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Near-Infrared Spectroscopy and Spectral
Mapping of Jupiter and the Galilean Satellites:
Results from Galileo’s Initial Orbit

R. Carlson,” W. Smythe, K. Baines, E. Barbinis, K. Becker,
R. Burns, S. Calcutt, W. Calvin, R. Clark, G. Danielson,

A. Davies, P. Drossart, T. Encrenaz, F. Fanale, J. Granahan,
G. Hansen, P. Herrera, C. Hibbitts, J. Hui, P. Irwin, T. Johnson,
L. Kamp, H. Kieffer, F. Leader, E. Lellouch, R. Lopes-Gautier,
D. Matson, T. McCord, R. Mehlman, A. Ocampo, G. Orton,
M. Roos-Serote, M. Segura, J. Shirley, L. Soderblom,

A. Stevenson, F. Taylor, J. Torson, A. Weir, P. Weissman

The Near Infrared Mapping Spectrometer performed spectral studies of Jupiter and the
Galilean satellites during the June 1996 perijove pass of the Galileo spacecraft. Spectra
for a 5-micrometer hot spot on Jupiter are consistent with the absence of a significant water
cloud above 8 bars and with a depletion of water compared to that predicted for solar
composition, corroborating results from the Galileo probe. Great Red Spot (GRS) spectral
images show that parts of this feature extend upward to 240 millibars, although consid-
erable altitude-dependent structure is found within it. A ring of dense clouds surrounds the
GRS and is lower than it by 3 to 7 kilometers. Spectra of Callisto and Ganymede reveal
a feature at 4.25 micrometers, attributed to the presence of hydrated minerals or possibly
carbon dioxide on their surfaces. Spectra of Europa’s high latitudes imply that fine-grained
water frost overlies larger grains. Several active volcanic regions were found on lo, with
temperatures of 420 to 620 kelvin and projected areas of 5 to 70 square kilometers.

In late June 1996, the Galileo spacecraft
obtained its first remote sensing measure-
ments within the jovian system. The Near
Infrared Mapping Spectrometer (NIMS)
performed spectroscopic and spectral map-
ping measurements of Jupiter’s atmosphere
and the surfaces of the Galilean satellites.
The NIMS instrument (1) has a modest

spectral resolving power of 40 to 200 from
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0.7 to 5.2 pm, but combines this with
spatial coverage at a resolution of 300 to
800 km for Jupiter and a few to several
hundred kilometers for the Galilean satel-
lites. A large number of atmospheric mol-
ecules, surface minerals, and condensates
exhibit diagnostic spectral signatures in
the NIMS range, so the measurements
represent a powerful tool for investigating
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a wide range of processes on Jupiter and its
moons. Here we present some results from
the first orbital pass, which provided cov-
erage of the planet and all four Galilean
satellites (2).

Initial observations concentrated on
two prominent and mysterious features of
Jupiter’s atmosphere: 5-pm hot spots and
the GRS. Hot spots are regions where the
upper cloud cover is relatively thin, so
that thermal emission from the warm low-
er atmosphere escapes and can be observed
by NIMS, especially at wavelengths in the
spectral window near 5 pm where the
gaseous absorption is also low. The Galileo
entry probe descended into such a region
(3), and made compositional and other
measurements. Two striking findings were
the low abundance of water vapor relative
to solar composition models of Jupiter and
the absence of the predicted dense water
cloud (4). NIMS measurements in hot
spots probe down to pressures of several
bars, so interesting comparisons are possi-
ble, and NIMS can extend the probe data
to the global scale.

Spectra were obtained for a targeted
hot spot, identified prior to Galileo’s or-
bital pass using ground-based telescopes.
The location of these spectra are shown
superimposed on a contemporaneous
ground-based image (Fig. 1) and span the
feature from center to edge. Thermal emis-
sion is strongest at the center (Fig. 2),
where the reflected solar intensity at 1.1
and 2.7 wm is lowest (Fig. 3), as would be
expected if the hot spot was indeed pro-
duced by a localized thinning of the main
cloud deck. Within ammonia bands the
opposite was found—the intensity of re-
flected light was greater in the hot spot,
even though the clouds were presumably
thinner there—suggesting that ammonia
was depleted within the hot spot. The
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lower ammonia content may be connected
with the low water vapor amounts, that is,
hot spots may be generally dry with re-
spect to all condensates relative to their
surroundings, or may be a result of reduced
amounts of ammonia ice as part of the
general reduction in cloud cover (5). Cu-
riously, however, a high thin cloud,
thought to be ammonia cirrus, appeared to
be enhanced over the hot regions sur-
rounding the GRS (compare Fig. 4, C and
D).

