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Abstract 

We have measured the bulk radar reflectance properties of the mid-size saturnian satellites Rhea, Dione, Tethys, and Enceladus with the Arecibo 
Observatory's 13 cm wavelength radar system during the 2004 through 2007 oppositions of the Saturn system. Comparing to the better studied icy 
Galilean satellites, we find that the total reflectivities of Rhea and Tethys are most similar to Ganymede while Dione is most similar to Callisto. 
Enceladus' reflectivity falls between those of Ganymede and Europa. The mean circular polarization ratios of the saturnian satellites range from 
~0.8 to 1.2, and are on average lower than those of the icy Galilean satellites at this wavelength although still larger than expected for single 
reflections off the surface. The ratio for the trailing hemisphere of Enceladus may be the exception with a value ~0.56. The 13 cm wavelength 
radar albedos and polarization ratios may be systematically lower than similar results from the Cassini orbiter's RADAR instrument at 2.2 cm 
wavelength [Ostro, S.J., and 19 colleagues, 2006. Icarus 183, 479^90]. Overall, these reflectivities and polarization properties, together with the 
shapes of the echo spectra, suggest subsurface multiple scattering to be the dominant reflection mechanism although operating less efficiently 
than on the large icy moons of Jupiter. All these saturnian moons and icy jovian moons are atmosphere-less, low temperature water ice surfaces, 
and any differences in radar properties may be indicative of differences in composition or the effects of various processes that modify the regolith 
structure. The degree of variation in radar properties with wavelength on each satellite may constrain the thickness and efficiency of the scattering 
layer. 
© 2007 Elsevier Inc. All rights reserved. 
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1. Introduction 

Saturn's moons Rhea, Dione, Tethys, and Enceladus are a 
class of airless, icy bodies 500 to 1500 km in diameter that 
despite these relatively small sizes still show evidence of vary- 
ing degrees of geologic activity in the past (Plescia and Boyce, 
1985) and, in the case of Enceladus, the present (Porco et al., 
2006). The collective formation of these moons and subsequent 
evolution remains an outstanding problem. Their bulk densi- 
ties range from a high of 1.6 g/cm^ for Enceladus (Porco et al., 
2006) to perhaps as low as 1.0 g/cm^ for Tethys (Dourneau and 
Baratchart, 1999), betraying compositions of mostly water ice 
but with formation histories that led to differing non-ice frac- 
tions and interior structure. Compositions are likely related to 
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the positions of their formation from Saturn, especially with re- 
gard to the fraction of ammonia (e.g., Mosqueira and Estrada, 
2003) which is expected to be prevalent in these satellites due 
to the cool temperatures in the saturnian nebula (Lewis, 1972). 
The Cassini mission has recently performed close flybys of 
these moons, confirming that varying degrees of geologic activ- 
ity (Wagner et al., 2006) were sustained for an extended period 
of time on these small objects after their formation, and con- 
tinuing to the present on Enceladus (Porco et al., 2006). The 
surfaces of each are known to be fairly clean water ice (Clark 
et al., 1984) with high optical albedos, and with each exhibiting 
color and brightness variations indicating heterogeneous cov- 
erage of non-ice impurities and surface microstructure. Large 
scale variations take the form of leading versus trailing hemi- 
sphere asymmetries (Buratti and Veverka, 1984), which for 
these synchronously rotating bodies may be related to interac- 
tions with Saturn's magnetospheric plasma and/or the diffuse 
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E-ring in both of which these moons are embedded (Verbiscer 
et al., 2007), or focusing of micrometeorite impacts due to their 
orbital motion (cf. Buratti et al., 1990). 

Measurements of radar properties and any inter-satellite 
variations can address these issues of surface characteristics 
and formation histories. The radar reflectivity of a surface de- 
pends on its composition and structure, so we undertook an 
effort to measure the radar scattering properties of these ob- 
jects. Materials with high dielectric constants and loss tangents, 
such as the silicate surfaces of the terrestrial planets and as- 
teroids, will to first order yield reflections from the vacuum- 
surface interface and have radar albedos of <0.2 (cf. Ostro, 
1993). For surfaces smooth on horizontal scales within roughly 
an order of magnitude of the incident wavelength, single re- 
flections dominate and the reflectivity is directly related to the 
bulk dielectric constant of the surface. In contrast, surfaces 
of water ice, if extremely clean and at temperatures around 
100 K, can have essentially negligible absorption at radio wave- 
lengths (cf. Thompson and Squyres, 1990) and subsurface mul- 
tiple scattering mechanisms become important. Thus the radar 
can probe wavelength-scale structures not only on, but below 
the surface at depths which depend (perhaps sensitively) on 
non-ice contaminants. The canonical examples of this prop- 
erty are the icy Galilean satellites for which there is no evi- 
dence of specular surface reflections at wavelengths from 3.5 
up to 70 cm, and their entire echoes are apparently the result of 
multiple scattering (Campbell et al., 1978; Ostro et al., 1992; 
Black et al., 2001a). They are strongly backscattering and pref- 
erentially preserve the polarization sense under circularly polar- 
ized illumination, a signature of multiple scattering and unlike 
single reflections which reverse the sense. 

