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a b s t r a c t 

In this paper, we continue our analysis of the saturnian ring opposition effect seen by Cassini ISS. The 

ring opposition effect is a peak in the rings’ reflectivity caused as the directions from a spot on the rings 

to the observer and to the light source, respectively, converge toward zero degrees. So far, the exact 

origin of the ring’s opposition effect is still a matter of debate. In our previous work (Déau, et al., 2013, 

Icarus, 226, 591–603), we compared the opposition effect morphology with the rings’ optical depth and 

found that only the slope of the linear part of the rings’ phase curves was strongly correlated with the 

optical depth. We interpreted this as an indication of the predominant role of interparticle shadowing at 

moderate phase angles ( α ∼ 10–40 o ). More recently (Déau, 2015, Icarus, 253, 311–345), we showed that 

interparticle shadowing cannot explain the behavior at low phase angles ( α < 1 o ), indirectly confirming 

our 2013 result. These findings led to the idea that coherent backscattering is preponderant at the 

smallest phase angles. Coherent backscattering depends on the microscopic scale of the regolith, and 

there is a growing body of evidence that regolith grain size, porosity, roughness, and composition control 

the opposition surge behavior for α < 1 o . To test this hypothesis, we compare the opposition surge 

morphology to the regolith albedo and other spectral properties related to the regolith, such as water 

ice band depths and spectral slopes derived from Cassini VIMS data (Hedman et al., 2013, Icarus, 223, 

105–130). Indeed, it has been recently proven that coherent backscattering affects the water ice band 

depth variations with phase angle for icy saturnian regoliths (Kolokolova et al., 2010, The Astrophysical 

Journal Letters, 711, L71–L74). We find that the opposition surge morphology is strongly correlated 

with the water ice band depth and the regolith albedo. We interpret this finding as an indication that 

coherent backscattering plays a role in affecting both the water ice band depths and the opposition 

surge at low phase angles ( α < 1 o ). As the regolith albedo and spectral properties are related to the 

grain size, porosity, roughness, and composition, we try to assess which of these regolith properties 

are preponderant in coherent backscattering. Our study is able to narrow down the parameter space of 

these properties, whose values allow a good match between the angular width predicted by models of 

coherent backscattering and the width of the observed peak. 

Published by Elsevier Inc. 
∗ Corresponding author at: NASA Jet Propulsion Laboratory, 4800 Oak Grove Drive 

Pasadena CA 91107 United States. 

E-mail address: deau@jpl.nasa.gov (E. Déau). 
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. Introduction 

The ring opposition effect is a surge in ring brightness that

ccurs as the alignment of the observer, the rings, and the Sun

onverges on zero degrees. Despite numerous studies on the op-

osition effect in Saturn’s rings ( Müller, 1885; 1893; Seeliger,
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1 Direct observations of coherent backscattering in planetary regolith analogs are 

obtained when a correlation is established between the measured outputs of the 

phenomenon and the sample properties, as done by Kuga and Ishimaru (1984) or 

Piatek et al. (2004) . In addition, indirect observations of coherent backscattering 

in regoliths are so far confirmed by strong phase angle variations of color ratio 

( Shkuratov et al., 1999b ), or polarization ( Hapke et al., 1993; Nelson et al., 20 0 0; 

Shkuratov et al., 2002; 2007 ). 
2 To that matter, it can be noticed that laboratory experiments and planetary sur- 

faces are not subject to the same illumination conditions (i.e. coherent or non- 

coherent light source). Indeed, we note that all reports of purported coherent 

backscattering observed in the laboratory are made with lasers, which produce co- 

herent light. However, sunlight is incoherent ( Herman et al., 2014 ), or at least it is 

not as coherent as lasers ( Mashaal et al., 2012 ). Still, Shkuratov et al. (1999b ) in- 

directly observed coherent backscattering with incoherent laboratory light sources. 
884; 1887; Lyot, 1929; Kawata and Irvine, 1974; Lumme and

rvine, 1976; Esposito, 1979; Esposito et al., 1979; Muinonen, 1990;

ishchenko, 1992; 1993; Poulet et al., 2002; Salo and Karjalainen,

003; Mishchenko et al., 2006; Nelson et al., 2006; Altobelli

t al., 2007; French et al., 2007; Porco et al., 2008; Mishchenko

nd Dlugach, 2009; Salo and French, 2010; Déau et al., 2013a;

éau, 2015; Déau et al., 2018a ), its origin remains unresolved. The

iscovery of the phenomenon ( Müller, 1885; 1893; Seeliger, 1884;

887 ) has recently been followed by a new generation of studies,

hich were more quantitative and based on accurate observations

nd theoretical models. These have greatly improved our knowl-

dge of the opposition effect’s behavior: for each ring ( Lumme

nd Irvine, 1976; Poulet et al., 2002; French et al., 2007; Salo

nd French, 2010 ), within each ring ( Poulet et al., 2002; French

t al., 2007; Déau et al., 2013a ), with wavelength ( Franklin and

ook, 1965; Lumme and Irvine, 1976; Esposito et al., 1979; Poulet

t al., 2002; French et al., 2007; Salo and French, 2010; Déau

t al., 2013a ), with the polarization of light ( Lyot, 1929; Johnson

t al., 1980; Mishchenko, 1993; Dollfus, 1996; Mishchenko et al.,

006; Mishchenko and Dlugach, 2009 ), and with Saturn’s seasons

 Mishchenko and Dlugach, 2009; Salo and French, 2010 ). These

orks have used ground-based, Earth-based (Hubble Space Tele-

cope), and spacecraft (Cassini) observations, which are remark-

bly complementary in terms of phase angle coverage, phase angle

ampling, spatial resolution, and wavelength. The combined results

rom these studies led to the following realizations about the ring

pposition effect: 

• the bulk of the opposition surge in optical and unpolarized light

operates at phase angles less than 2 o ( Müller, 1885; 1893; Seel-

iger, 1884; 1887 ); 
• both the brightest main rings (the A and B rings) exhibit an op-

position effect ( Lumme and Irvine, 1976; Esposito et al., 1979 ),

as do more tenuous ones: the C ring ( Poulet et al., 2002; French

et al., 2007; Salo and French, 2010; Déau et al., 2013a ), the

Cassini Division ( Poulet et al., 2002; Déau et al., 2013a ), the D

ring ( Déau et al., 2013a ), and the E ring ( Pang et al., 1983; Lar-

son, 1984; Déau et al., 2009 ); 
• the dimmest main rings (D and C rings, Cassini Division) exhibit

the highest and widest opposition peaks ( Déau et al., 2013a ); 
• the ring opposition effect varies with wavelength ( Franklin and

Cook, 1965; Lumme and Irvine, 1976; French et al., 2007; Salo

and French, 2010; Déau et al., 2013a ), and the effect is notice-

ably more pronounced at short and long wavelengths, i.e. the

near ultraviolet ( French et al., 2007 ) and the near infrared, re-

spectively ( French et al., 2007; Déau et al., 2013a ); 
• the morphology of the ring opposition effect varies with sea-

sons, i.e. with the solar elevation | B ′ | ( Salo and French, 2010 ); 
• the ring opposition effect is observed in linear and circular po-

larized light ( Lyot, 1929; Mishchenko, 1993; Mishchenko et al.,

2006; Mishchenko and Dlugach, 2009 ) in addition to unpolar-

ized light; 
• the opposition effect is observed in the thermal infrared in the

C ring ( Altobelli et al., 2007 ), but no similar narrow surge is ob-

served in the A and B rings ( Wallis et al., 2005; 2006; Altobelli

et al., 2009 ). 