Thermal emission spectra in the 4- to
5.5-pm region show features attributed to
minor constituents that aré present in the
jovian troposphere, specifically germane
(GeH,), phosphine (PHj;), and deuterated
methane (CH;D), as well as water vapor,
ammonia, and methane. The observed
spectrum of Fig. 2 can be fit with comput-

Latitude (N)

90 85 80 75
Longitude (W)

Fig. 1. 4.8-um image of the hot spot, obtained
28 June 1996 at the NASA IRTF at Mauna Kea,
Hawaii, using NSFCAM. The location of the four
NIMS pixels are shown, each being 850 km in
width and height. The northernmost pixel occurs
at 7.0°N. This hot spot disappeared 2 days later.
Possible latitude and longitude errors for the pix-
el assemblage are about one half to one pixel.
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Fig. 2. Hot spot thermal emission spectrum (in
gray), for the end pixel of Fig. 1 located within the
hot spot. Absorption regions are indicated for
various molecules. A model fit is shown in black
and based partly upon the Probe measure-
ments; see (6, 7).
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ed synthetic spectra (6) based on the mea-
surements by the Galileo entry probe (7).
Although our synthetic spectra do not
give a unique fit to the data, we find that
the NIMS spectra are consistent with the
absence of a water cloud in the range
sounded (5 to 8 bars), and that water
mixing ratios are well below that which
would be expected if Jupiter were well
mixed and had a solar abundance of oxy-
gen. We also find that there is a fairly
thick cloud (optical depth of approximate-
ly 1 at 5 pm) at a high level, again con-
sistent with the probe, which placed this
cloud at about 1.5 bars.

The GRS was observed at several phase
and hour angle combinations and in spec-
tral bands with different absorption
strengths, enabling vertical sounding of
the clouds and providing information
about particles within it (Fig. 4). It can be
seen that the GRS system had a high-
altitude core (Fig. 4C), evident in the
1.76-pm methane absorption band which
cloaks the lower atmosphere and is useful
for sounding high clouds. This core was
offset to the east, upwind relative to the
prevailing jet flow, and showed consider-
able structure, which was different in each
channel. The core was surrounded by a

Transmission, reflectance

Ratio

04H
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Fig. 3. Spectra in the reflected sunlight region.
(A) NIMS spectra inside the hot spot (red) and
outside (blue), the end pixels in Fig. 1. A Lam-
bertian surface would have a radiance coeffi-
cient of unity. (B) Ratio of the spectra outside the
hot spot to inside it. (C) Transmission spectrum
of NH, gas and a reflection spectrum of NH,
frost (4). Note that the minima in the ratio spec-
trum (B) correlate with ammonia gas and frost
absorption features (C).
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bright ring, evident in both the 0.76- and
2.7-wm images but absent in the 1.76-um
image, indicating that it was lower in al-
titude. This ring in turn was surrounded by
a region of relatively clear atmosphere,
like an extended hot spot (Fig. 4D), which
passed either side of the GRS but was
much wider to the north. As noted above,
there was a high altitude haze associated
with this relatively clear region, which
can be seen clearly in Fig. 4C. Thermal
emission features were abundant, occur-
ring even within the GRS.

NIMS multiwavelength imagery within
various absorption bands of well-mixed
gases (primarily H, and CH,) can be used
for quantitative evaluation of the cloud

Fig. 4. Spectral images of the GRS. (A) is for a
continuum wavelength of 0.76 wm and shows
the visual appearance of the clouds, largely un-
affected by absorption, (B) 2.73-um image,
which probes slightly higher and is sensitive to
ammonia ice absorption. Differences between
(A) and (B) can arise from spatially variable cloud
particle properties. (C) Image (1.76 um) which
senses clouds at relatively high altitudes. (D)
Thermal emission at 4.99 um, showing net cloud
transparency. In all cases, red represents the
highest intensity.

top pressure levels, among other parame-
ters. Using a two-cloud model, with the
top of the upper cloud determined from
the measured radiances and radiative-
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Fig. 5. Callisto spectrum. This I/F spectrum (/ is
radiance and wF is the solar irradiance) is an av-
erage of four pixels which show the least amount
of water ice features. The previously unreported
absorption at 4.25 pm could arise from hydrated
or hydroxylated minerals or CO, perhaps in clath-
rate form.
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Fig. 6. Ganymede I/F spectra. Three regions are
represented: the bright Osiris rays (red), Uruk Sul-
cus (green), and Marius Regio (blue). At long
wavelengths, the same spectra are shown with a
factor of 10 enhancement. Note the 4.25-um fea-
ture in the Marius Regio spectrum. The noise level
is ~ 0.005 in I/F at long wavelengths.
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transfer calculations (8), we find that the
highest regions of the GRS extended to a
pressure level of 240 mbar, approximately
20 km above its assumed base at 700 mbar.
The eastern portion of the surrounding
ring, at its brightest point (Fig. 4, A and
B), is lower than the GRS peak by approx-
imately 3 km (pressure of ~280 mbar).
The western portion of the ring is even
lower, by about 4 km (pressure of ~340
mbar), from the brightest eastern point.