Various models have been explored to quantitatively explain 
the high albedos and polarization ratios. All rely on subsur- 
face scattering and range from those that consider the effects of 
buried structures such as craters (Baron et al., 2003; Gurrola, 
1995; Eshleman, 1986), randomly oriented facets (Goldstein 
and Green, 1980), or refractive lenses (Hagfors et al., 1997), 
to models of distributions of non-specific but efficient scatter- 
ers (Black et al., 2001b) that produce a coherent enhancement 
in the backscatter direction (cf. Hapke, 1990; Peters, 1992). We 
present new 13 cm wavelength radar observations of mid-size 
saturnian satellites and only a few qualitative interpretations, 
leaving quantitative modeling for future efforts. 

2. Observations 

We observed these saturnian satellites with the Arecibo Ob- 
servatory's 13 cm (2.4 GHz) radar system during four epochs 
from 2004 through early 2007 at times near opposition in order 
to minimize the Earth-to-target distances. A log of the observa- 
tions is given in Table 1. The round-trip light-travel time to the 
Saturn system at opposition is ~2.25 h, permitting ~30 min of 
observing time per day due to the Arecibo telescope's restricted 
elevation range. Equipment problems resulted in some observ- 
ing sessions being shorter than this maximum tracking time. In 
2006 only half the transmitted power relative to prior years was 

available since one of the two transmitter klystrons was out for 
maintenance. 

In 2004, short radar observations of the icy Galilean satel- 
lites whose radar characteristics are well known were made to 
assist in calibrating the telescope gain, which is 73.3 db av- 
eraged over the zenith angles of 12.5°-19.7° covered by the 
observations, consistent with routinely measured standard as- 
tronomical calibrators. For the Arecibo telescope, both gain 
and system temperature are functions of zenith position. The 
system temperature was measured nightly and varied between 
25 and 32 K. Depending on its location in the beam, the ther- 
mal flux from Saturn can increase the base system temperature 
by about 10%, as expected from its decimeter brightness tem- 
perature of ~200 K (de Pater and Dickel, 1991). Reflection 
of the radar signal from the ring system is also received, but 
is spread over ~650 kHz and blends into the spectral back- 
ground removed during reduction. With the reflectivity of the 
rings around 30^0% (Nicholson et al., 2005), they contribute 
at most 0.5 K to the system temperatures. 

On each date a circularly polarized monochromatic signal 
was transmitted and the echo was recorded in both circular po- 
larizations, labeled as SC for the same circular sense as the 
transmitted signal and OC for the opposite circular sense. Spec- 
tra of the recorded signals were then made to isolate the echo in 
frequency. The rotation of a satellite induces a varying Doppler 
shift in the reflected signal across its disk. For these targets 
this effect spreads their echos into bandwidths of order several 
100s of Hz at the radar's frequency. Table 2 gives the physical 
parameters of each satellite and the resulting average Doppler 
bandwidth of each, which varies by ~ ±3% year-to-year due to 
the changing latitude of the sub-Earth track. Only this average 
bandwidth was used in the final analysis. For each target, the 
spectra, si, from all dates are weighted and summed to produce 
a final echo spectrum, S, as shown in Fig. 1 according to 

I^w/í; 

E' 
where the weight for each spectrum is given by 

PgtgrV^ 

(1) 

(2) 
' sys 

for transmitted power P, antenna gains gr and gr at trans- 
mit and receive positions respectively, integration time T, and 
system temperature Tgys- Disk integrated scattering parameters 
reduced from these spectra are given in Table 3. The total echo 
power in each spectrum was converted to a physical cross sec- 
tion via the system parameters and known target distance, then 
normalized by the target's projected area to convert into a spe- 
cific cross section, hereafter referred to as the radar albedo. 

