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Galilean Satellites: Identification of Water Frost 

Abstract. Water frost absorptions have been detected in the infrared reflectivities 
of Jupiter's Galilean-satellites JII (Europa) and JIII (Ganymede). We have deter- 
mined the percentage of frost-covered surface area to be 50 to 100 percent for 
JII, 20 to 65 percent for JIII, and possibly 5 to 25 percent for JIV (Callisto). 
The leading side of JIII has 20 percent more frost cover than the trailing side, 
which explains the visible geometric albedo differences between the two sides. The 
reflectivity of the material underlying the frost on JII, JIII, and JIV resembles 
that of silicates. The surface of JI (lo) 
smaller than those on Jll and JIll. 

We have conclusively identified ab- 
sorptions due to water frost in the 
infrared reflectivities of Jupiter's Gali- 
lean satellites JII and JIII. Water frost 
(or ice) has long been thought to be 
a constituent of these and other bodies 
in the outer solar system. Kuiper (1) 
suggested the presence of water ice in 
the rings and the six inner satellites of 
Saturn, satellites JIII and JIV of 
Jupiter, Triton, and Pluto. McCord et 
al. (2) showed that the reflectivities 
(from 0.3 to 1.1 /m) of four satellites 
of Saturn are consistent with ice sur- 
faces. Pilcher et al. (3) first identified 
water frost in the infrared spectrum of 
Saturn's rings (4). Kuiper (5) and 
Moroz (6) showed that JII and JIII 
have lower reflectivities at 2 /jm than 
at 1 jum, as do many ices (7, 8). 
Gromova et al. (9) and Johnson and 
McCord (10) measured a depression in 
the reflectivity of JII and JIII near 1.6 
[cm (6250 cm- l), suggestive of water 
or ammonia frost (3). Morrison and 
Cruikshank (11) found that variations 
in the intensity of emitted thermal 
infrared radiation during eclipses of JI, 
JIII, and JIV are consistent with a thin 
surface layer of frost covering a denser 
mixture of rock and ice. Lewis (12) 
suggested, on theoretical grounds, the 
presence of nearly pure water ice 
crusts on the Galilean satellites (JI 
through JIV). 

We have measured the reflectivities 
of the Galilean satellites from 2500 to 
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may be covered by frost particles much 

8000 cm--l (1.25 to 4.0 Fm) at a resolu- 
tion of 33 cm-' (66 A at 2.0 /m) by 
using a rapid scanning Fourier spec- 
trometer on the 60-inch (152.4-cm) 
McMath solar telescope of Kitt Peak 
National Observatory (Table 1). For 
comparison with laboratory data, the 
reflectivities have been smoothed to a 
resolution of- 120 cm-', reducing the 
effective observing times to those given 
in Table 1. No features narrower than 
120 cm-1 were present in the original 
reflectivities. 

Each observation was reduced by 
the methods of Johnson et al. (13) by 
using observations at equal air mass to 
form a ratio of the intensity of the 
satellite spectrum (I/at) to that of the 
spectrum of the star XSgr (Ixsgr). Simi- 
larly, a ratio was formed of the in- 
tensity of the XSgr spectrum to that of 
the spectrum of the lunar crater Fra 
Mauro (o,,,,,,). The satellite reflectivity 
is given by 

= Isat IXsgrs ref 
LXsgr _L m LmoonJ 

r Rt lr IXSgr Rsref 
~L X^ g r JL( Rmoon) (I)J ...) 

(1) 

where I, is the solar intensity. The 
reference lunar reflectivity (R'ef ) was - I111011 
that of a small area in Mare Seren- 
itatis given by McCord and Johnson 
(14) from 0.3 to 2.5 /xm (4000 to 
33,000 cm-l) and extrapolated by us 
to 4.0 ,um (2500 cm-'). For our pur- 

poses, the reflectivity of this area is 
sufficiently similar to those of upland 
areas such as the Fra Mauro region 
(14). The reflectivities of JI and JIV, 
the only satellites from which we de- 
tected radiation between 2500 and 
3300 cm-l (3 and 4 [,m), are not cor- 
rected for lunar emission in that region 
and are therefore reduced below their 
proper values. 

