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Solar phase curves between 0.3◦ and 6.0◦ and color ratios at wave-
lengths λ = 0.336 µm and λ = 0.555 µm for Saturn’s rings are
presented using recent Hubble Space Telescope observations. We
test the hypothesis that the phase reddening of the rings is less due
to collective properties of the ring particles than to the individual
properties of the ring particles. We use a modified Drossart model,
the Hapke model, and the Shkuratov model to model reddening by
either intraparticle shadow-hiding on fractal and normal surfaces,
multiple scattering, or some combination. The modified Drossart
model (including only shadowing) failed to reproduce the data. The
Hapke model gives fair fits, except for the color ratios. A detailed
study of the opposition effect suggests that coherent backscattering
is the principal cause of the opposition surge at very small phase
angles. The shape of the phase curve and color ratios of each main
ring regions are accurately represented by the Shkuratov model,
which includes both a shadow-hiding effect and coherent backscat-
ter enhancement. Our analysis demonstrates that in terms of parti-
cle roughness, the C ring particles are comparable to the Moon, but
the Cassini division and especially the A and B ring particles are
significantly rougher, suggesting lumpy particles such as often seen
in models. Another conspicuous difference between ring regions is
in the effective size d of regolith grains (d ∼ λ for the C ring particles,
d ∼ 1−10 µm for the other rings). c© 2002 Elsevier Science (USA)
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1. INTRODUCTION

and Nicholson 2000), it is not clear whether these particles are

4

In spite of the flybys by the Voyager spacecraft and numerous
ground-based observations, some fundamental questions con-
cerning Saturn’s rings remain unanswered. While there are nu-
merous models of the ring particle size distribution in the cm–
10 m radius range (Marouf et al. 1983, Zebker et al. 1985, French
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“dynamic ephemeral bodies” in a statistical equilibrium, accret-
ing and fragmenting on a time scale of weeks (Weidenshilling
et al. 1984) or hard ice balls (Shu et al. 1985). Much can be
learned about the nature of ring particles and their regolith by
modeling the change of brightness with viewing geometry, and
in particular with the phase angle. While these variations can
be understood in terms of the properties of a multiply-scattering
regolith for other atmosphereless bodies in the Solar System, di-
rect comparison of brightness profiles across varying geometries
is complicated in the case of Saturn’s rings by the facts that the
ring brightness varies with illumination and viewing geometries
and optical depth.

A recent campaign of observation of Saturn’s rings with the
Hubble Space Telescope (HST) Wide Field Planetary Camera 2
done by Cuzzi et al. (2001) (henceforth CFD01) was particularly
useful to disentangle whether individual or collective properties
of the ring particles could create the variation of brightness ob-
served with illumination and viewing geometry. With a spread
of phase angles between 0.3◦ and 6◦ at different ring opening
angles between 4◦ and 18◦, the data showed that the geometri-
cal dependence of color variations is confined almost entirely to
phase angle and almost lacking with the ring opening angle. This
implies that the collective properties of the ring particles are less
important than the individual properties of the ring particles in
the considered geometry.

In view of these new HST observations, this paper presents an
analysis of the phase curves of four main rings (A, B, C rings and
Cassini division) in order to derive the properties of the surfaces
of the ring particles. One of the observed behaviors of the phase
curves is the opposition effect (hereafter OE), a sharp increase
in the reflectance as the phase angle approaches zero. It has long
been known that Saturn’s A and B rings exhibit pronounced



P
SATURN’S RING

photometric opposition effects (Franklin and Cook 1965), but
their origin is still not clear. Mutual shadowing among the macro-
scopic ring bodies was first invoked to reproduce the angular
width of this OE, but this mechanism requires that Saturn’s A
and B rings are many-particles-thick and that the volume den-
sity D of the rings is very small (D = 0.020 ± 0.04 according
to Lumme et al. 1983). Such results contradict recent dynamical
models for realistic inelastic ring particles, which imply a rela-
tively high volume density (Salo 1987, 1992, Richardson 1994).
Moreover, in the light of new HST observations, the explanation
of the OE should be more due to effects on the individual ring
particle surfaces than due to interparticle scattering effects. An
alternate explanation for the OE was proposed by Mishchenko
and Dlugach (1992) who showed that the OE could be consistent
with coherent backscattering if the effective radius of regolith
grains was about 0.1–1 µm. However, this effective grain size is
much smaller than that derived from spectroscopic observations
(Pollack et al. 1973, Clark and McCord 1980, Doyle et al. 1989,
Alix 1998). The OE could be also explained in terms of the
shadow-hiding effect, in which regolith grains occult their own
shadows (Hapke 1986), but this has not been investigated to date.

The first attempt to model the phase function of the main rings
was by Dones et al. (1993), using Voyager images of the A ring.
However, this early work merely assumed a power-law particle
phase function, which was empirical and not directly related to
the physical properties of the scattering surface. Moreover, the
important effects of multiple scattering between the particles at
large phase angles did not seem to be well fit by the models.

In this paper, using only low phase angle data, which are
apparently uncontaminated by multiple interparticle scattering,
we try to model the ring particle phase curves and to constrain
the origin of the opposition surge. Information about the roles
of multiple regolith grain scattering and shadow-hiding can be
derived from studying how photometric properties of regolith
materials vary with wavelength. The very well-sampled HST
data studied here allows us to select phase curves at 0.336 and
0.555 µm, a range of wavelength in which the spectrum of rings
is strongly red. Estimates will be made of the regolith character-
istics such as grain size, surface roughness and porosity, and/or
other parameters depending on the model used.

There are three major sections to this paper. First, we present
the analyzed data and then, we review the main conclusions of
CFD01 which lead us to present some motivations for modeling
the exotic phase curves of Saturn’s rings. In Section 3, the models
of phase curves used here are presented and discussed. Section 4
consists of derivation of photometric parameters, some discus-
sion, and interpretation of the results in terms of the properties
of particle surfaces.

2. DATA AND SOME REMARKS

Our starting point is a description of the data used to study

the phase curves of rings. The images analyzed here were taken
during an intensive campaign of Saturn’s rings with HST from
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September 1996 to October 1998. The image processing is de-
scribed in CFD01, so that we present the conditions of illumina-
tion of rings of the selected images only. In addition, we review
some conclusions of CFD01. Then, the various theoretical mod-
els of photometric observations are presented.

2.1. Data Set

The geometry for the illumination of the rings by the Sun is
defined by the three following angles:

• The subsolar latitude relative to the ring plane, B ′ (with
µ′ ≡ sin B ′).

• The sub-Earth latitude relative to the ring plane, B (with
µ ≡ sin B).

• The phase angle α, defined as the Sun–rings–Earth angle.

At each of four B and B ′ angles between 4◦ and 18◦, and
for phase angles ranging between 0.3◦ and 6.0◦, Wide Field
Planetary Camera 2 images of the rings in five standard UBVRI
filters were obtained (see CFD01). Images were selected from
this data set to encompass the broadest possible distribution
of phase angle at different wavelengths. Although CFD01 has
shown that the ring color is almost independent of B and B ′

(see next section), we preferred to analyze images with values
of B and B ′ lying in a limited range. At Earth and Sun elevation
angles of about 10◦, the data were sufficiently well sampled to
get five phase angles, α = 0.3, 0.5, 1, 2, and 6◦ in two filters
(U and V filters). Table I lists the condition of illumination of
selected images.

Before modeling the data, we review the main conclusions of
CFD01 about the variation of the ring brightness with geometry.

