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ABSTRACT

Photometric observations of the five medium-sized satellites

of Saturn were obtained with the 60-inch telescope at Palomar

Mountain Observatory during the Ring Plane Crossing in August 1995.

The albedos of these satellites are very high at -0.9 #m, an

indication that the fraction of opaque contaminants on their

surfaces is very low. The geometric albedos for the leading sides

of the satellites are: Enceladus: 1.02; Tethys: 0.90; Dione: 0.72;

and Rhea: 0.76. For Mimas, the geometric albedo of the trailing

side is 0.72. The amplitudes of the satellites’ rotational

lightcurves is somewhat less than in the visual portion of the

spectrum, ranging from 0.40 for Dione to

Tethys. The lightcurve of Enceladus

Enceladus and Mimas are brighter on the

other three satellites. This result

0.10 for Rhea, to 0.05 for

is not sinusoidal. Both

trailing side, unlike the

suggests that coating by

Saturn’s E-ring is a major factor in determining the optical

properties of all five satellites.
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I. Introduction

The reduction of glare from Saturn~s rings during the occasions

that they appear edge-on from Earth affords a rare opportunity to

observe the inner satellites of Saturn. Groundbased photometric

observations of Mimas and Enceladus, the faintest two of the five

medium-sized inner satellites of Saturn, can be reliably obtained

only during these ring plane crossings (RPXS), which occur about

once every 15 years. Indeed, William Herschel discovered these two

satellites during a previous RPX in 1789. The episode of RPXS that

occurred in 1995-1996 is the best until 2038.

In this paper we report on the analysis of nearly 300 images

obtained during August 9-12 August 1995 (the actual crossing was on

August 10 at 20:54 UT, in daylight). These observations provide

important new information on the rotational lightcurves and

geometric albedos of all five inner medium satellites: Mimas,

Enceladus, Tethys, Rhea, and Dione (see Table 1 for a summary of

their physical properties). The rotational lightcurves can be used

to understand the distribution of geologic terrains on the

satellites, and to understand the effects of various exogenic

alteration processes, including the accretion of E-ring particles

onto the satellites (Buratti et.al, 1990; Hamilton and Burns, 1993;

and Verbiscer and Veverka, 1992) . These measurements are

especially important for the areas of the satellites that were not

imaged by the Voyager spacecraft.

To reduce scattered light from Saturn itself, and to reduce
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moonlight (the observations were obtained in light time), the bulk

of our observations were obtained in the methane absorption band at

0.89 flm. We utilized a narrow band interference filter provided by

Prof. James Westphal of Caltech, with an effective wavelength of

0.889 #m and a FWHM of 50 #m. Our measurements of the lightcurves

and geometric albedos of these bodies at this wavelength are the

first in the near infrared. Previous groundbased and Voyager

observations were limited to the visual region extending only to

0.75 pm (Noland et al., 1974, Franz and Minis, 1975, Buratti and

Veverka, 1984, Verbiscer and Veverka, 1992) . Quantitative

measurements in this new region of the spectrum are important to

set the context for observations by the Cassini spacecraft, which

includes a suite of optical and infrared remote sensing instruments

(Space Science Reviews, in preparation).

II. Observations and Data Analysis

The observations were obtained with the 60-inch telescope at

Palomar Mountain Observatory with a 1024 X 1024 CCD array camera at

the Cassegrain focus. A summary of our observations is listed in

Table 2. Good weather and fair seeing persisted throughout the

four nights; the worst seeing of - two arc seconds occurred near

dawn. There was a full moon on August 11, located about 27° away

from the Saturnian system. Integration times were nominally two

minutes. An image near the actual Ring Plane Crossing is shown in

Figure 1. Landolt standard star fields were imaged throughout the
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night to obtain absolute photometric measurements on the

satellites, including geometric albedos. Flatfield images were

obtained by flooding the inside of the dome with an incandescent

lamp and acquiring counts to about half of the CCD~s full well.