Unless noted, the quoted uncertainties used here represent 
one standard deviation of the noise statistics and not possible 
systematic errors, which could be as much as 25% if errors in 
the transmitted power, system temperature, and telescope gain 
are all of order 10%. Such systematic errors should affect all 
results equally and the circular polarization ratio, which is de- 
fined to be the ratio of the power in the SC channel to that 
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Table 1 
Observation log 

Target Date W. longitude W. latitude Beam separation'' Obs. time Power 

(UT) (deg) (deg) (arcmin) (min) (kW) 

Enceladus 2004 Jan 17 92 -28 0.39 30 740 
2005 Jan 23 260 -25 _ 30 801 
2005 Jan 24 161 -25 0.45 27 795 
2005 Jan 31 196 -25 - 29 771 
2005 Feb 01 98 -25 - 29 802 
2005 Feb 03 262 -25 0.17 25 779 
2006 Feb 08 265 -21 - 30 439 
2006 Feb 09 167 -21 - 29 444 
2007 Jan 24 68 -15 - 22 649 
2007 Jan 26 232 -15 - 25 649 
2007 Jan 27 134 -15 - 25 642 
2007 Jan 28 36 -15 0.33 29 741 
2007 Feb 04 71 -15 0.58 26 655 
2007 Feb 05 333 -15 0.58 26 756 
2007 Feb 07 135 -15 - 26 800 
2007 Feb 08 39 -15 - 26 877 

Tethys 2005 Jan 23 299 -23 0.21 30 801 
2005 Jan 24 130 -23 - 27 795 
2005 Jan 25 320 -23 - 18 782 
2005 Feb 02 41 -23 - 17 790 
2005 Feb 03 232 -23 - 25 779 
2006 Feb 08 221 -19 0.24 30 439 
2006 Feb 09 51 -19 0.59 29 444 
2006 Feb 11 72 -19 0.29 29 442 
2007 Jan 24 6 -15 0.57 22 649 
2007 Jan 28 47 -15 0.72 29 741 
2007 Feb 07 149 -15 0.07 26 800 
2007 Feb 08 339 -15 0.73 26 877 

Dione 2004 Jan 17 36 -26 _ 29 740 
2005 Jan 24 125 -23 0.22 27 795 
2005 Jan 31 324 -23 0.75 29 771 
2005 Feb 01 95 -23 0.40 29 802 
2006 Feb 09 186 -19 0.29 29 444 
2006 Feb 11 88 -19 - 29 442 
2007 Jan 24 7 -13 0.50 22 649 
2007 Jan 26 270 -13 0.54 25 649 
2007 Jan 27 41 -13 0.36 25 642 
2007 Jan 28 172 -13 0.75 29 741 
2007 Feb 07 44 -14 0.40 26 800 
2007 Feb 08 176 -14 0.51 26 877 

Rhea 2004 Jan 16 318 -26 _ 29 720 
2004 Jan 17 37 -26 0.27 22 740 
2004 Jan 18 117 -26 - 29 767 
2005 Jan 25 307 -23 0.68 18 782 
2005 Feb 03 303 -23 0.81 25 779 
2006 Feb 08 256 -19 0.75 30 439 
2006 Feb 11 134 -19 0.33 29 442 
2007 Jan 24 58 -13 0.61 22 649 
2007 Jan 26 218 -13 0.37 25 649 
2007 Jan 28 17 -13 0.15 29 741 
2007 Feb 08 171 -13 0.48 26 877 

No entry indicates the primary target on that date and thus centered in the beam. Titan was the primary target on 2007 Jan 28, Feb 4, Feb 5. 

in the OC channel, should be largely immune to systematic 
errors in the gain and transmitter power in particular. Consis- 
tent 13 cm wavelength radar measurements of inner Solar Sys- 
tem targets and the icy Galilean satellites over more than three 
decades have demonstrated the stability of the system calibra- 
tion within the statistical uncertainties of those measurements. 

We further note the system stability shown by the results of 
multi-epoch observations of the stronger Saturn system targets 
Titan (Campbell et al., 2003) and the ring system (Nicholson 
et al., 2005). Thus systematic errors and absolute calibration 
issues should be significant only when comparing Arecibo ob- 
servations with those of other systems at other wavelengths. 
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Table 2 
Satellite parameters 

Target Diameter Rotation Bandwidth 
(km) (h) (Hz) 

Rhea 1529 108.43 368 
Dione 1123 65.69 451 
Tethys 1066 45.31 615 
Enceladus 504 32.88 400 

The bandwidth is the frequency spread of the echo due to the target's rotation 
and is given by ß = 4;rrZ)cosá/A,P for diameter D, rotation period P, wave- 
length A, (= 13 cm), and subradar latitude S. These bandwidths are averages over 
the different latitudes in Table 1. Diameters are from Thomas et al. (2006). 