2.2. A Short Review of CFD01 and Some Consequences

The analysis of the HST data by our companion paper CFD01
has clarified the effects of angles B, B ′, and α on the brightness
of rings:

• CFD01 argues that multiple interparticle scattering con-
tributes only a small amount of light in any of the Earth-based

TABLE I
Observation Log

Date α (◦) B (◦) B ′ (◦) Filter

1997 Oct 10 0.30 −9.99 −10.28 F336W
1997 Oct 10 0.30 −9.99 −10.28 F555W
1997 Oct 6 0.50 −10.12 −10.22 F336W
1997 Oct 6 0.50 −10.12 −10.22 F555W
1997 Oct 1 0.98 −10.28 −10.15 F336W
1997 Oct 1 0.98 −10.28 −10.15 F555W
1997 Sep 22 2.00 −10.59 −10.01 F336W
1997 Sep 22 2.00 −10.59 −10.01 F555W
1998 Jan 1 6.02 −8.88 −11.47 F336W

1998 Jan 1 6.02 −8.88 −11.47 F555W
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geometries. We review their arguments here very briefly. The
“classical” interpretation of ring brightness variations with ring
opening angle is that multiple scattering between ring particles
increases in importance as the rings open up (e.g., Lumme and
Irvine 1976, Esposito and Lumme 1977, Lumme et al. 1983).
The HST observations of CFD01 shows that the brightness of
most A and C rings, and even the inner B ring, is in perfectly
good agreement with a classical single-scattering model. The
outer two-thirds of the B ring, however, does increase in bright-
ness to a greater extent as the rings open up than can be explained
by a classical single-scattering model. The classical explana-
tion for this is that multiple scattering between ring particles
increases in these geometries, as the Sun illuminates deeper re-
gions within the rings. However, CFD01 shows that the color
of the rings remains essentially independent of opening angle,
with at most a few percent increase at the very largest opening
angles and phase angles. This is inconsistent with the signifi-
cant (25%) multiple scattering contribution implied by classical
models (e.g., Lumme et al. 1983; see CFD01 for details). Fur-
thermore, doubling code calculations for backscattering parti-
cles with moderate albedos, such as best fit, the B ring particles
(Doyle et al. 1989) show that the multiple scattering contribu-
tion is very small in Earth-based geometries (Cuzzi et al. 1984).
Instead, CFD01 suggests that the anomalous B ring brightness
increase with increasing opening angle is due to nonclassical
layer structure—perhaps the particles are not well separated
and/or the ring is not many particles thick (Dones et al. 1993).
CFD01 suggests that phase reddening is due to another form of
multiple scattering acting within the surfaces of individual par-
ticles, or at most nearest neighbors—illumination of shadowed
facets by nearby lit ones, which are reddish in color relative to
the sun.

• The ring phase reddening between 0.3◦ and 6.0◦ is stronger
than other icy planetary objects. While all prior studies seemed
to indicate that color dependence of phase function is at best
very small, this is clearly not an appropriate assumption for the
rings.

If scattering between different particles can be neglected, we
have to explain the observations using scattering within the sur-
face of the individual ring particles only. Our approach is to use
the photometric models developed for the study of the phase
curves of planetary surfaces without atmospheres. The surface
of a ring particle is certainly very different from the surface of
large satellites in terms of size and shape. Therefore, the ques-
tion arises whether we can use the usual photometric models for
our study. First, we believe that the presence of a grainy regolith
on the ring particles (larger than one centimeter and so) simi-
lar to that which covers the planetary satellites is realistic and
plausible. Snowballs have grainy regoliths. The shape and depth
of water ice absorption bands in the rings have been modeled
for decades in terms of grainy regoliths on the ring particles.

Spokes in Saturn’s rings are very well modeled by small parti-
cles, which are plausibly supplied from loose material covering
ET AL.

the surfaces of macroscopic particles. Collisions and constant
micrometeoroid bombardment of the ring particles make grainy
regoliths. For these reasons, we think that we can make the as-
sumption that ring particles are covered by a grainy regolith.
Regarding the shape and the size, it is likely that the ring parti-
cles have macroscopically irregular, lumpy, grape-clustered sur-
faces, considering the structure or appearance of “ring particles”
as seen in accretional simulations (Salo 1992, Richardson 1994).
This could raise questions about the validity of disk-integrated
brightness. However, by investigating the light reflected by ag-
gregates of aggregates of spherical or irregular particles, Alix
(1998) showed that the phase curves of aggregates are not ex-
otic, but similar to the phase curve of an elementary macroscopic
particle constituting the aggregates. More important, the photo-
metric study of the A ring by Dones et al. (1993) revealed that
the phase function of A ring particles was very similar to those
of icy satellites for phase angles larger than 15◦. Consequently,
we see no reason why the size, the size distribution, or the shape
could prevent us from representing ring particle surfaces with
the usual models.

The increase of color index C(0.555/0.336) with increas-
ing α can be explained in terms of either an unusual amount
of wavelength-dependent dilution of the shadow-hiding effect
and/or an unusual amount of multiple scattering in the regolith.
A model of shadowing effects was first proposed by Irvine
(1966). It has been discussed by a number of researchers and in-
creasingly accurate photometric functions were proposed
(Lumme and Bowell 1981a, 1981b, Hapke 1981, 1984) in order
to take into account various aspects of the morphology of the
surface. Despite the good agreement between these models and
observations of numerous atmosphereless bodies, there are still
many unsolved questions about the interpretation of the model
parameters in terms of the physical structure of the regolith. A
new approach has been recently proposed which is to approx-
imate the surface by a fractal (Drossart 1993, Shkuratov et al.
1999). The idea to represent a ring particle by a self-similar ob-
ject seems natural. Constructed of aggregates of aggregates, ring
particles may well have many re-entrant surfaces with deep shad-
ows, facets illuminating other facets, and so on which are not
well treated by existing models. The second effect able to explain
the increase of C(0.555/0.336) with α might be a higher-order
scattering contribution within each facet or between regolith
grains; the higher the albedo of a surface, the greater this contri-
bution. Therefore, one can expect that a more colored surface has
a more pronounced phase dependence of color. Saturn’s rings
are very good candidates to check this suggestion because the
rings are very red in the range of wavelength considered. CFD01
notes that, in wavelength regions where the spectrum is flat, no
phase reddening is seen.

The light backscattered from Saturn’s rings at small phase
angles (below 1◦) is marked by the OE, a nonlinear increase in
brightness as opposition is approached. Again, this effect could

be the result of the shadow-hiding effect (Hapke 1986, Hillier
1997) and/or of a second effect called coherent backscattering
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(Muinonen 1989, Hapke 1990, Mishchenko and Dlugach 1992,
1993, Mishchenko 1993, Shkuratov et al. 1996, 1999). In the
shadow-hiding opposition effect (hereafter SHOE), the surge
is caused by the fact that the regolith particles completely oc-
cult their own shadows at small α, but the shadows become
more visible with increasing α. In the coherent backscatter-
ing opposition effect (hereafter CBOE), light rays which travel
identical but reversed paths in a surface emerge in phase and
interfere constructively leading to up to a factor of two in-
crease in brightness at opposition. The CBOE is believed to
be most important for high albedo regoliths because it depends
on multiple scattering of photons through and between scat-
terers. However, CB is still not understood theoretically, and
several recent experiments and observations do not agree with
the theoretical results. Even low-albedo materials can exhibit a
significant CBOE (Nelson et al. 1998, Shkuratov et al. 1999,
Belskaya and Shevchenko 2000). More surprising, measure-
ments of the backscattering light by snow managed by Piironen
et al. (2000) show that the opposition spike is more pronounced
for the dirtier snow. Such observations complicate a lot the inter-
pretation of data and the understanding of CB because, accord-
ing to the theory widely accepted, darkening the snow should
lower the multiple scattering, and so lower the OE. The au-
thors interpret their measurements as a result of the surface hoar
and/or of the microstructures of individual dark coarse grains.
The size of regolith particles can also affect this mechanism
significantly, the opposition effect being more pronounced for
smaller size particles with a weak maximum for the particle
size close to the wavelength of the incident light (Shkuratov
et al. 1997, 1999, Nelson et al. 2000). These experiments dis-
agree with the theoretical computation of Mishchenko and
Dlugach (1992). Finally, the CBOE is also found very sensitive
to the particle shape and the filling factor (Liang and Mishchenko
1997). While the OE of Saturn’s A and B rings may be ex-
plained by the CB mechanism (Mishchenko and Dlugach 1992,
Mishchenko 1993), it is essential to reinterpret the opposition
effect of Saturn’s rings in the light of these recent results on
the CB. Moreover, no data or analysis have previously been re-
ported for the C ring and the Cassini division, where the albedo
of particles are similar to dirty snow.

Some papers are devoted to a discussion on the relative contri-
bution of both mechanism (Helfenstein et al. 1997, 1998, Hapke
et al. 1998, Nelson et al. 1998, Belskaya and Shevchenko 2000).
A test of coherent backscatter and shadow-hiding effect the-
ories can be derived by studying the influence of the albedo
and the wavelength of incident light on the opposition bright-
ness effect. Both the amplitudes A and the half-width at half-
maximum HWHM of the opposition peak depend on the albedos.
As shown in Section 4, the values of these parameters are model-
dependent. Shkuratov et al. (1996, 1999) identified an anoma-
lous opposition color effect in measurements of color index of
some lunar soils and a spectral analogue of the Martian soil: the

color index decreases with decreasing phase angle and then rises
at small phase angles (in general less than a few degrees). The
HASE CURVES 227

authors interpret the rise as a signature of the coherent backscat-
tering. Our data set covering two wavelengths should allow us
to distinguish the coherent backscatter from the shadow-hiding
effects.