We obtained spectra of Callisto at low
spatial resolution (650 km) and high
phase angle (123°). These spectra (for ex-
ample, Fig. 5) show some weak water ice
features, but the spectra are dominated by
structure indicative of the presence of hy-
drated minerals (including possible hy-
droxides), as the OH stretching transition
near 3 wm is strong but the shorter wave-
length water bands are nearly absent (9).
A new absorption feature was observed in
Callisto’s spectrum at 4.25 pm (Fig. 5),
and its strength appears to vary with po-
sition on Callisto. One possible source for
this absorption is CO, (perhaps as a clath-
rate) in small concentrations (~0.5% by
weight). Preferred candidates include hy-
drated and hydroxylated minerals exhibiting
combination transitions such as OH(stretch)-
M-OH(bending) (M represents a metal
atom such as Mg, Al, or Fe). A number of
materials exhibit such transitions near 4.3
pm; future analysis and additional spectra
from later orbits will allow a more definitive
identification.

Ganymede was targeted for close flyby
during the first orbit of Galileo and was
mapped globally at modest spatial resolu-
tion (~100 km). Three spectra from repre-
sentative areas (Marius Regio, Uruk Sulcus,
and the bright-rayed crater Osiris) are
shown in Fig. 6. The bright regions of Osiris
exhibit strong water ice bands, whereas the
water bands are modified and shifted in
Marius Regio and Uruk Sulcus, indicating
the presence of hydrated minerals in these
regions (9). A 4.25-pm feature was also

Fig. 7. Band depth maps of Ganymede and a comparison Voyager map. (Left) is a digital mosaic of
Ganymede. (Middle) shows the 2-pm band depth variation. (Right) is a false-color composite of the
1.5- and 2-pm band depths (blue and green color planes, respectively) and the depth of the 4.25-pum
feature (red).
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Fig. 8. Spectrum of Europa in the northern polar
region, shown as the open circles and represent-
ing a region at approximately 60°N, 270°W. Two
laboratory measurements (77) of water ice are
shown; thé»upper curve is for a thick layer of 200-
wm grains whereas the lower curve is for a thin
layer of fine-grained frost on an ice surface. The
fine-grained surface frost reduces the apparent
strength of the 1.5- and 2-um bands, but is suffi-
ciently transparent that photons penetrate into the
lower ice to produce the relatively strong 1.04-
and 1.25-pm absorptions. Note the similarity of
Europa’s spectrum with the lower curve. The
noise level of Europa’s spectrum is smaller than
the plotting symbol.

found on Ganymede but is generally weaker
than that found on Callisto.

A 2.0-pm band-depth map (Fig. 7,
middle) illustrates that water ice is non-
uniformly distributed over the surface;
water ice is relatively depleted in the vi-
sually dark regions (Fig. 7, left). Other
factors such as temperature, purity, grain
size, and the presence of hydrated species
can influence the band depth, so this
abundance map is only approximate. A

false-color image (Fig. 7, right), which-

incorporates band depths at 1.5 pm (in
blue) and 2.0 wm (in green), shows that
the surface ice grain properties are fairly
uniform in the icy areas. The depth of the
4.25-pm feature is mapped in red, illus-
trating that the mineral causing this ab-
sorption is distributed at low latitudes,
implying more exposure of non-water ice
material. The 1.04-pm water ice absorp-
tion is also stronger in the equatorial re-
gion, implying that ice grains are larger
there. These two observations, along with
the apparent fine-grained frosts in the po-
lar regions, may suggest that water mi-
grates from the equator to the poles. How-
ever, O, also absorbs at 1.05 pm and may
complicate this interpretation.

Among the jovian moons, Europa has

388

long been thought to have the largest
amount of pure water ice on its surface on
the basis of full-disk telescopic studies (10).
NIMS obtained spectral maps with cover-
age of the northern polar regions (Fig. 8).
The spectral shape resembles telescopic
spectra for the trailing hemisphere (10) and
is consistent with a fine-grained water frost
overlaying a coarser grained ice component
or a glazed surface [see Fig. 8 and (11)].

Several discrete regions of volcanic ac-
tivity were found on lo, each showing
blackbody-like emission between 2 and 5
pm. The hemisphere observed was that
with central meridian longitude of 135°W.
An area of ~15 km? near the equator at
approximately 90°W longitude was found
to be emitting at a temperature of 460 K.
This region may correspond to the active
site Hi’iaka found in 1990 ground-based
observations (12). The Amirani region
was found to emit at 510 K with a project-
ed area of 40 km? while emission from the
vicinity of Prometheus showed tempera-
ture of 590 K and a projected area of 7
km?. Other hot areas range from 420 K to
620 K, with corresponding areas of 70 and
5 km?.
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