Rhea 

such as from the Cassini RADAR at 2.2 cm wavelength as dis- 
cussed later. 

Since the angular separation between satellites if often less 
than the width of the Arecibo beam at this wavelength, on 
many dates more than one satellite could be observed simulta- 
neously. At those times one satellite was selected as the primary 
target and centered in the beam with the secondary target(s) 
falling at some angular distance off-center as indicated in Ta- 
ble 1. The beam shape was assumed to be Gaussian with an 
average half power beam width of 1.95 arcmin (Heiles et al., 
2000) and included by modifying the gains in the weighting 
function. Secondary targets would also drift in frequency due 
to their motion relative to the primary by as much as ~ 10 Hz/s, 
which was corrected by frequency drifting the raw sampled data 

50 Hz res 

270 

Dione 

0         1 -1 0         1 -1         0         1 
kHz kHz kHz 

100 Hz res 

180 

90 270 

-2-1       0       1       2-2-1       0       1 
kHz kHz 

Tethys 

2-2-1       0       1       2 
kHz 

100 Hz res 

270° 

-2-1012 -2 10    12 -2 10    12 
kHz kHz kHz 

Enceladus 100 Hz res 

270° 

Fig. 1. Final summed 13 cm wavelength echo spectra are shown for each target. Panels show the power received in the opposite circular sense as transmitted (OC), 
same circular sense (SC), and their weighted sum (TC). Short bars on the abscissas indicate the average expected bandwidth of each target due to the rotationally 
induced Doppler shifts of the signal (see Table 2). The frequency resolution used in each row is indicated; a smaller resolution is used for Rhea given its higher 
signal-to-noise ratio (SNR). The ordinale scales are standard deviations of the noise. The inward pointing lines in the last panel indicate the central west longitudes 
of each observation on that target, with the length of the line proportion to the weight function for each. 
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Table 3 
Satellites' 13 cm wavelength radar properties 

Target Radar albedo IJ,C (SC/OC) SNR Beq/B 

Rhea OC 0.61 ± 0.03 
sc 0.71 ±0.04 
TC 1.31 ±0.05 

Dione OC 0.41 ± 0.07 
SC 0.32 ± 0.07 
TC 0.74 ±0.10 

Tethys OC 0.66 ± 0.09 
SC 0.79 ± 0.09 
TC 1.45 ±0.13 

Enceladus (total) OC 1.07 ±0.22 
SC 0.86 ± 0.20 
TC 1.94 ±0.31 

Enceladus (lead) OC 1.16 ±0.29 
SC 1.39 ±0.29 
TC 2.55 ± 0.42 

Enceladus (trail) OC 1.00 ± 0.28 
SC s:o.54^ 
TC 0.78 ± 0.28 

1.17 ±0.09 

0.81 ±0.21 

1.22 ±0.21 

0.83 ± 0.25 

1.28 ±0.41 

¿0.56^ 

46 
49 

17 
20 

0.90 ± 0.03 
0.97 ± 0.02 

0.93 ± 0.09 
0.73 ±0.18 

0.97 ± 0.03 
0.84 ± 0.08 

0.78 ±0.17 
0.58 ± 0.22 

0.79 ± 0.20 
0.83 ±0.15 

0.52 ± 0.28 

Error estimates are based on one standard deviation of the statistical uncertainties. 
^ Three standard deviation upper limit. 

during processing prior to forming the power spectra. The ab- 
solute frequency difference between targets could be as large 
as ~100 kHz. Initially a standard frequency hopping technique 
(cf. Ostro et al., 1992) was used in 2004 where the transmitter 
frequency alternates at 10 s intervals between four frequen- 
cies separated by 10 kHz. This scheme is employed to provide 
signal-free background samples at the three frequencies not cur- 
rently used during any given hop period. This was found to 
be an extra complication when extracting multiple targets and 
so subsequent sessions used a single transmit frequency. The 
background at the target's frequency was then obtained by in- 
terpolating the smoothly varying bandpass across the echo's 
narrow bandwidth. 

3. Discussion 

The final spectra shown in Fig. 1 demonstrate the detection 
quality of each targeted moon. Generally their radar albedos are 
high with roughly comparable power returned in both circular 
polarizations, as listed in Table 3. Such properties strongly in- 
dicate a subsurface multiple scattering mechanism, also known 
as volume scattering, but perhaps operating to somewhat dif- 
ferent extents on each moon. Single scattering from the sur- 
face would return the majority of power in the OC channel. 
Single scattering dominates echoes from inner Solar System 
targets; for example, the Moon at 13 cm wavelength has a 
total albedo of ~0.07 and a polarization ratio of only ~0.1 
(Evans and Hagfors, 1966), and what little power is returned 
in the SC polarization sense is due to wavelength scale surface 
and near-surface roughness. Some asteroids reflect comparable 
power in both polarizations with little specular reflection, how- 
ever their total albedos remain low (e.g., Magri et al., 1999; 

Benner et al., 1997), a combination which is usually interpreted 
to result from considerable surface and near surface wavelength 
scale roughness. To return significant power in the SC channel 
would require a more efficient multiple scattering mechanism. 