The analysis proceeded following methods we developed previously

for performing relative photometry with CCD images. (Buratti and

Dunbar, 1991; Buratti et al., 1995) . Each image was

bias-subtracted and flatfielded, and aperture photometry was

performed on each satellite and Titan, which we used for an on-chip

comparison standard. Due to the significant amount of scattered

light from Saturn still existing on our images, we modeled the

‘fskyttbackground as a two-dimensional polynomial surface. This

technique previously proved successful with our photometric

analysis of the Uranian satellites (Buratti et al., 1992). In some

cases, two to five images were coadded to increase signal,

particularly for Mimas and Enceladus. Absolute photometry of the

satellites was obtained with observations of stars in two Landoldt

fields (Landoldt, 1992).

No corrections for the orbital lightcurve of Titan were made in

our data reductions. Although no rotational light curve of Titan

exists in the - 0.9 flm region, observations by Noland et al.

(1974) between 0.35 and 0.75 #m showno observable rotational light

curve amplitude greater than 0.02 magnitudes. Lemmon et al.

(1995) and Coustenis et al. (1995) obtained a lightcurve at ‘1.1

pm, in a deeper methane absorption band, showing variations of a

few percent over Titan8s surface. For the ranges of orbital
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longitude covered during the four nights of our observations (237°

to 309° degrees), the 1.1 flm data show Titan~s rotational curve

exhibits no measurable variations over the period spanned by our

first two nights of observations. For the orbital phases covered

during our third night, Coustenis et al. report a 2% change, while

Lemmon et al. report a 0.5% change. For the fourth night,

Coustenis et al. report a 3% change, and Lemmon et al. report a

1.5% change. Our own comparisons of Titan~s integrated brightness

with respect to our standard fields shows no systematic change

greater than 1%. Thus, we decided not to adopt a correction for

Titans’ orbital phase curve.

The range in subobserver longitude varies with each satellite;

in general the outer satellites have wider ranges because the four

night period over which we observed spans a wider range in orbital

phase angles (see Table 2). Unfortunately, the orbital period of

Mimas is close to 24 hours (21 hours), so that the satellite

appeared in nearly the same position night after night.

Nevertheless, we observed Mimas for a range of 30 degrees not

observed by the Voyager spacecraft. The solar phase angle during

the four nights changed from 3.7 to 3.5; this is not a sufficient

change to obtain any information on the satellites’ phase

functions. The change is so small that corrections for solar phase

effects are not necessary (they are expected to be a fraction of a

percent; see Buratti and Veverka, 1984).

The relative photometric error for the four nights is 1-2%.

Observations of the same rotational phases for Enceladus, Mimas and
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Tethys on different nights are consistent to that level. The major

source of relative error is scattered light from Saturn. We

estimate our absolute error to be -5%, based on the differences in

the derived geometric albedos from various Landoldt field stars,

and uncertainties in the radii of the satellites and in the

magnitude of the Sun.

III. Geometric albedos

To obtain a geometric albedo for each satellite, the integrated

brightness was first converted to a magnitude scale through the

Landoldt standard star magnitudes. These observed magnitudes,

%(*) ~ were then converted to opposition magnitudes, mS{Ow) for

each satellite with the following equation:

%3@ = %(obs) - @ (1)

where a is the solar phase angle and P is the phase coefficient

measured in magnitudes/degree. Ideally, phase coefficients over the

same range in solar phase angle should be used for this

computation. These phase coefficients do exist from previous

groundbased measurements for Tethys, Dione, and Rhea (Noland, 1974;

Franz and Minis, 1975) , whereas for the cases of Mimas and

Enceladus, the Voyager phase coefficients obtained at larger phase

angles were used (Buratti and Veverka, 1984; the Voyager phase

coefficient was also used for Di.one,because the I.Jolandet al. and
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Franz and Minis results are very different) . There is a slight

wavelength dependence to the phase coefficient: in general, as the

albedo increases the phase coefficient decreases (Noland et al.,

1974) . Because there is no strong change in albedo between 0.50 and

0.90 pm (see Figure 2), our adoption of a phase coefficient derived

at shorter wavelengths does not introduce a significant error. The

adopted phase coefficients are listed in Table 3.