However, none of these findings have led to a solid explanation

f the origin of the opposition effect in the saturnian system. At-

empts to explain it involve the following physical mechanisms: 

(a) interparticle shadow hiding or mutual shadowing, (see

Seeliger, 1887; Kawata and Irvine, 1974; Esposito, 1979;

Porco et al., 2008; Salo and French, 2010; Déau, 2015 ), which

consists of shadows of ring particles that are hidden behind

the particles when the phase angle is close to zero, and that

become apparent at larger phase angles. This mechanism

was the classical explanation of the ring opposition effect; 
(b) coherent backscattering, see Muinonen (1990) ;

Mishchenko (1993) ; Mishchenko et al. (2006) ; Salo and

French (2010) ; Déau (2015) , is caused by constructive inter-

ference between pair of conjugate electromagnetic waves

in a medium of grains (this effect is universally present at

any wavelength and any grain size, but the angular width

of various manifestations of coherent backscattering up to

several tenths of a degree is easily observable when the

grain sizes are comparable to the wavelength of light); 

(c) regolith shadow hiding, see Salo and French (2010) ,

Déau (2015) , is similar to interparticle shadow hiding; how-

ever, it operates at a much smaller scale, i.e., the shadows

are those of the regolith grains on top of each ring particle. 

(d) near-field interaction, see Petrova et al. (2007) , is caused by

the inhomogeneity of waves in the immediate vicinity of

grains. Though its contribution should be important mostly

for densely-packed, low-albedo media, which is probably not

relevant for Saturn’s rings, this mechanism is worth men-

tioning. 

Some studies have assumed a single mechanism of the three

ited above to explain the whole effect ( Seeliger, 1887; Kawata and

rvine, 1974; Esposito, 1979; Mishchenko, 1993; Degiorgio et al.,

010 ), while others have assumed a combination of the mecha-

isms ( Poulet et al., 2002; Nelson et al., 2006; French et al., 2007;

alo and French, 2010; Déau, 2015 ). A final group of ring studies

as ruled out some of the hypotheses presented above by com-

aring the predicted trends of the models with observations. In

articular, interparticle shadow hiding has been almost unequiv-

cally ruled out as the preponderant mechanism acting in the ring

pposition peak (i.e. the opposition effect at very low phase an-

les). Indeed, it has been claimed that interparticle shadow hid-

ng by identical ring particles requires unphysically small volume

ensities for Saturn’s main rings to reproduce the height of their

pposition spike ( Lumme et al., 1987; Muinonen, 1990 ), whereas

ther rings that are less dense than the main saturnian ones (e.g.

 ring, jovian, uranian, and neptunian) do not show higher opposi-

ion spikes, even when removing the effect of the finite size of the

un ( Déau et al., 2009 ). Finally, Déau (2015) demonstrated in detail

hat models of interparticle shadow hiding, using realistic volume

ensities from previous studies ( Salo and Karjalainen, 2003; Porco

t al., 2008 ), predict heights (or amplitudes) that behave in a com-

letely distinct way from the observations. This point is the latest

nd most direct proof that interparticle shadow hiding alone can-

ot reproduce the ring opposition effect ( Déau, 2015 , Fig. 8). 

In the meantime, coherent backscattering was also consid-

red as an explanation for the ring opposition effect ( Muinonen,

990; Mishchenko, 1993 ). However, it is difficult to directly ob-

erve coherent backscattering 1 in the laboratory with planetary re-

olith analogs, meaning that although what is observed is surely

ackscattering, it is not necessarily coherent backscattering, see de-

ails in Tishkovets and Mishchenko (2010) . 2 For quite some time,

oherent backscattering did not behave as expected in polarized



326 E. Déau et al. / Icarus 305 (2018) 324–349 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

w  

t  

s  

s

 

s  

o  

I  

t  

d  

s  

p  

i  

s  

t  

l  

c  

e  

i  

t

 

t  

r  

I  

(  

w  

s  

t  

u  

p  

I  

p  

n  

S

2

2

2

 

i  

e  

e  

u  

P  

m  

e

 

i  

t  

a  

l  

u  

w 0 0  

3 In theory, there should not be a strong separation between microscopic and 

macroscopic scales since photometry may be defined by the whole vertical extent 
and unpolarized light ( Muinonen, 1994 ), but agreements are now

found, see Rosenbush et al. (1997) , Mishchenko et al. (2006) .

Finally, there are heated debates about the correct formal-

ism for treating closely-packed particles, as in a regolith

( Shkuratov and Zubko, 2008; Petrova et al., 2008; Tishkovets

et al., 2011 ). These issues have delayed the acceptance of coherent

backscattering by the ring photometric community. In short, recent

works suggest that the observed opposition effect is a combina-

tion of the mechanisms described above ( Poulet et al., 2002; Nel-

son et al., 2006; French et al., 2007; Salo and French, 2010; Déau,

2015 ); however, many questions remain unanswered. We will fo-

cus on a few topics related to the ring opposition effect observed

in optical and unpolarized light: 

1 © What is the main mechanism involved in the ring opposition

surge? 

2 © How do the physical properties of the regolith relate to the

opposition surge morphology? 

3 © Do the physical properties of the regolith involved in the

ring opposition effect significantly vary from ring to ring? 

In Part 1 of this study ( Déau et al., 2013a , hereafter Paper 1), we

investigated the morphology of the opposition effect in the main

rings of Saturn, and found a strong correlation between morpho-

logical parameters and the optical depth. In Part 2 ( Déau, 2015 ,

hereafter Paper 2), we conducted a benchmark study of analytical

physical models of the opposition effect, and concluded that the

hypothesis of homogeneity (i.e., a single particle size, random spac-

ing of particles, and small volume filling factor) led to invalid re-

sults when the outputs were compared to the same physical prop-

erties from independent studies. In Part 3 ( Déau et al., 2018a , here-

after Paper 3), we isolated the surge angular width and launched

an in-depth study of this parameter to test the roles of regolith

porosity, ring filling factor, particle size distribution and grain size

distribution of Saturn’s rings in the opposition surge. In the present

study, which constitutes the fourth part, we will look again at the

morphology of the ring opposition effect. In Paper 1, we found a

strong dependence on the optical depth of the A and B rings, while

this dependence was weaker in the C ring and the Cassini Division.

In other words, the strength of the optical depth dependence varies

from one ring to another. The weak dependence noted in diffuse

rings deserves extra attention in order to find its cause. One clue

could be the surface albedo. Many studies have related the mor-

phology of the opposition peak to the surface albedo ( Helfenstein

et al., 1997; Belskaya and Shevchenko, 20 0 0; Shevchenko et al.,

2012 ). We were not able to make this kind of correlation in our

previous research because the albedo of Saturn’s rings was not

determined yet. There were some values derived with the Voy-

ager data in the A and C rings ( Cooke, 1991; Dones et al., 1993 )

but not in the B ring and the Cassini Division. It is only recently

that the single scattering albedo was determined in all the main

rings ( Hedman et al., 2013; Déau and Helfenstein, 2018 ). Due to

the complex nature of Saturn’s rings, the albedo can be either: 

• macroscopic, when the elementary scatterers of photometric

models are assumed to be whole ring particles ( Dones et al.,

1993 ). These particles can be as large as 10 m( Zebker et al.,

1985; French and Nicholson, 20 0 0; Cuzzi et al., 2009 ); or 
• microscopic, because the mean photon path length of spectro-

scopic models is less than 30 μm ( Hedman et al., 2013 ), which

is about the size of the ring regolith grains ( Hedman et al.,

2013 ). Many studies found these grains to have a size of less

than 50 μm( Poulet et al., 2002; Déau, 2015; Cuzzi et al., 2009 ).