3. RADIATIVE TRANSFER MODELS

The photometric modeling of phase curves and color index
of rings is based on the relations derived by Hapke (1981, 1984,
1986), Drossart (1993), and Shkuratov et al. (1999), respectively.
Our strategy is to determine whether the light backscattering
from Saturn’s ring particles can be best explained by the physical
processes presented in Section 2.2, i.e., either by shadow-hiding
(hereafter SH) on a “normal surface” with an opposition surge
attributed to SH (Hapke model), by SH on a fractal surface with
no particular treatment of the OE (Drossart model), or by SH
with an opposition surge spike caused by CB on a fractal surface
(Shkuratov model). Helfenstein et al. (1997) attempted to build
a complete model including both SHOE and CBOE on normal
surface, but their model contains more parameters than our five
data point set.

For clarity below, we refer to “ring particles” as macroscopic,
tangible objects in the cm–m range and to “grains” as the in-
dividual scatterers making up the regoliths of these particles.
The surfaces of the particles can be rough, fractal, faceted, and
re-entrant but each surface is itself a regolith composed of grains.

3.1. Hapke Photometric Model

Hapke’s model has been used to describe the solar phase
curves of many solar system objects. Equations for integral pho-
tometry with macroscopic roughness and SHOE have been de-
rived by Hapke (1984, 1986). The five parameters of this model
include the grain single-scattering albedo ω0, and the asym-
metry factor g of the grain phase function described by the
Henyey–Greenstein phase function PHG, the opposition effect
sharpness parameter h, the opposition surge amplitude param-
eter S(0), and the mean macroscopic roughness angle (average
surface tilt), θ̄ . h is a measurement of the width of the oppo-
sition spike and can be related to the particle size distribution
and the porosity P within the regolith. Hapke (1986) derived the
relation

HWHM = 2h = −3

4
ln(P)Y, (1)

where Y is a function whose form depends on the particle size
distribution. According to this model, HWHM should be rel-
atively independent of wavelength. Hapke (1986) defines the
total amplitude of the SHOE with the parameter B0 = S(0)/
ω0 PHG(0◦), where S(0) is defined as the contribution only from
first-surface reflections and ω0 PHG(0◦) is the total amount of
backscattered light from a typical regolith particle. Recall that

◦
PHG(0 ) includes all contributions to the light emerging in the
backscatter direction, including internal reflection. For B0 = 1,



dence HWHM(L) with the theoretical assertion that HWHM is

1 This function is not valid at large phase angles (�100◦). A refined model
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all the light is scattered from the first surface. Because the
fractional contribution of first-surface reflected light should be
smaller for transparent particles than for opaque particles, B0

is expected to be smaller for higher-albedo (and so transparent)
particles, and so should decrease with increasing ω0 PHG(0◦).

3.2. Drossart Photometric Model

Drossart (1993) calculated the photometric properties of a
rough surface described as a mathematical fractal of dimension
DH ranging between 2 and 3. For an elementary fractal surface,
the expression for the single scattering fractal phase function is
given by


s
f (α, DH, ω0, g) = µi

ω0

4
PHG(α, g)
 f (α, DH), (2)

where 
 f (α) is a complicated function which describes both
the shadowing and diffraction effects on the fractal surface, and
µi is the effective cosine of incidence angle. PHG(α, g) and ω0

are, respectively, the Henyey–Greenstein phase function and the
single scattering albedo of grains making up the regolith of each
element of the fractal surface. In addition to the parameters g
and ω0, Drossart (1993) introduces a fourth parameter ρH that
defines the fraction of projected area toward the observer, which
is covered by fractal surface, the rest (1 − ρH) having a “normal”
surface described by the standard photometric function for sin-
gle scattering.
s

n(α, ω0, g) = (1 − ρH)ω0
4

µi

µe + µi
PHG(α, g),µe is

the cosine of the emergence angle. An important advantage of
this model is that the diffraction, usually neglected in the opposi-
tion surge, is taken into account. Drossart (1993) showed that the
diffraction could significantly reduce the width of the opposition
spike. We extend this model in order to take into account multi-
ple scattering for both the normal surface and the fractal surface
as below. The multiple scattering within the “normal” surface
can be described by the classical formulation of isotropic multi-
ple scattering, giving 
m

n =(1−ρH)ω0
4

µi

µe +µi
[H (µe)H (µi)−1],

where H are the Chandrasekhar H -functions (for e.g., see Hapke
1981). We also add the multiple scattering of the fractal part.
The fraction of photons which are absorbed after one scat-
tering event is (1 − ω0). The fraction of photons which es-
cape after one scattering event in the fractal surface is ω0 Ef

where Ef is given by Drossart (1993, Equation 21). There-
fore, the fraction of photons not lost after one scattering is
1 − [(1 − ω0) + ω0 Ef] = ω0(1 − Ef). We assume that the mul-
tiple diffusion of these photons can be approximated by the
formulation of isotropic multiple scattering seen above, so that
the multiple scattering by the fractal part can be roughly esti-
mated as 
m

f = ρH(1 − Ef)
ω2

0
4

µi

µe + µi
[H (µe)H (µi) − 1]. We be-

lieve that there are better ways to model the multiple scatter-
ing in the fractal surface and also believe that incorporation of
shadow illumination by lit facets is tractable, but the fits us-
ing this model are so much worse than those for the other two

models we studied (Section 4) that we have not attempted these
improvements.
ET AL.

By summing up together the expressions of 
s
f , 


m
f , 
s

n, 
m
n ,

and then by integrating over the disk, we get the integral phase
function depending on the four parameters, DH, ρH, ω0, and g.

3.3. Shkuratov Photometric Model

Shkuratov’s model includes both coherent backscattering and
fractal surfaces, with a semi-empirical treatment of illumina-
tion of shadows by illuminated facets (Shkuratov et al. 1999).
It provides the phase function by employing three parameters:
(1) The shadow-hiding effect is described by a parameter k(λ) =
k0(1 − p(λ)), which depends both on the surface albedo p and
the surface geometry characteristics through a parameter k0;
the larger the k, the steeper the phase function. k turns out to
be a measure of the local macroscopic roughness of the parti-
cle’s surface; (2) a scatter size d which can be treated as the
effective radius of a grain (or the grains); and (3) the diffusion
length L of the internally scattered radiation field. L charac-
terizes the attenuation of light from a point source which oc-
curs due to absorption and scattering in the medium, so that
L should increase with increasing albedo. The particle phase
function normalized to zero phase angle can be written in the
form

P(α) = B(α) × S(α), (3)

where the function B(α) describes essentially the shape of the
coherent backscattering opposition surge

B(α) = 1

2 + exp
(− d

L

)

2 + exp

(− d
L

)
√

1 + (
4π L

λ
sin(α/2)

)2


, (4)

and the function S(α)1 the shadowing-effect:

S(α) = 2√
π

exp(−kα)

(
1 − α

π

)


(
3π − α

2(π − α)

)


(
4π − 3α
2(π − α)

) . (5)

To give some preliminary indications of the expected ef-
fects of the parameters L and d on the shape of the OE, we
have performed calculations of two quantities which specify
the OE: the half-width at half-maximum HWHM and the am-
plitude of the opposition effect A. The results are shown in
Figs. 1 and 2.