The geometric albedo for each satellite was then computed with

the following equation:

D2d2 -(In,(opp)+ rno)\2.5
P- --------10

R2r2
(2)

where D is the heliocentric distance of Saturn on the day of the

observation, d is the corresponding geocentric distance of Saturn,

R is the radius

the Sun (Allen,

of the satellite (Table 1), m. is the magnitude of

1976) . The geometric parameters were obtained from

the Jet Propulsion Laboratory’s online ephemeris site

(ssd.jpl.nasa.gov 6775) . The specific images used to obtain the

satellites’ geometric albedos varied for each object. Images were

chosen to optimize the following factors: the visibility of the

satellite, the minimization of scattered light from Saturn, the

availability of Landolt star images at the same airmass, and the

best photometric conditions (seeing, weather, and minimal airmass

and moonlight). The best conditions existed for each satellite at

the following times: Mimas, Tethys, and Enceladus: August 9,

10:54-11:10 UT; Dione: August 10, 8:14-9:18 UT; and Mimas, Tethys,
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Rhea and Dione: August 11, 7:51-7:58 UT. Finally, the geometric

albedos for both the leading and trailing hemispheres were computed

based on the rotational light curves observed for each satellite,

and their best-fit sinusoidal curves (see next section). There was

not enough rotational phase coverage for Mimas to obtain a

geometric albedo for its leading hemisphere. The results are listed

in Table 3. The geometric albedo of Titan obtained with the

Landoldt comparison stars is 0.086 ~ 0.001, in good agreement with

the previous value of 0.085 of Neff et al. (1984).

Figure 2 shows the geometric albedos of the satellites with

visible geometric albedos (0.35-0.59 #m) determined by the imaging

experiment on the Voyager 1 and 2 spacecraft (Buratti and Veverka,

1984) . Our results show that the high geometric albedos of the

satellites persist to at least -0.9 #m. Previous spectra of

Tethys, Dione, and Rhea (presented on a relative scale) disagreed

on whether the albedo of these satellites increased or decreased

between 0.6 and 0.9 #m. McCord et al. (1971) and Clark and

Owensby (the latter observed Rhea only) show a -10% decrease, while

Fink et al. (1976) show an indeterminate increase. The 10-15%

absolute photometric error of Voyager measurements, coupled with

our own 5% absolute error, render it impossible to resolve the

disagreement.

Due to scattered light from Saturn, so visible spectra of

Enceladus or Mimas have been obtained from the ground.
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IV. Rotational Light Curves

The rotational lightcurve in astronomical magnitudes was derived

for each satellite with the following equation:

Am(e) = 2.5 log (<B>/B(e)) (3)

where O is the satellite’s orbital longitude, measured in the

prograde direction from superior conjunction, B is the integrated

brightness with respect to Titan, and <B> is the mean brightness.

For Tethys, Dione, and Rhea, the data were fit to the following

two-parameter equation:

Am(O) = A/2[cos((3 - 6.)] (4)

where A is the peak to peak amplitude of the variation and O. iS

the longitude at which the peak brightness occurs. For Mimas,

there was insufficient orbital phase coverage to fit a sinusoidal

curve; Voyager imaging observations were merged with our data to

derive the sinusoidal fit shown in Figure 3. For Enceladus, the

albedo variegations do not appear to follow a sinusoidal

distribution. The results for each satellite are listed in Table

4 and shown in Figures 3 to 7. The figures include previous

measurements from ground based and Voyager measurements (Noland et

al., 1974; Franz and Minis, 1975; Buratti and Veverka, 1984

Verbiscer and Veverka, 1992) .
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In general the rotational

medium sized satellites follow

brighter leading hemispheres.

the trailing side of Enceladus

light curves for the three outer

the previously observed pattern of

Our observations show clearly that

is brighter than the leading side.

Both ground-based (Franz and Minis, 1975) and Voyager measurements

(Buratti and Veverka, 1984) suggested that the global albedo

variegations on Enceladus were different than those on other

satellites; however, none of the previous data were good enough to

show the pattern unambiguously (see Figure 4). If our observations

of Mimas are combined with the Voyager data, we confirm the result

of Verbiscer and Veverka (1992) that its trailing side is also

slightly brighter than its leading side.

v. Discussion

The medium sized Saturnian satellites occupy a unique place

among satellites: in the near UV and visible portion of the

spectrum they are far brighter than any other class of objects in

the solar system (Buratti and Veverka, 1984; Nelson and Lane 1987).