These small grains are known to exist, at least freely in the
Indeed, that temporal incoherence doesn’t matter in producing coherent backscat- 

tering. See the paragraph preceding Section 18.3, p. 277 in Mishchenko (2014) . 

o

h

g

2

B ring, inducing manifestations called spokes ( Doyle and Grun,

1990; McGhee et al., 2005; Mitchell et al., 2013 ) 3 

Searching for correlations between morphological parameters

nd these two types of albedo will bring us valuable clues about

hich opposition effect mechanism is preponderant. Indeed, in-

erparticle shadowing is a macroscopic mechanism, while regolith

hadow hiding and coherent backscattering are intrinsically micro-

copic. 

Finally, to better understand the interplay between the oppo-

ition effect mechanisms, we will compare the morphology of the

pposition peak of Saturn’s rings with the water ice band depths.

n the case of the rings, Hedman et al. (2013) found that the spec-

ral properties are only slightly dependent on the geometry. Ra-

ial profiles of the spectral properties on the lit side at low phase

howed similar shapes to those observed on the lit side at high

hase and on the unlit side at low phase. They interpret these find-

ngs as an indication that the ring spectral properties at high phase

hould include a large fraction of light that has interacted multiple

imes with the ring particles, while the ring spectral properties at

ow phase angles should primarily involve regolith structure and

omposition. Correlations or independence of this spectral prop-

rty with the opposition surge morphology could then help us to

dentify the common or distinct nature of the scattering acting in

he ring opposition effect. 

In Section 2 , we present the datasets from which we derived

he morphological parameters and the spectral properties of the

ings of Saturn. We also present the morphological model used.

n Section 3 , we present our results about the main rings first

 Section 3.1 ), i.e., the comparison of the morphological parameters

ith the macroscopic and microscopic ring albedos, and with the

pectral properties. Second, we present our results on the opposi-

ion effect of the main rings as a function of the distance from Sat-

rn (in map form), from the C ring to Enceladus. Our map is com-

ared to the maps of water ice band depths and spectral slopes.

n Section 4 , we discuss the role of the mechanisms on the op-

osition effect morphology, and bring new clues to the predomi-

ance of the mechanisms involved in the ring opposition effect. In

ection 5 , we give our main conclusions. 

. Methodology 

.1. The opposition effect morphology using ISS data 

.1.1. Morphological models 

Our previous works on the morphology of the opposition effect

n Saturn’s rings (see Paper 1) and other planetary surfaces ( Déau

t al., 2009; 2016; 2018b ) describe the morphological models we

mploy for the opposition effect. Here, we sim ply retrieve the val-

es of the morphological parameters of the opposition surge from

aper 1. But for completeness, and also because of the diversity of

orphological models, we provide a brief description of the mod-

ls we have used in Paper 1. 

Our first morphological model is the linear-by-parts model. First

ntroduced by Lumme and Irvine (1976) , it is very convenient for

he ISS ring data because the variations in phase angle sampling

nd range (see Paper 1) are not well managed with other morpho-

ogical models (see Déau 2007 , Fig. F.2, p. 371). In Paper 1, before

sing this model, we corrected the ISS radiance factor data ( I / F )

ith the Chandrasekhar (1960) inversion to ϖ p ( α) (where ϖ is
f the regolith layer with larger grains dominating the deeper layers, whereas co- 

erent backscattering can be produced by the outer layer dominated by microscopic 

rains. The latter cause the spokes when they get levitated, e.g. ( McGhee et al., 

005 ). 
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m  
he average single scattering albedo that is referred to the “ring

ulk albedo”, see Déau and Helfenstein (2018) and Section 3.1 ,

nd p ( α) is the average single scattering function, meaning that

ultiple scattering is explicitly assumed to be insignificant): 

 0 p(α) = 

I 

F 
· 4(μ + μ0 ) 

μ0 

·
(

1 − e 
−τ

(
1 
μ + 1 

μ0 

))−1 

(1) 

ith μ and μ0 are the cosine of the incidence and emergence

ngles, and τ is the normal optical depth from the Voyager PPS

 Lane et al., 1982 ). Please note the typo in Eq. (1) of Paper 1 and

ead I / F instead of 1/ F . 

The equations of the linear-by-parts model are: 

 lin (α < 0 . 3 

◦) = −A 0 · α + B 0 (2) 

 lin (α > 1 . 5 

◦) = −A 1 · α + B 1 , (3) 

here r lin is the ring reflectivity ( r lin = � 0 p(α) ), and A 0 , B 0 , A 1 ,

 1 are the coefficients of the linear functions (all assumed to be

ositive). The coefficients from both fits then provide A , HWHM

nd S , which are defined as follows: 

 = 

B 0 

B 1 

, (4) 

WHM = 

(B 0 − B 1 ) 

2(A 0 − A 1 ) 
, (5) 

 = −A 1 . (6) 

he surge amplitude A is dimensionless. The Half Width at Half

aximum (HWHM) of the surge is given in degrees, and the abso-

ute slope S is in ring reflectivity unit per degree of phase angle. To

stimate the error bars, we use the propagation of errors method

f Déau et al. (2013b ). We obtain: 

A = 

[(
�B 0 

B 1 

)2 

+ 

(
B 0 

B 

2 
1 

× �B 1 

)2 ]1 / 2 

(7) 

HWHM = 

[(
�B 0 

2(A 0 − A 1 ) 

)2 

+ 

(
�B 1 

2(A 0 − A 1 ) 

)2 

+ 

(
(B 0 − B 1 ) 

2(A 0 − A 1 ) 2 

)2 

×
(
−(�A 0 ) 

2 + (�A 1 ) 
2 
)]

1 / 2 (8) 

S = �A 1 , (9) 

here �A 0 , �A 1 , �B 0 , �B 1 are the 1- σ uncertainty estimates re-

urned by the procedure linfit.pro of IDL (Interactive Data

anguage, see http://www.harrisgeospatial.com/idl/ ). 

Another model used in Paper 1 was the logarithmic model

f Bobrov (1970) . To use this model, the radiance factor data (in

0 P ( α)) is fit with a logarithmic function: 

 log (α) = a 0 + a 1 · ln (α) , (10)

here r log is the ring reflectivity ( r log = � 0 p(α) ). 

.1.2. Dataset for Saturn’s main rings 

In this paper, we did not process any ISS data, but we re-

rieved the morphological parameters from Paper 1. These values

ere obtained by using ISS images containing the opposition spot

 α < 2.5 o ), and images at larger phase angles ( α < 25 o ) to track the

ail of the surge (the list is given in Table 2 of Paper 1). In Paper

, we used both ISS images of the narrow angle camera and wide
ngle camera (NAC and WAC) with the CLEAR filters (wavelength λ
 0.611 ± 0.170 μm for the NAC and λ = 0.635 ± 0.143 μm for the

AC, see Table 1 of Paper 1). The images containing the opposi-

ion spot are mostly located in the C ring and the B ring, with a

ew in the Cassini Division and the A ring, meaning that the re-

ulting phase curves do not have the same phase angle coverage.

his latter point will be discussed in Section 4.2.6 . 