For each constant value of d/λ, HWHM of the CBOE in-
creases in inverse proportion to L . Because L increases with
increasing albedo, the model is consistent with the current the-
oretical models which predict that the HWHM should increase
with decreasing particle albedo. We have compared the depen-
similar to the Shkuratov model corrects this problem (Shkuratov and Helfenstein
2001).
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FIG. 1. (a) Half-width at half-maximum of the coherent opposition effect versus the dimensionless parameter L/λ. d/λ is equal to 10. We also plot the

su
theoretical relation given by Eq. (6) (diamond-shaped). (b) HWHM is plotted ver

The jumps are due to roundoff errors.

given by (Mishchenko and Dlugach 1993)

HWHM ∼ 0.6λ

2π L tr
, (6)

where L tr is the transport mean free path for photons in the

medium. This quantity is the average distance that a photon
propagates before its direction is randomized. HWHM derived
s d/λ for four values of L/λ = 20 (thinnest line), 30, 40, and 50 (thickest line).

from the Shkuratov model is shown in Fig. 1a. The relation given
by Eq. (6) is also plotted in Fig. 1a as diamond-shaped points.
From Fig. 1a, one can measure the difference of slope between
the two curves. One can then deduce that the diffusion length
L of the Shkuratov model is about 30L tr. The Shkuratov model

also predicts that the angular width does not depend on particle
size [Eq. (4), Fig. 1b]. While it had been widely accepted that
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FIG. 2. (a) The amplitude of the opposition effect A versus the dimensionless parameter L/λ for 7 values of d/λ from 0 (thinnest line) to 12 (thickest line).
(b) A is plotted versus d/λ for 7 values of L/λ ranged between 1 (thinnest line) to 91 (thickest line) by steps of 15. We compare these behaviors with two published
data sets: Diamond-shaped points come from Nelson et al. (2000) and triangle points come from Shkuratov et al. (1999). Even if the results are quantitatively

different, both theoretical and experimental measurements show that A decreases w

that of Shkuratov’s points.

only particles with sizes comparable to the wavelength of light
could reproduce the width of CBOE (Mishchenko and Dlugach
1992), new laboratory data show that the dependence of coherent
backscatter on grain size is weak at best (Shkuratov et al. 1997,

Nelson et al. 2000).
ith increasing size. Note the distribution of the Nelson’s points is broader than

The second quantity which is studied with the Shkuratov
model and compared with laboratory and theoretical results is
the OE amplitude A. From Eq. (3), we find A ∼ 1 + exp(− d

L )
2 ,
implying a maximum of 1.5 when d � L (see also Fig. 2a).
As expected, the opposition effect is more pronounced with
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TABLE II
Regional Amplitude Surges Derived from a Linear–Exponential Fit

B ring A ring Cassini division C ring

0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm

HWHM (◦) 0.47 0.46 0.41 0.41 0.79 0.67 0.67 0.42

3

terized by (a) the extreme narrowness of their peak; (b) the
A 1.27 1.38 1.27 1.

higher values of L for constant grain size d , i.e., with higher
values of albedo (Fig. 2a). We point out that this result contra-
dicts the Mishchenko and Dlugach (1992) claim that the am-
plitude of CBOE could decrease with decreasing absorption.
According to these authors, the amplitude can be defined as
the fraction (Icoherent + Idiffuse)/Idiffuse, where Idiffuse is the dif-
fuse intensity and Icoherent is the coherent contribution. Icoherent

is much less affected by absorption than Idiffuse. Therefore, the
observed amplitude of the OE should decrease with increasing
albedo.

A strongly decreases with increasing particle size (Fig. 2b).
Shkuratov et al. (1997, 1999) and Nelson et al. (2000) already
noted that the opposition peak is more pronounced for the sam-
ples of smaller mean particle size. This can be explained by the
fact that the number of scatterers per unit area increases with de-
creasing particle size; an alternative explanation given by Nelson
et al. (2000) is that this may be due to the effect of irregularities
on the surfaces and in the interiors of larger particles, which
could act as scattering centers, and to coherent effects that make
aggregates of small particles scatter like larger ones. In the con-
text of the Shkuratov model, this should imply that there are more
path possibilities to reach L . For values of d ∼< λ, the samples of
Nelson et al. (2000) show that A falls off again. However, the
Shkuratov model is not able to reproduce this decrease because
it is not suitable for grain size much smaller than λ.

In summary, it is the ratio L/d that tracks the amplitude of
the OE. Since the derivation of L depends on HWHM only, the
value of d will be constrained independently from the obser-
vational value of A. This indicates that the grain size can play
an important role in the effect of coherent backscattering. In
view of these remarks, if the effective grain size of material of
lower albedo is smaller than the grain size of higher albedo ma-
terial, the material of lower albedo can have a bigger OE. Of
course, these grain sizes must remain consistent with observed
albedos.

4. RESULTS

We present our best fits for each model (Section 4.1), and
then we present a comparison between the results of models
(Section 4.2). Eventually, our objectives are to evaluate whether
the parameters implied are reasonable from a geological point
and to determine what it is the cause of the opposition
ection 4.3).
7 1.37 1.39 1.49 1.50

4.1. Optimal Solutions

In this section, we determine the photometric parameters of
three models presented above. A simplex technique is used to
find the minimum RMS residual defined as[

1

N

N∑
i=1

(Pc(αi ) − Pm(αi ))
2

]1/2

,

where Pc(αi ) is the calculated phase function at phase angle αi

and Pm(αi ) is the measured phase function at the same phase
angle. As shown in Table I, the elevation angles are more or less
10◦. But these small differences can affect the brightness. So we
correct the brightness by multiplying the profiles by the factor
4 (µ + µ′)

µ
. We neglect the corrections by the factor

[
1 − exp

(−τ (µ + µ′)
µµ′

)]
,

because this factor is fairly constant over the data set for opti-
cal depth smaller than 1 and because CFD01 showed that the
correction factor was imperfect for optical depth larger than 1
(their Fig. 8). To assess the sensitivity of our models to the vari-
ous phase functions, we have averaged the brightness profiles of
large subregions of uniform color of the four main rings (A, B, C
rings and Cassini division) at each wavelength.2 Finally, we used
the derived fits to reproduce the color index C(0.555/0.336) of
these four main regions which are less affected by the geometry
of observations.

4.1.1. Naive fits and interpretations. Because we do not
want to bias toward any physical explanation at the moment,
a simple four-parameter function is used for approximation of
Saturn’s ring particles (Piironen et al. 2000),

f (α) = Ib + zα + Is exp(−0.5α/w)α, (7)

where Ib and z are the background and the slope of the lin-
ear part of the intensity, Is is the part of the intensity caused
by the opposition spike, and w is the width of the spike, In
Table II and Fig. 3, we present the derived parameters and the
fits, respectively. The backscattering phase curves are charac-
2 In Section 4.4, we refine our study by presenting an analysis of high-
resolution profiles.



232 POULET ET AL.
th
FIG. 3. Phase functions of all the rings compared to

amplitude at 0.336 µm is almost constant with the albedo of
rings; (c) regarding the A and B rings, the amplitude defined as
(Is + Ib)/Ib increases with decreasing albedo and HWHM(=
2 ln 2 w) is independent of the wavelength: and (d) HWHM
strongly varies in the case of the Cassini division and the C
ring, and the amplitude is constant with wavelength. The argu-
ments (a) and (b) are weakly in favor of CB. Argument (c) is
more consistent with SHOE for the A and B ring particles even
when (d) provides support for CB for the lower albedo particles
of the Cassini division and the C ring. These ambiguous re-
marks need further considerations to conclude the cause of the
mechanism that produces the opposition spikes of Saturn’s ring
particles.
4.1.2. Hapke model results. A number of authors have noted
that an unique determination of g and θ̄ is extremely difficult
eir linear-exponential fits (Eq. 7) at two wavelengths.

from integral phase curves observed in a restricted range of phase
angles. The problem is that it is always possible to find a new
set of parameters for which the Hapke fonction fits the observa-
tional data within the errors. Moreover, g is mostly constrained
for small (α ≤ 50◦) and very large phase angles (α ≥ 130◦),
while changes in θ̄ affect the shape of the phase curve only at
large phase angles (see e.g., Helfenstein et al. 1988). Hopefully,
we have some knowledge of the scattering properties of parti-
cles, such as the geometric albedo p of rings. The derived Hapke
parameters can be used to calculate the geometric albedo called
pHapke. So, all solutions with geometric albedo within the values
of the brightness at 0.3◦ are considered viable. Constraints are
placed on the solutions such that θ̄ is independent of wavelength.
According to the shadow-hiding model, the width of the oppo-

sition surge h depends primarily on the porosity of the surface
and therefore, should also be independent of wavelength.
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TABLE III
Photometric Parameters of Hapke Model for B and A Rings

B ring A ring

0.555 µm 0.336 µm 0.555 µm 0.336 µm

ω0 0.90 ± 0.07 0.62 ± 0.04 0.75 ± 0.02 0.37 ± 0.05
g −0.36 ± 0.04 −0.27 ± 0.02 −0.38 ± 0.10 −0.40 ± 0.02
θ̄ (◦) 63.7 ± 3.0 63.7 ± 3.0 70.5 ± 4.0 70.5 ± 4.0
S(0) 0.77 ± 0.10 0.62 ± 0.08 0.64 ± 0.02 0.64 ± 0.03
h 5.17 × 10−3 5.24 × 10−3 3.40 × 10−3 3.40 × 10−3

± × 10−4 ± × 10−4 ± 10−4 ± 10−4

pHapke 0.62 0.31 0.51 0.27
p at 0.3◦ 0.63 ± 0.05 0.31 ± 0.03 0.52 ± 0.07 0.28 ± 0.05
RMS 7.07 × 10−3 9.48 × 10−3 6.12 × 10−3 5.70 × 10−3