This high albedo implies a surface consisting of nearly fresh ice

with very little opaque contaminants. Our results from Saturn Ring

Plane Crossing show that this high albedo persists into the near IR

(-0.9 flm). Laboratory measurements by Clark (1981) show that a

tiny amount of dark, opaque contaminant (silicate or charcoal)

reduces

mineral

the albedo of a frost surface drastically. For example, a

coverage of only 0.002 % results in a decrease in albedo
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from 0.97 to 0.89. This remarkably uncontaminated ice implies

relatively recent activity in the Saturnian system. However,

crater counting studies from Voyager images have shown the geologic

age of most of the satellites’ terrains to date from the end of the

period of heavy bombardment, except for the most recent terrains on

Enceladus, which are less than 200 million years old (Plescia and

Boyce, 1985). Thus,

(exogenic) process.

Our lightcurves

the activity must in general be a surficial

in this spectral region exhibit better signal

to noise than previous studies (although our phase coverage is

as extensive in some cases) . For Tethys, Dione, and Rhea

results are consistent with previous work in the visual range.

not

our

Our

full amplitudes appear to be slightly less than those in that

spectral range (see Figures 3 through 7). This result would be

consistent with a decreased contrast between ices and opaque

material in the near

We find a general

observed in the inner

to the densest point

while those interior

IR.

pattern in the leading/trailing dichotomies

Saturnian system: those satellites exterior

in the E-ring have brighter leading sides,

to its densest point (including Enceladus)

have brighter trailing sides.

Hamilton and Burns (1994) in

Saturn~s E-ring. Although other

and magnetospheric bombardment

This is the prediction made by

their paper on the dynamics of

mechanisms such as micrometeoritic

can brighten (darken) the leading

(trailing) hemisphere (see Buratti, Mosher and Johnson, 1990 for a

more extensive discussion) , the overall pattern seen among the five
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satellites suggests that the E Ring is the dominant factor in

determining their optical properties.

The E Ring is a tenuous distended structure spanning the region

between 3 and 8 Saturnian radii; it appears to consist of

micron-sized ice particles (Baum et al., 1981; Larson et al., 1981;

Seidelmann et al., Showalter et al., 1991; Horyani et al., 1992;

Hamilton and Burns, 1994; and Bauer et al., 1997). The location of

its optically thickest region near Enceladus strongly suggests a

link to that satellite. That some areas of Enceladus are free of

craters (Smith et al., 1981) suggests it is geologically active and

may thus be the source for the E-ring. Models for the melting of

Enceladus include tidal heating (Lissauer et al., 1984; Ross and

Schubert, 1989) and the lowering of its melting point due to the

presence of NH3 (Stevenson, 1982). Herkenhoff and Stevenson (1984)

present a model for the formation of the E-ring in which liquid

extruded onto the surface of Enceladus evaporates and nucleates.

Given its size (R=249 km) and low density (1.2 gm/cm3), which

implies a primarily icy composition with only small amounts of

siliceous material, a melted interior is only marginally likely.

This problem led to another model depicting the E-ring as a

self-sustaining entity (Hamilton and Burns, 1994) . Whatever the

mechanism for the ring’s creation, the high albedos and general

albedo pattern seen on the satellites suggests it alters the

surfaces of the five inner medium sized satellites by an ongoing

process.

One final point is that the location of Enceladus in the midst
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of the E ring means it should have no albedo variegations at all.

Its trailing side is, however, measurably brighter (see Figure 4) .