In the first step, we applied the Chandrasekhar (1960) inversion

see Eq. (1) in Paper 1) to take into account the slight change in

iewing geometry from one image to another. Examples of these

hase curves for the A, B, and C rings and the Cassini Division are

iven in Fig. 1 a. The curves in Fig. 1 a are presented normalized to

he overall median of the points to appreciate the morphology of

he different sur ges, without considering the albedo corresponding

o each curve. 

In the second step, we fit the opposition curves with a morpho-

ogical model. As stated above, we used the linear-by-parts model.

owever, we also performed a fit with the logarithmic model, as it

ts the overall shape of the phase curves well. Examples are given

n Fig. 1 b. In this figure, one can see that the B ring has the small-

st and narrowest peak. To quantify this statement, we used an-

ther morphological model. The linear-by-parts model allowed us

o derive the amplitude A of the opposition peak and the width at

alf maximum HWHM. 

The retrieved morphological parameters from Paper 1 are rep-

esented as a function of the distance to Saturn in Fig. 2 . Before do-

ng cross-comparison with these parameters in the following sec-

ions, we propose a brief description of the values with distance to

aturn. 

In panels a and b of Fig. 2 , one can easily see that the B ring

as the smallest and narrowest peaks, in quantitative agreement

ith Fig. 1 b. 

As reported in Paper 1, the variations of the amplitude and

idth provide similar trends with respect to the distance to Sat-

rn: there is a decrease from the C ring to the B ring, then an

ncrease is observed in the Cassini Division. In the Cassini Division,

oints are widely scattered; however, there is a continuity between

he B ring, the Cassini Division and the A ring. Finally, in the A

ing, we note an increase from its inner part to its middle part. A

ack of data did not allow us to determine the surge parameters

or the outer part of the A ring (see Paper 1), so we cannot con-

lude whether the observed increase would have continued in the

uter A ring. By contrast, the slope was derived for the outer part

f the A ring in Paper 1. Interestingly, we observe that the changes

n the slope with distance to Saturn are very different: the values

f the A and B rings are continuous with each other, but are not

onnected with those of the Cassini Division (see Fig. 2 c). 

.2. The spectral properties using VIMS data 

Recently, Déau et al. (2016) showed that a relationship exists

etween the surge amplitude and the near-infrared spectral slope

or powdered meteorite samples. For both properties, they found

hat their behavior changes at a reflectance (at α = 5 ◦) of ∼ 0.08.

his result was interpreted as a strong indication of the role of

he microscopic properties of the meteorite samples in forming the

pposition effect. Planetary rings are not like meteorite powders;

owever, there is a growing body of evidence that the ring opposi-

ion effect involves the regolith of ring particles. Indeed, the work

f Salo and French (2010) showed that a significant part of the ring

pposition effect was due to the regolith (particularly the narrow

art of the surge), while a smaller part (governed by interparticle

hadow hiding) contributes to the broad surge. As a result, even

hough planetary rings are not similar to meteorite samples, if we

eek to understand the regolith, it is legitimate to follow a similar

ethodology, i.e., comparing the opposition surge morphology to

http://www.harrisgeospatial.com/idl/
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Fig. 1. Left: The phase curves of four representative regions of Saturn’s main rings (distances to Saturn’s center are indicated) using Cassini ISS data. The data, originally 

in I / F , were converted to ϖ0 p ( α) using the inversion of Chandrasekhar (1960) , see Eq. (1) . They are all normalized with their own median to ease comparison between the 

curves. Right: Fit phase curves using the logarithmic model of Bobrov (1970) . 

Fig. 2. Retrieved morphological parameters of the opposition surge from Paper 1 using the linear-by-parts model (top: Amplitude A , middle: angular width HWHM, bottom: 

Slope S ) as a function of radial distance. Symbol shapes correspond to different rings. Shading of colors (from fainter to darker) is introduced to represent increasing distance 

from Saturn. The error bars are given, and are in most cases smaller than the symbols’ size. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 
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the spectral properties for Saturn’s rings. This is also why we have

favored the VIMS datasets for the ring spectral properties, instead

of the color ratios from the ISS data, which would have been easier

for us to obtain. 

The VIMS observations that we have retrieved from

Hedman et al. (2013) and Filacchione et al. (2012) were ac-

quired during the VIMS_008_RI_RDHRCOMP (20–21 May 2005)
nd VIMS_036_RI_SUBML001 observations (19–20 December

007), respectively. 

For the VIMS_008_RI_RDHRCOMP observation, the solar

hase angle was between 12.7 and 41.1 o , the solar elevation an-

le was −21 . 6 o , and the spatial resolution was 44–51 km.pixel −1 

or the VIS channel and 131–154 km.pixel −1 for the IR channel. For

he VIMS_036_RI_SUBML001 observation, the solar phase an-
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le was about 29 o , the solar elevation was −12 o , and the spatial

esolution was about 112 km.pixel −1 for the VIS channel and 170–

40 km.pixel −1 for the IR channel. 

Here, we retain as spectral properties five parameters that de-

cribe the variations of brightness with wavelength: 

• The water ice band depths (at 1.25 μm, 1.5 μm, and 2.0 μm)

were calculated using the formula: 

BD λ = 

I /F cont − I /F band 

I/F cont 
, (11) 

where I / F band is the brightness in the middle of the chosen band

(either 1.25, 1.5, or 2.0 μm), and I / F cont is a continuum bright-

ness level inferred from regions outside the band. 
• The other important microscopic signatures that can be ex-

tracted from VIMS are the spectral slopes. These slopes were

calculated using the formula: 

S λ1 −λ2 
= 

I /F λ2 
− I /F λ1 

(λ2 − λ1 ) × I/F λ2 

, (12) 

where I/F λ1 
and I/F λ2 

are the brightnesses at wavelengths

λ1 and λ2 , respectively. Filacchione et al. (2012) and

Hedman et al. (2013) have defined two slopes: one in the near

ultraviolet ( λ1 = 0 . 35 μm and λ2 = 0 . 55 μm), usually called the

blue slope ( S nuv ), and one in the near infrared ( λ1 = 0 . 55 μm

and λ2 = 0 . 95 μm), usually called the red slope ( S nir ). 

While both datasets are similar, the radial resolution is better

or VIMS_008_RI_RDHRCOMP . As a result, for the rest of the pa-

er, we will compare the ISS data to the spectral properties of this

IMS observation. 

Note that the water ice band depths are calculated in the near

nfrared, while the spectral slopes cover the visible as well as a

art of the near ultraviolet and the near infrared. Our ISS data

ere taken in the visible, which means that comparing the oppo-

ition surge with spectral properties will be done regardless of the

avelength domain of each property. The goal of this methodol-

gy is to seek correlations between the surge morphology and the

pectral properties of the regolith, which are believed to be micro-

copic markers of the composition, and the mechanical properties

f the regolith (grain size, porosity, and roughness). This will be

etailed in the following section. 