The shape of the echo spectrum gives an indication of the 
scattering mechanism. If single surface scattering dominates, 
the echo from a spherical body will be strongest at the sub- 
radar point where the incidence angle is near vertical producing 
a strong specular reflection in the center of the echo spectrum. 
Multiple scattering mechanisms can broaden the spectrum by 
returning significant power at higher incident angles. This dis- 
tribution of power within the echo spectrum can be expressed 
as an equivalent bandwidth, defined in the sense used in Ostro 
et al. (1992), 

5, •eq • A/ 
Eyf 

(3) 

where y¡ are the spectrum amplitudes and A/ is the frequency 
resolution. The broad widths (see Table 3) of the echoes further 
indicate a multiple scattering mechanism. 

The mid-size satellites of Saturn are generically similar 
to the icy Galilean satellites of Jupiter in that all have low- 
temperature, water ice dominated surfaces exposed to the vac- 
uum. Thus one might expect the regolith structure of these sat- 
urnian moons to be similar to that of the icy Galilean satellites 
given the dominance of water ice, not too dissimilar cratering 
rates (Zahnle et al., 2003), and ancient surfaces. The latter point 
may not hold for Enceladus however in light of recent Cassini 
observations of current surface activity near its south pole (e.g., 
Porco et al., 2006), but most of these moons' surfaces have es- 
timated ages of order 2 to 3 Gyr (Plescia and Boyce, 1985). 
The extremely low absorption of centimeter wavelength radia- 
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Fig. 2. Comparison of icy satellite 13 cm wavelength radar albedos versus their 
visual wavelength geometric albedos. For both systems the rough correlation 
between optical and radar albedos suggests a commonality between the primary 
darkening agent in both wavelength regimes. Radar error bars represent one 
standard deviation of the statistical uncertainties, optical error bars represent the 
range of variation with longitude. Jupiter satellite radar albedos are from Ostro 
et al. (1992); lapetus radar albedo from Black et al. (2004). Optical albedos for 
the Saturn system are from Verbiscer et al. (2007); for the Jupiter system from 
Domingue and Verbiscer (1997). 

tion in clean water ice will permit penetration of the radiation 
to much greater depths than on non-ice targets. Regolith devel- 
opment will cause density and hence refractive discontinuities, 
creating a population of scattering centers within these low-loss 
layers. When observed with a radar, these characteristics of the 
icy Galilean satellites lead to a condition where they become 
very effective backscatterers. At 13 cm wavelength Europa's 
total radar albedo is ~2.6 and its circular polarization ratio 
1.5 (Ostro et al., 1992), compared to non-icy, inner Solar Sys- 
tem targets which have radar albedos and polarizations ratios 
an order of magnitude lower. Furthermore, for the icy Galilean 
satellites the lack of any specular echoes is also consistent with 
a volume scattering mechanism. If the saturnian satellites have 
similar regolith properties then their radar albedos and polariza- 
tion ratios should also be large. Non-Galilean satellite scattering 
properties would indicate a different surface structure and/or 
composition, having implications for the current and past con- 
ditions in the Saturn system in either case. 

The total 13 cm wavelength radar albedos are plotted ver- 
sus optical geometric albedos in Fig. 2, along with the cor- 
responding values for the icy Galilean satellites. For Europa, 
Ganymede, and Callisto, there is a good correlation between 
these two quantities, implying a certain amount of homogeneity 
between the optical surface and the depths probed by the radar, 
i.e., several tens of wavelengths. The inter-satellite trend fol- 
lows the overall icy purity inferred for these moons from their 
optical albedos and depths of infrared water bands, with Europa 
having the lowest fraction of non-ice contaminants, Callisto the 

highest, and Ganymede intermediate (cf. review by Clark et al., 
1986). The Saturn satellites have optical albedos similar to the 
jovian satellites as well as similar water ice band depths in the 
infrared (Clark et al., 1984), but follow a different trendline in 
Fig. 2. Thus the general correlation between optical and radar 
albedos for both satellite systems can be explained with a vary- 
ing fraction of an optical and radar darkening compound, such 
as meteoritic material. The shift in the trend for the saturnian 
satellites suggests their surfaces have an additional radar ab- 
sorber that reduces contributions from volume scattering but 
without affecting the optical albedos, thereby depressing the 
radar reflectivity for a given optical reflectivity. Alternatively, 
a thin mantling of clean, optically bright ice could increase 
the optical reflectivity without affecting the radar reflectivity. 
A coating of small, fresh grains may easily explain Enceladus' 
properties, but it may be more difficult to cover the other satel- 
lites at the optical wavelength scale by such small grains with- 
out giving them all Enceladus-like optical properties. 