The satellite reflectivities are pre- 
sented in Fig. 1. Each accompanying 
error bar represents the average of the 
standard deviations for all wavelengths. 
The curves are broken where there was 
no measurable signal because of atmo- 
spheric absorption. The reflectivities in 
Fig. 1 refer to one side of each satellite, 
if synchronous rotation is assumed 
(15, 16). The terms "leading side" and 
"trailing side" refer, respectively, to the 
sides of the satellite facing toward and 
away from its direction of motion about 
Jupiter. The reflectivities have been 
scaled approximately to the geometric 
albedos of Johnson and McCord (10); 
their JI albedos were corrected by using 
the stellar occultation radius of JI (17). 
Our signal-to-noise ratio is much higher 
than theirs, in part because of the inter- 
ferometric multiplex advantage de- 
scribed by Fellgett (18). 

Absorptions due to water frost, as 
measured in the laboratory by Kieffer 
(8) and presented in Fig. 1, can be 
readily identified in the reflectivities of 
JII and JIII. They appear as minima at 
6700, 6450 (a shoulder in the JII re- 
flectivity), 6100, and 5000 cm-' (1.49, 
1.55, 1.64, and 2.0 /Am, respectively). 
The relative intensities of these absorp- 
tions are dependent on the temperature 
history (8, 19) and particle size (7) 
of the frost in ways compatible with 
the minor differences between the satel- 
lite and laboratory frost data. The noisy 
reflectivity of JIV shows broad, weak 
absorptions near 6600 and 4950 cm-' 
(1.52 and 2.05 utm), consistent with 
some water frost on JIV. The JI re- 
flectivity also shows a broad weak ab- 
sorption near 6600 cm-- and a possible 
absorption near 4950 cm-1, as well as 
many narrow noise features. Our detec- 
tion of radiation only from JI and JIV 
between 2500 and 3300 cm-' is con- 
sistent with the results of Gillett et al. 
(20). 

The water frost absorptions are 
strongest for JII, weaker for JIII, and, 
if present, extremely weak for JI and 
JIV. This decrease in absorption inten- 
sities for JII through JIV may be due 
to a similar decrease in the frost- 
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covered fraction of each satellite's sur- 
face. If so, the fraction for each satel- 
lite can be estimated. The depth of the 

absorption at 5000 cm-l for JII implies 
that no less than 75 percent of the 
observed infrared radiation is reflected 

by water frost. Assuming values of 0.5 
for the geometric albedo of water frost 
(7, 8) and 0.35 (typical of silicates) 
for the geometric albedo of the under- 

lying material (21), we find that about 
70 percent of the surface of JII is frost 
covered. 

Using other reasonable values for 
the geometric albedos, we conclude 
that the limits for frost cover on the 

leading side of JII are 50 to 100 percent 
of its surface area. From the weaker 

absorptions in the JIII reflectivity, we 
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Table 1. Information on the observations. The 
abbreviations are: L, leading side; T, trailing 
side; N, number of independent measurements; 
teff, effective observing time. In calculating 
teff allowance was made for smoothing the 
data. 

Satel- Side Date observed N tif 
lite (1972) (min) 

JI L 30 June, 2 July 2 25 

JII L 27 June 6 75 

JIII L 26 June 5 62 

JIIl T 30 June 5 62 
JIV T 30 June, 2 July 4 50 

find that about 50 percent of the ob- 
served radiation is reflected by water 
frost. By the same reasoning as in the 
case of JII, the limits for frost cover on 
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yields a surface frost cover of 5 to 
5 percent. 

The visible geometric albedos of the 
satellites measured by Johnson (22) 
are consistent with this variable frost 
cover model. At 0.56 ,m the geometric 
albedos are 0.68 (JI), 0.80 (JII), 0.62 
(JIII), and 0.27 (JIV). The albedo of 
JI has been corrected by using the 
stellar occultation value for the radius 
of JI. Assuming the visible geometric 
albedos of water frost and the under- 

lying material (for example, silicates) 
to be 0.8 and 0.15, respectively, and 
the fractional frost covers of JII 
through JIV to be 0.7, 0.4, and 0.1, 
respectively, we obtain the following 
values for the ratios of the visible geo- 
metric albedos: JII/JIII = 1.5 and 
JII/JIV 2.8. These compare favor- 

ably with the observed values of 1.3 
and 3.0. Exact agreement is obtained 
with fractional frost covers of 0.7, 0.5, 
and 0.08 for JII, JIII, and JIV, respec- 
tively. 