. Results 

.1. Variations of A and HWHM with bulk albedo and regolith albedo 

In previous work about the main rings’ surge morphology

 Poulet et al., 2002; French et al., 2007; Salo and French, 2010;

éau et al., 2013a ), there is no direct comparison of the resulting

orphological parameters with the albedo. However, by compar-

ng the morphological parameters of the previously cited works to

he single scattering albedo ( ϖ0 ) derived using the Hapke model

n some of these studies, we can infer the major trends. First,

e emphasize that all these studies agree that the single scat-

ering albedo increases from the C ring and the Cassini Division

o the A ring and B ring. In order to present the findings of

oulet et al. (2002) , French et al. (2007) , Salo and French (2010) ,

e will use this order, since it represents increasing ϖ0 . The re-

ults of Poulet et al. (2002) show a decrease of A and HWHM

or the C ring and the Cassini Division to the A ring, and then

 plateau from the A ring to the B ring at 0.555 μm, while

 slight increase is noted from the A ring to the B ring at

.336 μm. French et al. (2007) partially agree with these findings

the decrease from the C ring to the A ring), but found a decrease

rom the A ring to the B ring at both wavelengths. 
In the present study, we did not calculate a single scatter-

ng albedo value from our opposition phase curves because the

ingle scattering albedo ϖ0 cannot be accurately obtained with

ata having a restricted phase angle coverage. As an example

o illustrate our statement, Poulet et al. (2002) obtained � 0 =
 . 90 ± 0 . 07 at 0.555 μm in the B ring, similar to the result

f French et al. (2007) ( � 0 = 0 . 89 ± 0 . 02 at 0.555 μm), which

emonstrates that the agreement of their results is independent

f the Hapke model used. ( Poulet et al. (2002) used the Hapke

1984, 1986a) model, whereas French et al. (2007) used the Hapke

1984, 1993, 2002) model). However, most recent studies found 

maller single scattering albedo values ( Déau and Helfenstein,

018; Hedman et al., 2013 ), suggesting that the Hapke model over-

stimates the single scattering albedo from the limited range of

hase angles available in Earth-based observations ( α � 6 o ), see

lso Cuzzi et al. (2017) . Then, we use two kinds of albedo: 

• Macroscopic, defined as the albedo of a patch of an ensemble

of ring particles, see the study of Déau and Helfenstein (2018) .

This albedo is uncorrected from Saturnshine and self-gravity

wakes, and is referred as “bulk” albedo. It was derived us-

ing the Hapke (1984, 1986a) model on almost complete ISS

phase curves (0.01 o ≤α ≤ 178.9 o ) in CLEAR filters ( λ = 0 . 611 ±
0 . 170 μm for the NAC and λ = 0 . 635 ± 0 . 143 μm for the WAC,

see Table 1 of Paper 1). 
• microscopic, when considering the albedo of the tiny grains on

top of each ring particle, see the study of Hedman et al. (2013) .

This microscopic albedo (also referred as regolith albedo) was

derived by applying the spectral model of Shkuratov et al.

(1999a ) to the VIMS radial profile VIMS_008_RI_RDHRCOMP
(at 12.7–41.1 o of phase angle), containing spectra from 0.35 to

5.2 μm. The microscopic albedo A 1.13 was derived at 1.13 μm,

see Hedman et al. (2013 , Fig. 27), but belongs to an ensemble

that was calculated at wavelengths between 0.35 and 5.2 μm.

We choose to retain the value at 1.13 μm as a reference to

Hedman et al. (2013) . 

We now present our results as a function of these two ring

lbedos in Fig. 3 . In Fig. 3 a, the morphological parameter A is pre-

ented as a function of the bulk macroscopic albedo ϖ0 , while in

ig. 3 b, it is presented as a function of the regolith (microscopic)

lbedo A 1.13 . For now, we focus on the morphological parameters

f the surge, because these parameters were not as strongly corre-

ated with the optical depth as the slope S was, see Paper 1. We

ill present the slope variations in Section 3.3 . 

When comparing the surge morphological parameters to the

lbedo ϖ0 and A 1.13 , we find three major trends. First, the trends of

he amplitude and the HWHM are almost identical (see Fig. A.1).

ince both parameters vary the same way (as noted in Fig. 2 ), it

mplies that A and HWHM are likely to be controlled by the same

echanisms, though we will return to this assumption in Sec-

ion 5. Finally, we note that the error bars are larger with HWHM

han with A . This is because A is always retrieved with smaller er-

or bars since it is a simple ratio, see Déau et al. (2013b ). 

Second, both A and HWHM unambiguously decrease with in-

reasing bulk or regolith albedo, in agreement with the quali-

ative findings of French et al. (2007) . No plateau or slight in-

rease from the A ring to the B ring is observed with our data,

ontrary to Poulet et al. (2002) . We attribute these marginal be-

aviors to the poor phase angle sampling of the phase curves of

oulet et al. (2002) , since the results of French et al. (2007) from

ata having a better phase angle sampling and a wider phase angle

overage do match our trend. 

Third, we note that the strength of the correlation between

 (or HWHM) and the albedo depends on whether the albedo

s macroscopic or microscopic. In the macroscopic case, the rela-

ionship between A and the bulk albedo is less defined, as illus-
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Fig. 3. Amplitude of the surge A in Saturn’s main rings presented as a function of 

the albedo. In panel a, A is given as a function of the bulk (or macroscopic) albedo 

ϖ0 derived from ISS data by Déau and Helfenstein (2018) , and in panel b, A is given 

as a function of the regolith (or microscopic) albedo A 1.13 derived from VIMS data 

by Hedman et al. (2013) . Symbol shapes correspond to different rings. Shading of 

colors (from fainter to darker) represents increasing distance to Saturn, see Fig. 2 . 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 
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trated by a large scatter in the ( A , ϖ0 ) parameter space, see Fig. 3 a.

The same trend is noted in the (HWHM, ϖ0 ) parameter space. We

can conclude that the morphological parameters of the surge are

poorly correlated with the bulk albedo. By contrast, in the case of

the regolith albedo, the relationship is roughly linear (for example,

a linear fit in the C ring leads to a correlation coefficient of −71.5%

in Fig. 3 b, against −33.8% in Fig. 3 a), so it can be noted that there

is somewhat less scatter than for the bulk albedo case. This quasi-

linear relationship allows us to conclude that A and HWHM are

strongly correlated with the regolith albedo. There exist some scat-

tered points in the Cassini Division and the A ring in Fig. 3 b, which

slightly weakens the strong correlation between A (or HWHM) and

A 1.13 ; however, they only represent a small fraction of the data

points. For HWHM, these points are associated with the largest er-

ror bars. 

Finally, we report two minor trends. The first one can be no-

ticed using the color code in Fig. 3 . We note that the outer C ring

(known as the C ring ramp) is very close to the inner B ring regions

in the ( A , A 1.13 ) parameter space, and the outer Cassini Division

(known as the Cassini Division ramp) is also very close to the inner

A ring regions. While these ring boundaries exhibit strong varia-

tions in optical depth profiles ( Colwell et al., 2009 ), they are rather

smooth in terms of water ice band depth variations ( Filacchione

et al., 2012; Hedman et al., 2013 ). This finding is a supplementary

(but indirect) argument about the strong relationship between the

surge amplitude and the regolith albedo, and will shed light on the

nature of the interplay of the opposition effect mechanisms in the

main rings. This will be detailed in Section 4 . 
The second minor trend that we observed from Fig. 3 is the

epartition of the B ring in the ( A , albedo) parameter space. In the

acroscopic case ( Fig. 3 a), the morphological parameters seem to

orm a thick plateau as a function of ϖ0 . In the microscopic case

 Fig. 3 b), a steep decrease is noted for the morphological parame-

ers when A 1.13 increases. The thick plateau of A (or HWHM) with

0 reminds us of the invariance of the surge morphological param-

ters at high optical depth ( τ ) that we noted in Paper 1. Combining

hese two results suggests that the B ring morphological parame-

ers of the surge are almost independent of the bulk albedo and

he optical depth. This is consistent with the results of Déau and

elfenstein (2018) , who obtained a strong linear correlation be-

ween ϖ0 and τ in the B ring. Again, the implications of these re-

ults will be discussed in Section 4 . 