The viable solutions which meet these criteria are listed in
Tables III and IV. The errors correspond to all fits with RMS
residual less than three times the lowest RMS residual. As shown
in Figs. 4 through 7, the Hapke model can give good fits to phase
curves. The values of ω0 are consistent with those of other solar
system objects of similar geometric albedo. For instance, at λ =
0.55 µm, Domingue et al. (1991) found ω0 = 0.90 ± 0.02 for
Rhea (ω0 = 0.90 ± 0.07 for the B ring, this work); Helfenstein
et al. (1988) found ω0 = 0.72 ± 0.07 and ω0 = 0.30 ± 0.03 for
Ariel and Umbriel (ω0 = 0.75 ± 0.02 and ω0 = 0.34 ± 0.02 for
the A ring and the Cassini division). Helfenstein et al. (1997) de-
rived ω0 = 0.28 ± 0.002 for the lunar “average” terrains (ω0 =
0.28 ± 0.02 for the C ring). g is weakly dependent on λ. How-
ever, the calculated values of θ̄ for A and B rings are much larger
than other values found in the literature. In general, the rough-
nesses of the icy satellites are described by θ̄ = 40◦ at most, with
an average value of about 20◦. In contrast to the A and B rings, the
values for the C ring and the Cassini division are consistent with
this average value. We reiterate that our low phase angle data
are not the most pertinent to constrain the roughness, and a com-

TABLE IV
Photometric Parameters of Hapke Model for Cassini Division

and C Ring

Cassini division C ring

0.555 µm 0.336 µm 0.555 µm 0.336 µm

ω0 0.34 ± 0.02 0.13 ± 0.02 0.28 ± 0.02 0.14 ± 0.02
g −0.34 ± 0.03 −0.44 ± 0.05 −0.26 ± 0.04 −0.31 ± 0.03
θ̄ (◦) 10.0 ± 5 10.0 ± 5 26.9 ± 2.0 26.9 ± 2.0
S(0) 0.47 ± 0.05 0.41 ± 0.06 0.30 ± 0.06 0.24 ± 0.04
h 1.055 × 10−2 1.110 × 10−2 5.0 × 10−3 5.2 × 10−3

± 5 × 10−4 ± 5 × 10−4 3 ± 10−4 3 ± 10−4

pHapke 0.20 0.13 0.12 0.08
p at 0.3◦ 0.21 ± 0.05 0.13 ± 0.04 0.13 ± 0.03 0.09 ± 0.02

RMS 3.12 × 10−3 1.85 × 10−3 8.24 × 10−3 7.58 × 10−3
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parison of derived values with roughnesses of other icy surfaces
should be taken with caution. However, a comparison between
different ring regions can be made with more confidence. So,
our results suggest that the C ring and Cassini division particles
are smoother than the A and B ring particles. The parameters h
and S(0) should be better constrained since our data span angles
very close to zero phase angle. The solutions give values of h
between 0.003 for the A ring and 0.011 for the Cassini division.
h is related to porosity and grain size distribution according to
Eq. (1). Figure 8 shows the filling factor F = (1 − P) for dif-
ferent values of the ratio rl/rs (rl and rs being the largest and
smallest particle radii, respectively) and for various power law
distributions listed by Hapke (1986). If the size distribution of
grains behaves like size distribution of ring particles (q ∼ 3 from
French and Nicholson 2000), the derived porosity is strongly de-
pendent on the ratio rl/rs , so that the P can be extremely small
or large. By choosing the expression of Y corresponding to a
power law index of 4 (value widely used for planetary object
surfaces), the values of h yield a porosity ranging between 85%
for the Cassini division particles and 99% for the A ring par-
ticles. These values are larger than those observed on several
atmosphereless satellites. Only Rhea, Europa, and Ariel have
similarly porous surfaces (Domingue et al. 1991, 1995). Several
authors interpret the small value of compaction as the fact that
the regolith of the surface is not dominated by meteoritic pro-
cess, but results from deposition. However, such explanations
probably fail for the ring particles which are constantly collid-
ing gently. Furthermore, almost all terrains for which a large
value of porosity has been measured have small values of θ̄ in
contradiction with the large values of θ̄ we infer for the ring
particles.

4.1.3. Drossart model results. As listed in Table V, the RMS
residuals of best fits are very bad for all rings. This implies that
shadow-hiding alone on hemispherical fractal surfaces cannot
reproduce the phase curve of ring particles. However, we be-
lieve that this failure is interesting for several reasons: (a) the
diffraction on the microstructures of the fractal surface is not
able to explain the narrowness of the opposition spike of rings.
Actually, this is not a surprising result because Hapke (1999)
showed that diffraction effectively does not exist in planetary
regoliths. (b) The Drossart model could fit some photometric
curves of various Solar System objects which were also well
reproduced by the Hapke model (Drossart 1993). This seems to
indicate that the CB could play an important role in the Saturn’s
ring phase curves. (c) One would need to improve the model. The
geometric shadowing function and the diffraction contribution
was calculated in the case of hemispherical fractal. As pointed
out by Drossart (1993), a generalization of this formulation to
the case of random fractals could help to describe the properties
of regoliths.

Our next modeling shows whether the inclusion of coherent

backscatter mechanism produces a significantly better fit to the
data.
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TABLE V
Photometric Parameters of Drossart Model

B ring A ring Cassini division C ring

0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm

DH 3 3 3 3 3 3 3 3
ρH 0.75 0.75 0.70 0.70 0.67 0.67 0.58 0.58
ω0 0.60 0.13 0.35 0.12 0.40 0.15 0.15 0.06
g 0.69 0.69 0.41 0.56 0.34 0.54 0.22 0.06
RMS 0.40 0.69 0.44 0.69 0.44 0.45 0.75 1.42

FIG. 4. Upper panel: Comparison of the B ring phase curves at 0.555 µm and 0.336 µm with the Hapke model (solutions 2). The phase curves are normalized

at 0.3◦. Lower panel: Comparison of the normalized color index C(0.555/0.336) with the Hapke model. The dispersion of ratios across the ring is indicated by the
error bars.
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4.1.4. Shkuratov model results. The parameters are given in
Table VI. Figures 9 through 12 show that the Shkuratov model
(3 parameters) fits the phase functions well; in fact, the RMS
are in average about twice as low as those of Hapke model (five
parameters). Within each ring, the “roughness” parameter de-
creases as wavelength increases. Since the albedo increases with
increasing wavelength, the multiple scattering increases leading
Moreover, the variations of k are in accordance
ation k = k0(1 − p) within the errors, where k0 is
e A ring. Note how the color ratio is not well fit.

a function only of surface geometry, which does not depend on
albedo (Shkuratov et al. 1999). If the surface texture of particles
was the same for all rings, we expected that k would decrease
with increasing albedo from one ring region to another. In fact,
the values of k for the C ring and the Cassini division are smaller
than those found for the A and B ring even though the C ring and
Cassini division albedos are significantly lower. These results

can be best interpreted as a difference of surface texture: the C
ring and the Cassini division particles are smoother than the A
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TABLE VI
Photometric Parameters of Shkuratov Model

B ring A ring Cassini division C ring

0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm

k 1.35 ± 0.20 1.85 ± 0.40 1.60 ± 0.30 2.31 ± 0.40 0.50 ± 0.50 1.30 ± 0.60 0.86 ± 0.05 1.31 ± 0.05

d 7.8 ± 1.7 1.65+1.35
−0.85 8.6 ± 2.7 2.4 ± 1.1 2.1+2.4

−1.7 0.9+1.6
−0.9 0.555 0.336

L 12.7+2.5
−1.6 7.3+2.0

−1.0 15.3+5.8
−3.2 8.5+2.7

−1.6 8.0 ± 1.3 5.1+1.2
−0.6 15.4 ± 0.2 8.7 ± 0.2

RMS 3.93 × 10−3 3.23 × 10−3 3.33 × 10−3 2.24 × 10−3 3.0 × 10−3 4.18 × 10−4 8.06 × 10−3 7.07 × 10−3
FIG. 6. Hapke model best fits (as in Fig. 4) for the Cassini division.
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and B ring particles. Note that we find again the same conclusion
as that obtained with the Hapke modeling.

The solutions give values of L/λ which are roughly constant
for each ring (this is primarily from the HWHM of the OE). In
other words, the photon transport length is independent of λ,
which can be an indication that the surfaces possess quasifractal
properties (Shkuratov et al. 1999). L/λ ∼ 25 of the C ring is
similar to values of the A and B rings, even though albedo and
d are lower, but we have no interpretation of this result. The fits
5 for the Cassini division.
C ring. Note how badly the color ratio is fit here.