Several classes of compounds can affect the radar scatter- 
ing by increasing the absorption in a water ice layer. Silicates, 
organics, or ammonia are plausibly present in the surfaces of 
these objects. While these new data themselves do not strongly 
distinguish between possible absorbers, ammonia compounds 
are likely candidates based on availability, formation models, 
and comparison to other data obtained at other wavelengths. 
Ammonia is expected to be more prevalent in the satellites of 
Saturn than in those of the Jupiter system due to the cooler tem- 
peratures in the saturnian nebula (Lewis, 1972), and has been 
invoked to explain the origin of Titan's nitrogen atmosphere via 
destruction of its originally accreted ammonia (Atreya et al., 
1978; Owen, 2000). In addition, the presence of large quantities 
of ammonia in the moons' water ice mantles would signifi- 
cantly lower the melting points and maintain liquid or ductile 
interiors at lower temperatures than is possible in a completely 
water ice body. Lowering of the melting point in these objects 
is one means of explaining the evidence of more active geology 
than would otherwise be expected on these small, cold objects 
(Squyres et al., 1983). Ammonia in the near-surface should af- 
fect the radar reflectivity since it can increase the absorption 
of centimeter-wavelength radiation considerably (Lorenz and 
Shandera, 2001) and be less optically active than silicates or 
organics. To date there has been no robust detection of any sig- 
nificant quantity of ammonia on these objects. Infrared spectra 
are dominated by strong water features, with other compounds 
detected or constrained to be present only in trace amounts. For 
Enceladus, Emery et al. (2005) report a possible detection of 
ammonia at the level of 0.5% by weight, while Cassini mea- 
surements place an upper limit of 2% on its global abundance 
(Brown et al., 2006). Even the plumes from Enceladus' south 
polar terrain are at least 90% H2O with only trace quantities of 
ammonia (Waite et al., 2006). 

Fig. 3 plots the multi-wavelength radar properties of the four 
icy saturnian satellites discussed here together with those of 
the trailing hemisphere of lapetus (Black et al., 2004; Ostro 
et al., 2006) and the icy Galilean satellites (Ostro et al., 1992; 
Black et al., 2001a) for comparison. Any comparisons drawn 
from Fig. 3 depend on the absolute calibration of the different 
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Fig. 3. Plots of total radar albedo versus circular polarization ratio for each target. Panels with data for lapetus' trailing (icy) hemisphere and for the icy Galilean 
satellites are included for comparison. Each point includes data from all available longitudes except lapetus. The abscissa of each panel is the same as the first 
panel's. Saturn satellite data at 13 cm wavelength are plotted with the quadrature sum of statistical uncertainties and a 25% systematic uncertainty. At 2.2 cm 
wavelength the error bars further include assumptions in the ranges of polarization ratios (see text and Ostro et al., 2006). Error bars for the Galilean satellites are 
the larger of the statistical uncertainties or the range of any variation with longitude. 

instruments, and so for these new data the radar albedo error 
bars in that figure represent the quadrature sum of the statistical 
uncertainties and a 25% systematic error Furthermore, while 
we have directly measured the radar properties in both circular 
polarizations at 13 cm wavelength, the values at 2.2 cm wave- 
length from Cassini were obtained in a single linear polarization 
only. For those measurements, Ostro et al. (2006) assumed po- 
larization behavior similar to that of the icy Galilean satellites in 
order to convert the single linear polarization into a total radar 
albedo. Barring other information, this appears to be justified 
given the already high albedos observed in that one linear polar- 
ization alone. Finally, the total radar albedo would then be the 
same whether measured in linear or circular polarization. For 
the Cassini points in Fig. 3 we have incorporated the same as- 
sumptions for linear and circular polarizations from Ostro et al. 
(2006) into the error bars on the Cassini measurements, namely 
that the linear polarization ratio is in the range [0.0, 0.7] and the 
circular polarization ratio is in the range [1.1, 1.6]. That latter 
range is inconsistent with these 13 cm observations, but taking 
the circular polarization ratios at 2.2 cm wavelength to be equal 
to those 13 cm wavelength, as observed for the Galilean satel- 
lites, does not align the radar albedos at those two wavelengths 
in Fig. 3. There also does not seem to be any single systematic 
correction factor as would result from an absolute calibration 
difference that better aligns the two radar dataseis for all sat- 
urnian satellites. 