.2. Variations of A and HWHM with VIMS spectral properties 

In previous studies, the ring opposition effect morphology was

ound to depend strongly on wavelength, λ ( Lumme and Irvine,

976; Poulet et al., 2002; French et al., 2007; Salo and French,

010; Déau et al., 2013a ). In this paper, we use the results from

he phase curves derived with ISS broadband images (using the

LEAR filters at λ = 0 . 611 ± 0 . 170 μm for the NAC and at λ =
 . 635 ± 0 . 143 μm for the WAC, see Table 1 of Paper 1), mean-

ng that wavelength effects are blurred with this dataset. Instead

f studying the wavelength dependence of the morphological pa-

ameters, we propose a cross-correlation between the morphologi-

al parameters and the spectral properties of the rings. This cross-

omparison is the first of its kind. Typically, the spectral properties

re markers of water ice (the main component of the regolith layer

n top of each macroscopic ring particle, Poulet and Cuzzi, 2002;

oulet et al., 2003 ), and the contaminants and their type of mixing

 Cuzzi and Estrada, 1998; Poulet and Cuzzi, 2002; Ciarniello et al.,

011 ). Specifically: 

• the water ice band depths (at 1.25 μm, 1.5 μm, and

2.0 μm) are, inter alia, indicators of the purity of water

ice in the ring regolith, see, e.g., Nicholson et al. (2008) ,

Filacchione et al. (2012) , Filacchione et al. (2013) ;

Hedman et al. (2013) . These studies found that the A and

B rings have deeper water ice bands than the C ring and the

Cassini Division. 
• the spectral slope in the near infrared (NIR, 0.55 μm ≤λ≤

0.95 μm) is a marker of the broad-band absorber,

see Cuzzi and Estrada (1998) , Filacchione et al. (2012) ,

Filacchione et al. (2013) ; Hedman et al. (2013) , which could

be nanophase iron ( Clark et al., 2012 ). These studies showed

that the concentration of the broad-band absorber is higher

(meaning steeper slopes) in the C ring and the Cassini Division

than it is in the A and B rings. 
• the spectral slope in the near ultraviolet (NUV, 0.35 μm ≤λ≤

0.55 μm) is a marker of the ultraviolet absorber ( Cuzzi and

Estrada (1998) ; Poulet and Cuzzi (2002) ; Poulet et al. (2003) ;

Hedman et al. (2013) . The distribution of the ultraviolet ab-

sorber is rather uniform across the main ring system, with

a slight increase in the C ring and the Cassini Division

( Hedman et al., 2013 ). 

We have used the values of the 1.5 μm band depth (hereafter

D 1.5 ) derived by Hedman et al. (2013 , Fig. 3) from the VIMS ob-

ervation RDHRCOMP001 of Rev 8. For the NIR and the NUV slopes

 S nir and S nuv ), we also used the values derived by Hedman et al.

2013 , Fig. 4) from the same VIMS observation. The radial pro-

les were retrieved using the digitization method from Déau et al.

2013b ). The resulting cross comparison is presented in Fig. 4 a–c

or A as a function of BD , S and S , respectively. The vari-
1.5 nuv nir 
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Fig. 4. Amplitude A of the ring opposition surge seen by ISS plotted as a function 

of the spectral properties of Hedman et al. (2013) , using their VIMS observation 

RDHRCOMP001. Panel a: A is represented as a function of the 1.5 μm band depth 

BD 1.5 , Panel b: the amplitude A is represented as a function of the near ultraviolet 

spectral slope S nuv . Panel c: A is represented as a function of the near infrared 

spectral slope S nir (note that the x -axis is reversed to better compare panels a, 

b, and c). Symbol shapes correspond to different rings. Shading of color symbols 

(from lighter to darker) represents increasing distance to Saturn, see Fig. 2 . (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 
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tions of HWHM are very similar, so we focus on the amplitude,

ut our findings work for both A and HWHM. 

Our main trend of the cross comparison of A (or HWHM) and

D 1.5 , S nuv and S nir is the remarkably high strength of these cor-

elations, compared to those found with the optical depth (see

ig. 6 of Paper 1). While the variations of A (or HWHM) seem sat-

rated with τ , here the correlations of A (or HWHM) with BD 1.5 ,

 nuv and S nir clearly appear linear. This implies a very strong

avelength dependence of the morphological parameters of the

urge, and confirms de facto the same origin for A and HWHM,

nd more particularly, an origin that excludes the role of τ (i.e.

nterparticle shadow hiding, see Déau 2015 ). We note that all the

rends found in Fig. 4 (and Fig. A.1 for HWHM) are as strong as

he one derived between the amplitude A and the regolith albedo
 1.13 , which is not surprising since A 1.13 is calculated from color ra-

ios and band depths, see Hedman et al. (2013) . 

The second major trend that can be observed from Fig. 4 is that

he correlations of A with the spectral properties are very similar.

e observe a negative correlation for A and BD 1.5 , as well as for

 and S nuv , while a positive correlation is noted between A and

 nir (note that the x-axis is reversed in Fig. 4 c). However, the dis-

ribution of the data points in the three parameter spaces is quite

imilar. 

Our third major trend is that the correlation of A with BD 1.5 

s stronger than the trends with spectral slopes and the regolith

lbedo. To quickly quantify the strength of these correlations, we

se a simple linear fit on the previously cited quantities, and com-

are the values of their resulting correlation coefficient. For exam-

le, in the C ring, a linear fit of A -BD 1.5 leads to a correlation co-

fficient of −84.9% in Fig. 4 a, whereas we found a correlation co-

fficient of −71.5% between A and A 1.13 in Fig. 3 b. In the B ring,

ith the water ice band depth ( Fig. 4 a), the correlation of A with

D 1.5 is also strongly linear. This result is very specific to the water

ce band depth, as the linear trends are less strong for the spec-

ral slopes ( Figs. 4 b,c). Indeed, for this ring, a linear fit of A -BD 1.5 

eads to a correlation coefficient of −71.6% in Fig. 4 a against 8.5%

or A − S nuv (see Fig. 4 b), and -46.3% for A − S nir (see Fig. 3 b). 

Another trend is the weaker correlations seen for the Cassini

ivision and the A ring, compared to the linear trends in the C ring

nd the B ring. The scatter in the Cassini Division appears larger

or the spectral properties than it is as a function of optical depth

see Fig. 6 of Paper 1), which is puzzling. The scattering of Cassini

ivision points is more marked for BD 1.5 and S nuv , while we dis-

inguish for S nir a tendency of the Cassini Division points to join

o the overall decrease of the outer C ring and B ring points. For

he A ring, the variation of A (and HWHM) with the spectral prop-

rties is also scattered and undefined and does not seem to follow

he same trend as the C ring and the B ring, but we should under-

ine that we only have opposition data for the inner and middle

arts of the A ring (see Paper 1). 