Concerning particle size d, the OE of the A and B rings and
the Cassini division is consistent with the Shkuratov model for
effective grain radii of about 1–10 µm. This result is not in
agreement with some previous work: the ice bands in the near-
infrared were modeled by regolith grains of about 50-µm radius
by Pollack et al. (1973) and Clark (1980). However, our result is
consistent with more recent reanalyses (Doyle et al. 1989, Alix
1998) of the spectra of Clark (1980). In particular, Alix (1998)
showed that the near-infrared spectrum and also the position

of the H2O absorption wall between 0.165 and 0.17 µm can be
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FIG. 8. The filling factor F versus the power-law index of particle size distribution for three values of the ratio rl/rs where rl and rs are the largest and smallest
particle radii respectively. The thick lines (resp. thin lines) represent h = 0.011 (resp. h = 0.003) corresponding to the h value found for the Cassini Division (resp.

A ring).

surfaces. The phase dependence of the spectral ratio is better

3 The Shkuratov model puts all the narrow-backscatter-peak parts into his CB
function. On the other hand, the Hapke model has a porosity-related shadowing
reproduced by particles of about 1–20 µm radius. We also started
the modeling of a composite spectrum from 0.3 to 4.1 µm and
found an effective radius of about 25 µm (Poulet and Cuzzi, in
preparation). Mishchenko and Dlugach (1992) found a particle
size of about 0.1–1 µm, based on their theoretical prediction
that the coherent backscatter enhancement is observable only if
the particle size is of the order of λ. But recent experimental
results (Shkuratov et al. 1999, Nelson et al. 2000) show in fact a
quite different size dependence of CBOE. A typical signature of
observed coherent backscatter is that it is only weakly dependent
on particle size and that a surface with smaller particles has a
stronger peak. Our modeling gives d smaller in U than in V
because the amplitude of the CB opposition surge is stronger
in U (Fig. 9 through 12). This wavelength-dependent effective
grain size, also observed (but not interpreted) in the case of the
Moon (Shkuratov et al. 1999) will be analyzed in Section 4.3.
For the C ring, the best fits are obtained with d = 0. However,
such a value has no physical sense, so that we consider viable
solutions by taking d on the order of λ. Note that the RMS
of such solutions are about three times larger than the best fits
obtained with d = 0. The case d ∼ λ implies structures on all
length scales, with the wavelength merely selecting structures
comparable to itself. By comparison, the unambiguous result
that d � λ could mean fewer cracks, small scattering centers, or

asperities on smoother grains.
To estimate relative contributions of the shadow-hiding and
coherent backscattering enhancement effects, we omitted the in-
terference multiplier in Eq. (3) and then calculated the pure shad-
owing part. The results, presented in Fig. 9 through 12 by dashed
lines, show that the SHOE as defined by the Shkuratov model3

is incapable of producing the opposition surge. The contribution
of coherent backscattering is only a few percent at α = 6.0◦, but
reaches almost 10 percent at α = 2.0◦.

4.2. Color Ratio C(0.555/0.336)

In the previous sections, we have examined the various solu-
tions given by the Hapke model and the Shkuratov model. Both
fit the observed phase functions almost equally well with pa-
rameters which are physically “realistic” (even if some Hapke
parameters are a little bit extreme). Thus, we need to do fur-
ther investigations to test the models. The color index is useful
to achieve that, because it is less affected by the geometry of
observations. CFD01 noted that the phase reddening of rings
between 2◦ and 6◦ was slightly larger than that of other icy
function which contributes to the OE.
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FIG. 9. Upper panel: Comparison of the B ring phase curves at 0.555 µm and 0.336 µm with the Shkuratov model. The phase curves are normalized at 0.3◦.
The dashed line corresponds to the pure shadow-hiding component. Lower panel: Comparison of the normalized color index C(0.555/0.336) with the Shkuratov

model. The dashed line corresponds to the pure shadow-hiding component.
reproduced by the Shkuratov model (Figs. 9 through 12) than
by the Hapke model (Figs. 4 through 7). Hapke modeling does
not reproduce the reddening of the A and B rings well, while
the Shkuratov fits are very good for all the rings. In Hapke
theory, multiple scattering between surface facets is neglected.
For the fairly red B and A rings, the increase of the index
C(0.555/0.336) with α between 2◦ and 6◦ is larger than for

more neutral regions as the C ring and the Cassini division.
Therefore, the Hapke model needs to treat it as a regolith mul-
tiple scattering effect. The semi-empirical treatment of the
Shkuratov model includes the interfacet multiple scattering,
whose effect increases with increasing α. Therefore, the strong
phase dependence of the brightness and color can be attributable
to the fact that the albedo (and so the contribution of interfacet
multiple scattering) of the bright and colored particles is greater

precisely in red rays. In other words, the shadows are illuminated
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by multiple interfacet scattering. This effect can be expressed in
terms of Eq. (3). For instance, by taking a ratio L/λ roughly
constant and d ∼ λ (parameters for the C ring and Cassini divi-
sion particles within errors), the behavior of the C(0.555/0.336)
is mainly proportional to exp[(k0.336 − k0.555)α] as shown in the
dashed line in Fig. 12 (k0.555 and k0.336 are the coefficient k
in 0.555 and 0.336, respectively). For the A and B rings, d/λ
t, so their color ratio is less well reproduced by
k0.555)α].
ts (as in Fig. 9) for the A ring.

At small phase angles, this explanation fails. The reddening
varies more strongly between α = 2◦ and 0.5◦ than at large α,
and then the slope flattens between α = 0.5◦ and 0.3◦. At very
small α, the C ring seems to exhibit an anomalous phase depen-
dence (Fig. 12): the color ratio, after decreasing down to α ∼
0.5◦, even seems to increase between 0.5◦ and 0.3◦ phase. Recall
that the “error bars” shown in these figures are not uncertainties

in the measurements from one phase angle to another, but repre-
sent the envelope of variation across each ring region. According
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to the theory of shadow-hiding, the color ratio should decrease
with decreasing phase angle. We can reproduce this trend in the
theoretical Hapke color ratios for α < 0.3◦ (Figs. 4 through 7),
but the fits are not really very good. In contrast, an increase of the
color index with decreasing phase angle can also be explained in
terms of the mechanism of coherent backscattering (Shkuratov
et al. 1996, 1999). At very small phase angles, the phase function
ecomes steeper than in the U light because of the
tive contribution from coherent backscattering.
as in Fig. 9) for the Cassini division.

In summary, we find that the Shkuratov model, which in-
cludes a combination of multiple regolith grain scattering, coher-
ent backscattering, and shadow-hiding effects can represent the
overall increase of C(0.555/0.336) with α much better than can
the Hapke model, using fewer free parameters and without re-
quiring parameters which are in contradiction with independent
expectations (high porosity, very strong roughness). Moreover,

the coherent backscattering provides a mechanism to explain
the anomalous opposition reddening at phase angle lower than



242

Even thou
seems to dom
POULET ET AL.
t
FIG. 12. Shkuratov model bes

0.5◦, while the shadow-effect modeled by Hapke theory can-
not produce opposition reddening at all. Therefore, regarding
the phase color effect, the detailed fits of the CB effect in the
Shkuratov model are noticeably better than the SH effect in the
Hapke model.

4.3. Opposition Surge Behavior of Four Main Rings
gh the previous paragraph showed that the CB
inate the opposition surge of all of Saturn’s main
fits (as in Fig. 9) for the C ring.

rings, there are still open questions. Why is this effect more pro-
nounced for the C ring and the Cassini division than for the A and
B rings? Why is the amplitude of the opposition effect larger at
0.336 µm than at 0.555 µm? A simple explanation for the CBOE
would be that it would be stronger in higher albedo surfaces. In
this section, we examine more carefully the properties of the
opposition surge by examining both the phase function and the
color ratio in order to be more confident about the identification

of the mechanism responsible of the OE and also to deduce other
properties of the regolith.
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FIG. 13. Hapke parameter B0 versus ω0 PHG(0◦) from the Hapke modeling. The solid line is the behavior predicted from a survey of the opposition surge

amplitude for other solar system objects whose phase curves were derived by using the Hapke theory (Helfenstein et al. 1997). This empirical relation is

B0 = 1.083[ω0 PHG(0◦)]−0.629.

Another test to reject the SHOE unambiguously is to present
the trend of the total amplitude of SHOE B0 relative to S(0)/
ω0 PHG(0◦). Figure 13 shows that the observed trend of ampli-
tude B0 is independent of S(0)/ω0 PHG(0◦). This behavior is not
consistent with the SHOE, which predicts a strong decrease of
the amplitude with increasing albedo.