The new measurements presented here overall show lower 
total albedos and lower polarization ratios than those of the 

icy Galilean satellites, and, keeping in mind the assumptions in 
the previous paragraph, may show a greater disparity between 
wavelengths for the saturnian targets. The icy Galilean satellites 
show nearly identical properties at both 13 and 4 cm wavelength 
scales, with significant reduction in radar albedo evident only at 
the much longer wavelength of 70 cm. The saturnian satellites 
observed here, as well as lapetus, instead may show real differ- 
ences between the shorter two wavelengths. 

While the apparent drops in saturnian satellites radar albe- 
dos between 2.2 and 13 cm wavelengths somewhat mirrors the 
drops between 13 and 70 cm wavelengths on the icy Galilean 
satellites, the polarization ratios may also drop for the former 
set. The icy Galilean satellites' albedo drop from 13 to 70 cm 
wavelength has been interpreted as a reduction in the number 
of scatterers at the larger wavelength (Black et al., 2001b). The 
drop between wavelengths observed on lapetus was suggested 
by Ostro et al. (2006) to result from a relatively shallow scatter- 
ing layer. These new data may further support their suggestion 
that the effective scattering layers on these moons are deter- 
mined by an increasing amount of absorber with depth, such 
that relatively cleaner layers are seen by the 2.2 cm wavelength, 
while the 13 cm wavelength senses lower, more absorbing lay- 
ers. 

Any drop in polarization ratio from 2.2 to 13 cm wavelength 
would likewise be due to increasing absorption reducing the 
efficiency of volume scattering as longer scattering paths that 
preserve the incident polarization sense are the paths that suffer 
relatively more attenuation. The result of any added absorption 
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at 13 cm wavelength is thus to reduce both the radar albedo 
and the polarization ratio. Conversely, the polarization ratios of 
the icy Galilean satellites may remain high at all wavelengths 
because their albedo drop with wavelength is due instead to a 
lack of scatterers available at the largest scales (Black et al., 
2001b), effectively diminishing the number of scattering paths 
without preferentially selecting against longer ones. 

3.1. Rhea 

These results confirm the preliminary analysis of a subset 
of these Rhea data by Black and Campbell (2004). In terms 
of radar properties, Rhea is a close analogue to Ganymede at 
both the 13 cm wavelength and the 2.2 cm Cassini wavelength. 
With a closer optical albedo match to Europa, this suggests that 
the radar senses a Ganymede-like subsurface but with an op- 
tically bright coating thin on the radar wavelength scale. Also 
like Ganymede, there is little difference between Rhea's proper- 
ties at both radar wavelengths, implying that the surface appears 
similar on both wavelength scales. Such a homogeneity may 
be consistent with Rhea having the oldest and thus most well- 
mixed regolith as inferred from cratering statistics (Plescia and 
Boyce, 1985). 

We have also split the data set into leading (0° < west lon- 
gitude < 180°) and trailing (180° < west longitude < 360°) 
hemispheres. The Cassini RADAR observed only the leading 
hemisphere of Rhea (Ostro et al., 2006). The ratios of the hemi- 
spherically separate 13 cm wavelength radar albedos versus 
the similar ratio of hemispheric optical albedos are plotted in 
Fig. 4. The leading side is significantly more reñective than the 
trailing side at both optical (Verbiscer et al., 2007) and 13 cm 
radar wavelengths, indicating that perhaps the same material or 
process darkens the surface in both wavelength regimes. 

3.2. Tethys 

Tethys has 13 cm wavelength radar properties very similar 
to Rhea and Ganymede, but possibly different values than at 
the Cassini 2.2 cm wavelength. A decrease in albedo and polar- 
ization ratio may signal a decrease in volume scattering via an 
increased absorption seen at depth by the longer wavelength. If 
real, this difference may constrain a gradient in composition or 
structure with depth. 

The breakdown of the Tethys dataset into leading and trailing 
hemispheres is also shown in Fig. 4. No significant asymmetry 
in radar albedo is seen. The Cassini RADAR observed only the 
trailing hemisphere of Tethys (Ostro et al., 2006). 