Finally, in detail, there are slight disparities in the linear cor-

elations observed in the parameter spaces ( A , BD 1.5 ), ( A , S nuv ),

nd ( A , S nir ). These variations can be grouped into two minor

rends. The first one concerns the NUV spectral slope: in the C

ing, basically S nuv increases with increasing radial distance in

ig. 4 b, however, when looking at the line formed by the C ring

ata points, we note a gap in the values of S nuv between 2.2

nd 2.5 μm 

−1 , which radially corresponds to the region located

etween the mid C ring and the outer C ring (i.e. the plateaus),

s reported by Hedman et al. (2013) . However, there is no simi-

ar gap with A , which suggests that the systematic differences of

he ultraviolet absorber between the plateaus and other parts of

he C ring are not relevant to the opposition effect. That trend

s not observed for the water ice band depth ( Fig. 4 a). Interest-

ngly, Hedman et al. (2013) noted that S nuv is strongly correlated

ith the ice bands, and where they different is mostly in the inner

/C rings. This result is illustrated in Fig. 4 b with the outer C ring

oints not following a line with the inner B ring points, in contrast

o Fig. 4 a. The other minor trend is the behavior of the B ring for

he spectral slopes: particularly in ( A , S nuv ), the behavior of the B

ing is isolated from the other rings, and forms a compact cloud of

oints ( Fig. 4 b). This indicates that the ultraviolet absorber should

ave a minor role in forming the B ring opposition effect, since it

s weakly correlated with the surge morphology. 

These cross-comparisons between the surge morphology and

he spectral properties have allowed us to indirectly scrutinize the

avelength dependence of the opposition surge morphology, since

D 1.5 , S nuv and S nir belong to three distinct wavelength ranges.

ecause the spectral properties can be indirectly linked to the

echanisms of the opposition effect in terms of grain size and
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Fig. 5. Ratio of ring reflectivity at different phase angles versus albedo for the main 

rings. Panel a represents the ratio at α < 0.1 ° (given by the amplitude A defined in 

Eq. (4) ). Panel b represents the ratios ϖ0 p (0.1 °)/ ϖ0 p (1 °) on top and ϖ0 p (2 °)/ ϖ0 p (4 °) 
at the bottom. And panel c represents the behavior for α > 10 ° (given by the slope 

S of the linear part defined in Eq. (6) ). Shading of color symbols (from lighter to 

darker) represents increasing distance from Saturn, see Fig. 2 . The dashed curves 

in Panels a and c are simple mathematical functions used to reproduce the global 

variation of each ensemble of data points. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article). 
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mixing of contaminants ( Poulet et al., 2002 ), it appears that the λ-

dependence of the opposition effect varies from ring to ring. This

result has major implications for the understanding of the predom-

inance of the ring opposition effect mechanisms, and will be inter-

preted in Section 4 . 

3.3. Variations of the surge morphology with the phase angle range 

We now present the trends of the surge amplitude and the

slope of the linear part in Fig. 5 as a function of the geomet-

ric albedo A v . The geometric albedo is just the I / F of each ISS

phase curve at the smallest phase angle: A v = I/F (α = 0 o ), where
/F (α = 0 o ) is extrapolated from the data, as exact opposition is

ot reachable due to the finite size of the Sun, see Déau (2012) . 

We start with the slope ( Fig. 5 c). The trend of the slope is a

onotonic increase with increasing geometric albedo. This trend is

imilar to that of the amplitude with the regolith albedo ( Fig. 3 b)

n the sense that they’re both monotonic, but the trend in Fig. 3 b is

 monotonic decrease. Interestingly, for the C ring and the B ring,

he trend is stronger in the ( A, A 1.13 ) parameter space than it is in

he ( A, A v ) parameter space, see Fig. 3 b. In contrast, the A ring and

he Cassini Division appear less scattered in the ( A, A v ) parameter

pace. Finally, we note the net separation between the C ring and

he B ring in the ( A, A v ) parameter space, which was previously

nly visible in the ( A , S nuv ) parameter space, see Fig. 4 . 

The amplitude of the surge is presented in Fig. 5 a. As noted

n Paper 1, the surge amplitude shows a different trend than the

lope of the linear part of the phase curve ( Fig. 5 c). To specifically

est the variation of the opposition effect mechanisms with phase

ngle, we use the methodology of Belskaya and Shevchenko (20 0 0 ,

heir Fig. 6). According to this work, the relative contribution of

ach mechanism can be probed with the albedo dependence of the

hase curve ratios at different phase angles. In detail, one must

alculate the ratio of intensities at different phase angles, and dis-

lay these intensities as a function of the albedo. To reproduce this

ethod, we display the ratio of ring reflectivities ϖ0 p (0.1 °)/ ϖ0 p (1 °)
nd ϖ0 p (2 °)/ ϖ0 p (4 °) in Fig. 5 b. We show these ratios between the

mplitude of the surge ( Fig. 5 a) and the slope of the linear part

 Fig. 5 c) to display the increasing phase angle from the top of the

gure to the bottom. In other words: 

• Panel a of Fig. 5 represents the phase angle range α < 0.1 °,
by analyzing the surge amplitude. It is noteworthy to un-

derline that our definition of the surge amplitude is really

covering very small phase angles, contrary to other ampli-

tudes that represent the ratio between 0.05 o and 1 o , see

e.g. Buratti et al. (2009) or 0.3 o and 5 o , see Belskaya and

Shevchenko (20 0 0) . Indeed, the surge amplitude from the linear

model is the ratio between the maximum I / F at near 0 o and an

extrapolated point also near 0 o corresponding to a hypothetical

phase curve without any surge. 
• Panel b represents the ranges 0.1 °<α < 1 ° and 2 °<α < 4 °. In

this cases, we have used simple ratios between two phase an-

gles, as in Belskaya and Shevchenko (20 0 0) . 
• Panel c represents the range α > 10 °, with the slope S of lin-

ear part defined for phase angles greater than 10 o according to

Eqs. (3) and (6) . 

Our results are the following: up to 4 o ( Fig. 5 a and b), we

ote the same monotonic trend, while it starts to lose its strength

ith increasing phase angle. At phase angles larger than 4 o , the

atio of ring reflectivities (defined by the slope of the linear

art) increases with increasing geometric albedo. For asteroids,

elskaya and Shevchenko (20 0 0 , their Fig. 6) found the surge mor-

hology trend with albedo to be non-monotonic, which is now

onfirmed in many other cases, see Déau et al. (2013b, 2018b) .

t is at α ≈ 4 o that the albedo dependence (given by the deriva-

ive) changes its sign and then increases monotonically for larger

( Belskaya and Shevchenko, 20 0 0 , Fig.6). Our results are distinct

rom the findings of Belskaya and Shevchenko (20 0 0) , since the

urge morphology-albedo trend remains monotonic for the rings,

hatever the phase angle range. This difference could be due to:

1) the intrinsic nature of the surface (regolith of a solid body

s. regolith of small bodies layered in a ring) and (2) hypothetical

echanisms that might act at low albedo in the rings to compen-

ate for the decrease observed for the asteroids. 
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Fig. 6. Maps of the opposition effect sur ge morphology (Panels a and b) from the 

present study along with maps of the spectral properties (Panels c, d and e) of 

Saturn’s main rings. Distances are in Saturn radii (1 R s = 60,330 km). Panels a 

and b: surge amplitude ( A ) and width of the opposition peak (HWHM) using the 

same color code as Fig. 5 . Satellites values are from Verbiscer et al. (2007) in 

black circles. The Cassini dataset for the rings is obtained with the linear model 

on ISS data. Panel c: water ice band depths map from Filacchione et al. (2012) and 

Hedman et al. (2013) at 1.25 μm (green), 1.5 μm (brown) and 2.0 μm (yellow). 