According to the mechanism of coherent backscattering, more
reflective material should exhibit stronger opposition surge am-
plitudes than should less reflective material. However, our mea-
surements of the relative strength of opposition surges derived
from the Shkuratov model show an opposite trend (Table VII):

a decrease with increasing both wavelength and albedo. We a smaller albedo, leading to a bigger opposition surge for lower

shall demonstrate below that this effect can be explained at

TABLE VII
Regional Amplitude Surges Derived from Shkuratov Model

B ring A ring Cassini division C ring

0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm 0.555 µm 0.336 µm

HWHM (◦) 0.67 ± 0.11 0.71 ± 0.15 0.56 ± 0.17 0.62 ± 0.15 1.04 ± 0.20 1.02 ± 0.22 0.58 ± 0.04 0.63 ± 0.04

albedo material. From Table VI, we remark indeed that the
A 1.50 ± 0.03 1.77 ± 0.02 1.55 ± 0.03 1.80 ±
least qualitatively consistent with CB being the physical phe-
nomenon that contributes to the opposition behavior. In fact,
this phenomenon can be interpreted as typical of the coher-
ent backscatter origin of the opposition effect according to
Shkuratov et al. (1999). As shown in Fig. 2, A depends on
two quantities: the grain albedo through L and the effective
size parameter d. A increases with increasing L but decreases
with increasing d. Even though the data show a weaker effect
than the theory, both new laboratory data and the Shkuratov
model show that samples with smaller particles have a stronger
OE. So, a smaller effective size parameter can compensate for
0.02 1.45 ± 0.11 1.65 ± 0.10 1.62 ± 0.03 1.72 ± 0.03
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TABLE VIII
Power-Law Index q of Size Distributions

B ring A ring Cassini division C ring

a 0.01 0.0125 0.016 0.011
b 1.44 1.46 1.43 1.44
q 3.20 ± 0.04 3.10 ± 0.04 3.05+0.30

−0.04 3.02+0.05
−0.01

fitted values of d for A and B rings are larger than for the C
ring.

The fact that the surge amplitude A increases with decreasing
λ (decreasing particle albedo) can also be explained in terms of
particle-size difference. Since A increases as d/λ decreases with
a maximum for d ∼ λ, the amplitude will depend on the number
of scatterers per unit area of size smaller than a fewλ. The surface
of a particle should be covered by particles of different sizes. The
fitted values of d decrease with λ for the B and A rings and the
Cassini division; as shown below, this indicates that the particles
of size similar to λ = 0.336 µm are much more numerous than
particles of size comparable to λ = 0.555 µm.

The ratio of the amplitudes at λ = 0.555 µm and λ =
0.336 µm can be used to estimate the size distribution of parti-
cles. To describe the radius distribution of the grains, we use a
power-law distribution of grains per unit area with q referred to
as the power-law index n(d) = n0d−q . From Fig. 2b, we model
the dependence of A on d/λ as a linear function: A(d/λ) ∼
−a d

λ
+ b with the size d ranged between xminλ and xmaxλ. The

coefficients xmin and xmax are equal to 0.1 and 20, respectively.
Table VIII gives the values of the coefficient a and b for each
value L/λ corresponding to a ring. For q > 3, the amplitude of
the OE should be proportional to

A(λ) ∼
∫ xmaxλ

xminλ

πd2d−q

(
−a

d

λ
+ b

)
dd

∼ C(q, a, b, xmin, xmax)

λq−3
. (8)

C is a constant which must be positive to make A(λ) decreas-
ing. In practice, this condition is always checked. By com-
paring the ratio of the surge amplitude at two studied wave-
lengths A(0.555)/A(0.336) using Eq. (8) with the values given in
Table VII, we can give an estimate of q as between 3 and 3.2
(Table VIII).

Equations (3)–(5) can be used to understand why only the
C ring exhibits the anomalous OE. Since d/λ � 1 for the C
ring, these three equations can be rearranged to express the ratio
C(0.555/0.336) as

C(0.555/0.336) ∼
2 + 1√

1+
(

4π L0.5
λ0.5

sin(α/2)
)2

2 + 1√
1+

(
4π L0.3

λ0.3
sin(α/2)

)2

exp[(k0.3 − k0.5)α],
(9)
ET AL.

where the indices 0.3 and 0.5 refer to the wavelengths of
0.336 µm and 0.555 µm, respectively.

If k0.3 > k0.5, the pure shadow-hiding contribution (second
term on right-hand side of Eq. (9)) increases with increasing α,
leading to a growth of C(0.555/0.336). A minimum at small
phase angles arises for the rings because C(0.555/0.336) is
equal to 1 at 0◦ and the contribution due to the reddened shad-
ows increases with increasing α. The first term on the right-
hand side of Eq. (9) is the coherent backscattering contribu-
tion. It affects the value of C mainly at small phase angles. If
L0.3 > λ0.3

λ0.5
L0.5 � 0.6L0.5, then this contribution is always larger

than 1 and the color ratio C increases monotonically as in the
A and B rings and the Cassini division. In contrast, if L0.3 <
λ0.3
λ0.5

L0.5 � 0.6L0.5, then the CB contribution to the color ratio is
smaller than 1, and C initially decreases due to the CB contri-
bution before rising due to the shadow illumination effect. Such
an effect is observed for the C ring, because L0.3 is smaller than
0.6L0.5. In other words, the phase angle where the minimum
occurs depends on the widths of the OE at two wavelengths.
This width-dependence of the color index can lead to a large
variety of forms of the OE of color. We believe it is easier to
detect the anomalous OE (color minimum for α > 0◦) for neu-
tral and smooth material (as in the C ring) than it is for red and
rough material, because the contribution of the pure shadow-
hiding overwhelms the smaller CBOE effect. Actually, it is not
excluded that the other rings have an anomalous OE of color at
very small phase angles because the decrease of color index be-
tween 0.5◦ and 0.3◦ is significantly smaller than is the decrease
between 2◦ and 0.5◦.

In summary, the presence of coherent backscatter appears to
be indicated by the following:

• The observational data (both phase curves and color ratio)
are well reproduced by a model which includes this mechanism.

• The extreme narrowness (less than 1◦) of the peaks.
• The fact that the amplitude A in the visible is larger than

unity for all the rings, and in particular for the high albedo B
ring where shadow-hiding should be most likely to be negligible.
Without CBOE, the amplitude should be closer to unity for the
B ring particles with ω0 ∼ 0.6, because multiply-scattered light
would almost completely fill in shadows cast by particles.

• The constant opposition surge amplitude A with increasing
albedos (Fig. 13) which is inconsistent with the SHOE in the
context of Hapke model, but can be modeled as grain size effects
compensating albedo effects in terms of the CBOE.

• The fact that the color ratio of the C ring exhibits a min-
imum at small phase angle. As far as we know, this effect can
be explained only in terms of the coherent enhancement of
backscattering.

We have to admit that the discrepancies between SHOE and
CBOE are far from settled and the five arguments presented
above are only weakly in favor of CBOE. There is also the prob-

ability that, in the case of C ring, shadowing may contribute
to the opposition spike. Based on some recent experiments, we
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found that the grain size effect could cancel the albedo effect,
but we need a rigourous computation for a scattering surface
with a distribution of particle sizes to confirm this effect. More-
over, we use the Shkuratov model, which neglects the effects
of particle shape that could be significant on the mechanism of
CB. Finally, the difficulty with the Shkuratov model is that it
is semi-empirical and derivated from intuitive arguments rather
than from physical principles. In particular, the parameters d
and L are not clearly defined.

4.4. Regional Surface Structure

We use the Shkuratov model to produce high-resolution radial

profiles (uniformly spaced at 100 km) of adjusted parameters at even though such a value would correspond to an overextension

two wavelengths (Fig. 14). To estimate the quality of fits, we

FIG. 14. Radial profiles of adjusted parameters d, k and L at λ = 0.555 µm (continuous line) and λ = 0.336 µm (dotted-dashed line). The RMS is plotted
in the bottom panel. In the d panel (upper panel), the normalized Voyager PPS optical depth profile is shown in the dotted line. In the opaque central region of the
B ring, the PPS observations have very low SNR and provide only a lower limit to the optical depth (French and Nicholson 2000), so that the correlation of d with

of the Shkuratov theory. Actually, it may be that the opposition
τ is not as strong as suggested by the figure. In the k panel, the dashed line defines
HASE CURVES 245

plot in the lowest panel the postfit root–mean–square residual.
There are large values of RMS in the C ring, near the inner edge
of the B ring, and in the Cassini division, due to some artifacts
produced near sharp edges by the wavelength dependence of the
HST point spread function (CFD01). Otherwise, the RMS are
of the order of those found for the averaged rings.