There is thus the indication that if there are currently

geologically active (brighter) regions on Enceladus, they will be

found on the trailing side. The “recent” terrains imaged by

Voyager do in fact appear on this hemisphere (Smith et al., 1982),

although no high resolution observations of the leading hemisphere

exist. Moreover, the brightest feature on Enceladus is in the

southern (poorly imaged) trailing hemisphere. This was the same

region measured in the telescopic observations of Franz and Minis

(1975), which show a large (0.3 magnitude; see Figure 4) increase

in brightness. These data were obtained at a subobserver latitude

of -26 degrees, while the Voyager high resolution images were

obtained at -30-45 degrees latitude (our own observations were of

course very close to Enceladus~s equator). The non-sinusoidal

variegations on Enceladus would be consistent with a globally

uniform satellite, with a higher albedo, more recent geologic

terrain in the southern region of the trailing hemisphere.
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TABLE 1

Properties of the medium-sized inner Saturnian satellites

Satellite Semimajor Orbital Mean Visual
Axis Period Radius Albedol
103 km days km

Mimas 185.5 0.942 199 0.77

Enceladus 238.0 1.370 249 1.04

Tethys 294.7 1.888 530 0.80

Dione 377.4 2.737 560 0.55

Rhea 527.0 4.518 764 0.65

lBuratti and Veverka (1984), Table 9.
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TABLE2

Summary of Images: Methanefilter(0.889~m; 50 A PWHM)

Date I Numberof Images
I

Lon itudesCovered
f I

Phase
(UT;1995) METDR Mimas Ence . Tethys Rhea Dione Angle

I

9 August 46 49 46 14 1 230-276239-28220-57 350-6 358-23 3,7

10 August 24 12 24 53 53 266-300123-145197-24764-85 120-155 3.6

11 August 42 23 60 83 59 244-28150-88 27-79 143-165251-286 3.5

12August 11 13 25 41 48 261-268285-287220-269224-24525-53 3.5
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TABLE 3

Geometric Albedos

Satellite Observed Albedol Geometric Albedo
Leading Trailing Leading Trailing Pha#O&&l!f.2

Titan 0.086 i 0.001 0.086 i 0.001 0.086 * 0.001 0.086 t 0.001 0.001

Mimas . 0.67 * 0.04 . 0.72 * 0,06 0.021

Enceladus 0.96 t 0.03 1.00 i 0.03 1.02 * 0.05 1.06 i 0.05 0.017

Tethys 0.86 i 0,03 0.72 t 0.03 0.90 i 0.05 0.76 * 0.05 0.016

Dione 0.67 t 0.03 0.49 * 0.03 0.72 ~ 0.05 0.53 i 0.05 0.023

Rhea 0.70 * 0.03 0.60 t 0.03 0.76 t 0.05 0.65 ~ 0.05 0.024

lThe albedo derived from the integratedbrightness, with no corrections for solar
~hase effect.
The phase coefficient (6) is in magnitudes/degree.
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TABLE 4

Derived Rotational Lightcurve Parameters
(Sinusoidal Fit)

Satellite Full Amplitude e.
(magnitudes) degrees

Mimas 0.10 * 0.02 270 f 10

Enceladus 0.13 i 0.02 -270

Tethys 0.10 i 0.02 180 t 10

Dione 0.40 * 0.01 180 A 10

Rhea 0.20 t 0.03 60 t 20
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FIGURE CAPTIONS

Figure 1. A typical image obtained with the 60-inch telescope on

Palomar Mountain, on August 11, 1995 8:24 UT. From left, the

satellites are Titan, Dione, Mimas, Enceladus, !l@thys, ~eao

Figure 2. The geometric albedos of the satellites, shown with

previous results in the visible region of the spectrum (Buratti and

Veverka, 1984) . Disk integrated values from our study are shown.

Figure 3. The rotational lightcurve of Mimas. Previous results from

Voyager are from Buratti and Veverka (1984) and Verbiscer and

Veverka (1992). Both the Voyager and Palomar observations were

used in the curve fit.

Figure 4. The rotational lightcurve of Enceladus. Unlike the

other satellites, the global albedo pattern on Enceladus does not

appear to be sinusoidal.

Figure 5. The rotational lightcurve of Tethys, shown with previous

results for comparison. Only the Palomar observations were used in

the curve fit. The flat portion of the lightcurve for the trailing

hemisphere is due to a dark, longitudinally placed feature (Smith

et al., 1982).

Figure 6. The rotational lightcurve of Dione, showing a smaller

amplitude than the Voyager measurements. Only the Palomar

observations were used in the curve fit.
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Figure 7. The rotational lightcurve of Rhea, which is in close

agreement with previous measurements. Only the Pa1omar

observations were used in the curve fit.
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