gives
f=0.088; the viewing geometry gives
6 = 88.2° an isothermal black ring par-
ticle in thermal equilibrium with Jupiter
and the sun will have a temperature of
about 125 K. By using the instrument
noise level as an upper limit to the ring
signal, we obtain the upper limit ring
opacities (Table 2).

Satellites. Thermal anomalies have
previously been observed on Io (I, 3).
Seven hours of nearly continuous obser-
vations from Voyager 2, obtained during
a search for variability in volcanic
plumes (4), provide a data base to con-
tinue the search for such hot areas. Dur-
ing these observations, Io filled half of
the IRIS field of view, so only disk-in-
tegrated data were obtained; the longi-
tude of the subspacecraft point gradually
moved from 10° to 28°W during this time.
The observability of ‘‘hot spots’’ is limit-
ed by the instrument noise and the ther-
mal contrast between the hot spot and
the overall background. In the present

Fig. 6. Voyager 1 brightness temperature map of Jupiter at 602 cm~!, corresponding to a pressure of 150 mbar. The map is labeled as in Fig. 4.
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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 1 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 6, a circular source should be de-
tectable at, say, 650 cm™! if

R2B(T) cos 6 = 0.08

where R is the source radius (in kilome-
ters) and B(T) is the Planck function (W
cm~2 sr-Ycm™') 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 (/), 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-
vations. 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™! than at 250 cm™!) is ob-
served. This is generally consistent with
the presence of a range of surface tem-
peratures within the instrument field of
view, as might be caused by variations in
surface albedo and thermal inertia.

The Voyager 2 flyby of Callisto pro-
vided the only dawn terminator coverage

- -" ‘e .b
- .
X 140 H M
- FOOTPRINT
E 120 — o
= .
3
* L .
3 -
S 100 T T + !
A 6 12 18 24
el o
. .‘
80F ' ’l"".
L

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™! 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 1073
cal cm™2 K~! 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 107* cal cm™2
K-t sec™ "2 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

model, the afternoon cooling is too rap-
id. An additional complication is also in-
troduced by a variation in the wave-
number dependence of the brightness
temperature with local time. Preliminary
attempts to model this behavior with two
surface components of different albedos
have not been successful. More sophisti-
cated modeling is under way.
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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.

During the approach phase of the Voy-
ager 2 encounter with Jupiter, the photo-
polarimeter instrument (/) 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 (R;) 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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