3.3. Dione 

Dione's albedos at both radar wavelengths are lower than 
the corresponding values for Tethys and with possibly a larger 
wavelength dependence. One way to achieve this is for Dione's 
surface layers to contain a higher fraction of radar absorbing 
material, lowering the overall radar albedo and decreasing the 
effectiveness of any volume scattering. A decrease in the rela- 
tive contribution of volume scattering over single surface scat- 
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Fig. 4. Comparison between the ratios of leading to trailing hemisphere albedos 
at 13 cm radar wavelength (this work) versus at optical wavelengths (Verbiscer 
et al., 2007). The radar albedo points are shown with statistical uncertainties as 
systematic errors should factor out in the ratio. Rhea and Enceladus appear to 
have significantly higher radar albedos on their leading sides, in phase with the 
optical asymmetry for Rhea and out of phase for Enceladus. Dione and lapetus 
show no significant hemispheric difference in 13 cm wavelength radar albedo 
despite large optical asymmetries. 

tering would have the effect of lowering the polarization ratio 
as seems to be the case at 13 cm wavelength. At 2.2 cm wave- 
length Dione's radar albedo is similar to Rhea's, but if Dione's 
albedo drops by 13 cm wavelength it may suggest a steeper 
gradient in composition or structure with depth than Rhea, caus- 
ing a quicker decrease in volume scattering efficiency at 13 cm 
wavelength on Dione. 

Like Tethys, there does not appear to be a significant dif- 
ference in radar properties between leading and trailing hemi- 
spheres within the statistical uncertainties, despite its quite large 
optical asymmetry (Verbiscer et al., 2007). Our observations 
are much more concentrated on Dione's leading side and very 
sparse on it's trailing side however. Only the leading hemi- 
sphere of Dione has been observed by the Cassini RADAR 
(Ostro et al., 2006). 

3.4. Enceladus 

Enceladus' total radar albedo is the highest of these moons, 
although its 13 cm wavelength polarization ratio is relatively 
low. The effective backscattering needed for a high albedo can- 
not rely on single scattering, and hence the required multiple 
scattering should also result in a similarly very high polariza- 
tion ratio. The radar albedos at both radar wavelengths appear 
essentially identical, although the polarization ratios may not 
be. If real, these results may be more difficult to explain than 
the wavelength variations seen on the other satellites. Unfortu- 
nately the Enceladus detection does not have the high signal-to- 
noise ratio one would like to robustly draw further conclusions. 

As shown in Figs. 4 and 5, splitting the Enceladus data into 
leading and trailing hemispheres indicates that most of the re- 
ceived radar signal apparently comes from the leading hemi- 
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Fig. 5. Enceladus 13 cm wavelength echo spectra split into leading and trailing hemisphere data sets. The top panel reproduces Fig. 1 and contains data from all 
longitudes. See Fig. 1 for description of axes and clock diagrams. Most of the Enceladus echo appears to originate from the leading hemisphere. There is no detection 
of the trailing hemisphere in the SC polarization, suggesting a very low polarization ratio for an icy surface. The overall sensitivity on the leading side is only about 
15% better than on the trailing side due mainly to the larger number of observing sessions on the former. 

sphere, indicating a substantial radar asymmetry. These hemi- 
spherically separate results are also included in Table 3. Com- 
pared to the slight optical hemispheric asymmetry (Verbiscer 
et al., 2007), the radar asymmetry supports the model of Ence- 
ladus having a thin mantling of fresh, clean ice particles that 
is transparent to the radar which instead senses deeper, older, 
and perhaps a more original surface. The lack of a detection 
of the trailing hemisphere in the SC polarization channel sug- 
gests a surprisingly low polarization ratio for an icy surface. As 
a result of the geometry, latitudes southward of ~70° S were in 
continuous view during our observations, including most of the 
south polar terrain (Porco et al., 2006), which cannot then be 
used to explain a hemispheric difference seen here. 

If other processes besides impact gardening have been re- 
cently modifying Enceladus' surface, its structure may be dra- 
matically different than the older, mature regolith of the other 
satellites. A combination of high radar albedo and low polariza- 
tion ratio may indicate unique surface properties. On the Earth, 
the melt zones of the Greenland ice sheet have this combination 
of radar properties, apparently due to subsurface ice structures 
that result from seasonal melting and refreezing cycles (Rignot 
et al., 1993; Jezek et al., 1994), as do some high altitude glaciers 
in the Andes and Tibet (Haldemann and Muhleman, 1999). Al- 
though liquid water content controls the radar reflectivity of 

Earth's ice surfaces, those studies generically suggest that the 
radar scattering from Enceladus may be controlled by structures 
not found on the other icy satellites. 
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