4.4.1. Effective regolith particle size. The upper panel of
Fig. 14 shows the profile of the effective particle size d at two
wavelengths. The values are consistent with the values found
for the averaged profiles, i.e., d ∼ 1–10 µm for the A and B
rings and d ∼ λ for the C ring. It must be emphasized that the
best fits for the C ring phase function is obtained for d = 0 µm,
the geometric albedo at λ = 0.555 µm at α = 0.3◦.
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effect amplitude in the C ring, where the particles are darker,
relies partly on some contribution to the SHOE (which is not
modeled by the Shkuratov theory; see Section 4.1.4).

In contrast to the broader ring regions, it is difficult to set
tight constraints on effective particle size of the Cassini division
because it is narrow and it is affected by the PSF’s artifacts.
Nevertheless, it seems that d is smaller in the Cassini division
than in the A and B rings. An overall correlation exists between
d and the PPS optical depth τ (plotted as a dotted line). At large
scale (104 km), the larger the optical depth, the larger the particle
effective size. Even at smaller scales (103 km), the correlation
is strong in the B ring. In the inner B ring, typical regolith par-
ticles are smaller than in the opaque central region of the B
ring (100,000–110,000 km), where d ∼ 7–10 µm. Spokes are
more frequent in the mid and outer B ring, but the spoke parti-
cles themselves are much smaller, d ∼ 0.6 µm ± 0.2 (Doyle and
Grün 1990). The uniformity of the outer B ring is found again
in the A ring interior to the Encke division. The production of
microscopic particles should result from collisions between ring
particles and meteoritic erosion. It may be possible that the less
frequent but stronger collisions in the lower optical depth rings
could lead to the creation of more abundant small particles. Our
modeling also hints that there is a greater abundance of small par-
ticles in the outer A ring, even though the optical depth increases
there—apparently in conflict with this hypothesis. However, the
plethora of density and bending waves in this region should re-
sult in larger relative velocities in this region and consequently
the creation of small particles.

4.4.2. Roughness. For a given ring, k0.336 is larger than
k0.555 by an amount consistent with relative geometric albedos
(Section 4.1.4). k is larger for the B and A rings than for the
Cassini division and the C ring, incompatible with an albedo
effect and implying that the B and A ring particles are rougher.
The roughness is nearly uniform within the B ring. Some appar-
ent radial variations of about 1000–1500 km width are not the
same at two wavelengths, so we believe that they correspond to
the errors of measurements. In contrast, k values of the inner
and middle A ring are markedly larger than that of particles of
the outer A ring, consistent with the albedo and the smooth-
ness increases from the inner edge to the outer edge as found
by Dones et al. (1993). In summary, the modeling supports a
τ -dependence of particle roughness with the trend that the parti-
cles in smaller optical depth regions are significantly smoother,
presumably due to the dominance of collisional compaction over
transient clustering.

The recent Shkuratov model has not been used widely for
the analysis of phase curves of other atmosphereless bodies.
Shkuratov et al. (1999) found k = 0.86 and k = 1.31 for the
Moon at λ ∼ 0.55 µm and λ ∼ 0.36 µm. These values are
roughly consistent with those of the C ring and the Cassini di-
vision. In contrast, the A and B ring particles, whose albedo is
much larger than that of the Moon, seem to be much rougher.

Such unusual roughness suggests that the particles are lumpy,
aggregate particles, which confirms other works supporting also
ET AL.

the aggregate form in dense rings (Weidenschilling et al. 1984.
Longaretti 1989, Rosen et al. 1991, Salo 1992, Richardson 1994).

5. CONCLUSION AND FUTURE WORK

HST observations of Saturn’s rings reveal that the coher-
ent backscatter opposition effect may mainly contribute to the
photometric behavior of Saturn’s ring particles near opposition.
Also, an apparent anomalous effect of the color index may have
been detected for the C ring, which can only be explained by
coherent backscattering. In the context of the Shkuratov model,
the strength of the opposition effect depends primarily on the
regolith grain size, which we then find to vary systematically in
a way that correlates with local optical depth. The opposition
surge is the largest for the C ring particles; in the Shkuratov
theory, this implies the effective size of regolith particles is
comparable to λ. There is a τ -dependence of the effective size,
which is unexplained, but may derive from the stronger colli-
sion velocity in the regions of lower τ leading to the creation
of more abundant small particles. Assuming a power law size
distribution for regolith particles, we found a power law index
between 3 and 3.2. We point out that these size distributions are
compatible with collisional and disruptive processes. However,
as we pointed out in Sections 2.2 and 3.3, conclusions should be
drawn cautiously because (1) the discrepancies between SHOE
and CBOE for a scattering surface with a distribution of particle
sizes or partially absorbing materials are far from settled; (2)
some laboratory measurements do not agree with the theoreti-
cal results; (3) one uses to compare the integrated brightness of
planetary objects with the surface brightness of laboratory tar-
gets, which are obviously very different in terms of size scale.;
(4) numerous laboratory experiments and theoretical considera-
tions have shown strong dependence of phase function on surface
roughness, particle shape, and size particles.

For phase angles larger than 2◦, the phase function of in-
dividual particles is still wavelength-dependent, giving a pro-
nounced phase dependence of color which is especially strong
for the brighter, redder A and B rings. In the context of the
Shkuratov model, illuminated facets are brighter at 0.555 µm
than at 0.336 µm and more effectively illuminate the shadows,
which are more visible as α increases. Furthermore, both Hapke
and Shkuratov models provide essentially the same conclusion,
namely that the A and B ring particles are dramatically rougher
than those of the Moon or the C ring particles. These findings
support a model of lumpy particle structure in the A and B rings,
constructed as aggregates of macroscopic aggregates, with many
re-entrant surfaces with deep shadows which become illumi-
nated by multiple facet reflections as α increases. This descrip-
tion tends to favor the aggregate form.

The wavelength-dependent ring particle phase function com-
plicates the interpretation of spectrophotometric modeling,
which gives information about the composition. Cuzzi and

Estrada (1998) modeled the broadband ring particle albedo by
making the assumption that the phase function was independent
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of wavelength. Their conclusions that the meteoroid bombard-
ment can explain the color ratios of Voyager images seems to be
still qualitatively valid, but should be revalidated quantitatively
by improving albedo modeling.

It is uncertain whether the reddening of rings continues at
large α. CFD01 noted that the shape of the Voyager G/UV pro-
file at 14◦ is qualitatively similar to the HST color ratio pro-
file C(0.555/0.336). Unfortunately, large uncertainties in the
Voyager color calibration makes it impossible to use this data to
draw conclusions about phase-dependent reddening between 6◦

and 14◦ (CFD01). Some asteroids and lunar samples exhibit a
maximum in the α-dependence of the color ratio at α larger than
40◦ (Shkuratov et al. 1996). From measurements of a reddish
silicate (Mars analog), Shkuratov et al. (1996) showed that the
maximum shifts to the region of large α as the particle size de-
creases. It will not be possible to obtain observations at large α

before the Cassini spacecraft reaches the Saturn system in 2004.
Observations at angles smaller than 0.3◦ could confirm or

refute the trend that the decrease of the color ratio flattens or
reverses close to opposition. We expect to detect this signature
during HST observations in late 2002 or early 2003 when the
phase angle reaches 0.15◦.

The semi-rigorous photometric model of Shkuratov (1999)
enables us to relate model parameters qualitatively to some
physical properties of the regolith of ring particles. However,
a number of refinements are needed before reliable quantitative
interpretation can be made. Even though the laboratory data are
still scarce, the Shkuratov theory shows a stronger grain size de-
pendence of the CBOE amplitude than does the data (Fig. 2). As
discussed in the paper, the OE of the C ring is best reproduced
by the regime d < λ < L while the grain sizes of the A and B
rings are of the same order as L(� λ). The grain size of the C
ring can also be derived from the water ice absorption bands in
the near-infrared, so that it will confirm or not the small derived
size of the C ring grains. For a given size, higher albedo grains
result in larger L/d than do lower albedo grains. Further work
is needed to understand how lower albedo material can have
larger L/d. Generally, a stronger connection needs to be made
between the semi-empirical adjustable parameters of the theory
(especially L) and actual grain properties (refractive index). We
are addressing this in ongoing work.
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