Decreasing absorption intensities in 
frost spectra can also be produced by 
decreasing the size of the frost particles 
(7). But as the particle size of a frost 
decreases its visible albedo increases, 
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Fig. 1 (left). Reflectivities of the Galilean satellites and water 
frost. The reflectivities of JI, JII, and JIII have been scaled ap- 
proximately to the geometric albedos of Johnson and McCord 
(10). Each error bar is the average of the standard deviations for 
all wavelengths. The intensities of the reflectivities of JI and 
JIV between 2509 and 3300 cm-' are reduced below their 
proper values (see text). The water frost spectrum was mea- 
sured at 77?K; its reflectance scale is relative to an MgO stan- 
dard. Fig. 2 (above). The reflectivities of the leading and 
trailing sides of JIII scaled to the same value at 5625 cm-. Both 
reflectivities are also scaled to the geometric albedos of Johnson 
and McCord (10). Each error bar is the average of the stan- 
dard deviations for all wavelengths. 
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contrary to the trend shown by the 

geometric albedos of JII, JIII, and JIV. 
The satellite reflectivities are consistent 

only with a process that links decreas- 

ing absorption intensity to decreasing 
albedo. Another such process, geo- 
metrically analogous to the one de- 
scribed above, is the mixing of dark, 
nonfrost materials with the frost on the 
satellites' surfaces. 

We note that as we move out in the 
satellite system from JII, not only do 

the absorption intensities decrease, the 
overall slopes of the satellite reflectivi- 

ties change from albedo decreasing to 

albedo increasing with wavelength. This 
is consistent with a partial surface cover 
model in which the underlying material 
is a silicate, since almost all silicates 
show albedos increasing with wave- 

length (21, 23). 
Satellite JI has anomalous character- 

istics that do not allow it to fit readily 
into the above discussion. Its infrared 

spectrum resembles that of JIV, but it 
is almost three times more reflective 
than JIV in the visible. The high visible 

reflectivity of JI suggests that it is ex- 

tensively frost covered, but the absence 
of strong absorptions in its infrared 

reflectivity indicates that, if frost is 

present, the particles are much smaller 
than those on JIl and JIII. Small frost 

particles might be produced from the 

disruption of larger particles by elec- 
trons from the high flux around JI 

(25). Charged particle radiation acting 
on impurities, such as sulfides, in a 
frost on JI might also explain its ultra- 
violet-visible absorption (22, 24). 
Laboratory measurements of the re- 
flectivities of pure and impure frosts 
struck by charged particles would be 
useful in examining such a model. 

Veverka (26) also suggested that 

charged particle radiation has altered 
the infrared reflecting characteristics of 
JI. He concluded from polarization 
measurements that snow predominates 
on the surfaces of JI, JII, and JIII, and 
rock predominates on the surface of 
JIV; this is consistent with our conclu- 
sions for JII, JIII, and JIV, based on 
their infrared reflectivities. 

Figure 2 shows the infrared reflec- 
tivities of the leading and trailing sides 
of JIII, scaled to the same value at 
5625 cm-'. The water frost absorp- 
tions on the leading side are deeper, the 
intensity difference indicating a 20 per- 
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served 15'percent brightness difference 
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between the two sides (15, 22). Since 
the leading and trailing sides of JII 
differ in brightness by 30 percent (15, 
22), JII may show a greater absorption 
intensity difference between its two 
sides than JIll. A single observation of 
the trailing side of JI, not presented 
here, shows a stronger increase in re- 
flectivity with wavelength than on the 
leading side and a maximum near 5000 
cm-'. More data for both sides should 
be obtained for all the satellites. 
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Clear air turbulence (CAT) consists 
of all turbulent motions in regions of 
the free atmosphere that are not close 
to visible convective activity. It not 
only menaces aviation, but is also im- 
portant in atmospheric circulation. A re- 
view of scant observations of CAT' (1) 
shows that it appears in sporadic patches 
of apparently stable atmospheric layers 
with vertical wind shear. When CAT 
occurs, spectral analyses of the atmo- 
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spheric motions consistently exhibit a 
marked gap in the spectral energy den- 
sity, E(k) (2). The "spectral gap" 
is accompanied by an energy bulge at 
higher wave numbers. Various hy- 
potheses have been advanced to explain 
the occurrence of CAT associated with 
this spectral energy bulge (1). It is 
often speculated that the most likely 
energy source for CAT is the shear 
present in large-scale wind structure, 
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atmosphere. A simplified model equation demonstrates the feasibility of the sug- 
gested mechanism. 
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