Panel d: near ultraviolet (NUV) spectral slope S nuv (0.35–0.55 μm) derived from 

the studies of Filacchione et al. (2012, 2013) and Hedman et al. (2013) . Panel e: 

near infrared (NIR) spectral slope S nir (0.55–0.95 μm) derived from the studies of 

Filacchione et al. (2012, 2013) and Hedman et al. (2013) . All spectral properties were 

observed at phase angles ranging from 10 o to 40 o , see Section 2.2 and Filacchione 

et al. (2012, 2013) . Note that y -axis of panels c and d are reversed to better com- 

pare all the panels with each other. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article). 
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.4. Variations with radial distance to saturn 

We now want to compare the ring and satellite opposi-

ion effects in order to see how the opposition effect varies

eyond the main ring system. This comparison was made by

éau et al. (2009) ; however, that study did not include small

atellites near the A ring, like Janus, which we include here.

n Déau et al. (2018b ), a similar map was also presented, from

he C ring to the distant irregular satellite Ymir; however, the

ata for the main rings were averaged. In the present study, we

ave followed the methodology of Déau et al. (2009, 2018b) and

ilacchione et al. (2013) , but we have improved it by showing the

adial variations within the main ring system. For the main rings’

orphological parameters, we continue using the values from Pa-

er 1 and depicted in Fig. 2 , while for the satellites (up to Ence-

adus), we have used the parameters of Verbiscer et al. (2007 , their

ig. S1). Note that we exclude the E ring here, as we have not

et processed the ISS images containing the opposition surge of

his ring. However, this ring was studied along with nearby satel-

ites in Verbiscer et al. (2007) and Déau et al. (2009) using Earth-

ased and ground-based observations. Note that the D ring has

lso been removed. Indeed, while its surge morphology is well

nown (see Paper 1), its spectral properties are less well con-

trained, see Hedman et al. (2007) . 

Note that Verbiscer et al. (2007) ’s amplitude was not defined

he same way than in our study: in their case the amplitude is

 peak / I bkgd , the exponential opposition surge I peak relative to the

ean intensity I bkgd . Due to the intrinsic nature of the surge, I bkgd 

s always less than I peak , meaning that their amplitude is always

ess than unity. By contrast, in our case, the amplitude is de-

ned as the ratio of the surge intensity over the total in such

ay that (I peak + I bkgd ) /I bkgd , following the original formulation of

ishchenko and Dlugach (1992 , their Eq.(5)). As a result, by com-

aring the two formulas, there is a discrepancy of 1 between the

mplitude of Verbiscer et al. (2007) and the present values. The

mplitude is thus just shifted by +1 for the satellite amplitude val-

es. 

We present our main results as a map displaying the morpho-

ogical parameters as a function of the distance to Saturn from

he C ring to Enceladus. Because maps also exist for the spectral

roperties studied here (BD 1.25 , BD 1.5 , BD 2.0 , S nuv and S nir ), see

ilacchione et al. (2012, 2013) , we decided to compare them with

ur own maps. 

Fig. 6 displays the maps of the opposition surge morphology

Panels a and b), as well as maps of the band depth (in Panel c)

nd spectral slopes S nuv and S nir (Panels d and e). From the C

ing to Enceladus, the variations of the opposition surge morphol-

gy are strongly correlated with BD 1.25 , BD 1.5 , and BD 2.0 . With a

ew exceptions that we will detail further, the agreement between

hese maps is very satisfactory. The common trend found can be

ummarized in this way: up to Enceladus, which orbits at 4 Saturn

adii, a double bowl-shaped distribution is observed with extrema

n the B ring and on Enceladus. 

The exceptions are the following: 

• For the rings, the surge morphological parameters and the

spectral parameters all appear to be smallest in the B ring;

note, however, that the y-axis is reversed in the case of the

water ice band depths ( Fig. 6 c) and the NUV spectral slope

( Fig. 6 d), meaning that the surge morphology is actually anti-

correlated with these properties. In fact, the surge morphol-

ogy is only positively correlated with the NIR spectral slope

( Fig. 6 e). 
• When grouping the satellites Janus, Mimas and Enceladus, we

note an overall decrease of the surge morphology and the spec-

tral properties with Saturn’s distance, except for the water ice
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band depths of the satellites for which we note an increase

with radial distance to Saturn ( Fig. 6 c). 
• The NUV spectral slope appears to be the only parameter that

has a distinct behavior for the rings and the satellites compared

to the other parameters ( Fig. 6 d). Indeed, for all the other pa-

rameters, the B ring and Enceladus appear to have extreme val-

ues: for the surge morphology, it means the smallest amplitude

and angular width ( Fig. 6 a,b); for the water ice band depths, it

means the strongest bands ( Fig. 6 c); for S nir , it means small to

negative values ( Fig. 6 e). However, for S nuv , see Fig. 6 d, while

the B ring has the highest value of S nuv , Enceladus, at the op-

posite, has the smallest value. Interestingly, S nuv was the pa-

rameter with the largest scatter in the (surge morphology, spec-

tral property) parameter space, see Fig. 4 . It means that while

there is indeed a correlation between the surge morphology

and the NUV spectral slope, there are other factors that might

intervene in one and not necessarily the other. 

These results will be discussed in the framework of the coher-

ent backscattering induced by regolith properties in the next sec-

tion. 

4. Discussion 

4.1. Implications from the phase dependence of the spectral properties

In the present work, we have compared the opposition surge

morphology to several spectral properties that were taken be-

tween 12 o and 41 o of phase angle. However, spectral properties

also show phase angle variations, thus we propose to review them

here. 

In Hedman et al. (2013) , VIMS spectral properties were assumed

to have little dependence on the viewing geometry ( α and B , the

spacecraft elevation that controls if the rings are seen on the lit

side or the dark side). However, Filacchione et al. (2014) showed

that there is a strong phase dependence of the VIMS spectral prop-

erties. We summarize the interpretations of these two studies as

follows: 

• A first way to explain the phase dependence of the spec-

tral properties is to consider that the spectral properties

do not represent variations in the ring phase function,

but instead mostly indicate changes in the ring particles’

wavelength-dependent albedos, see Hedman et al. (2013) . This

is why Hedman et al. (2013) claimed low-phase data such

as VIMS_008RI_RDHRCOMP001 were enough to infer micro-

properties like regolith structure and composition. This claim

was based on the “observed” lack of multiply-scattered light

in water ice band depths at high phase angle. In detail, the

model of Hedman et al. (2013) is based on ring particles that

are highly backscattering. By observing the light reflected by

the rings at high phase angle or from the unlit side, they in-

ferred that multiple scattering between ring particles should be

a larger fraction of total light received by the detector. In this

case, multiple scattering should induce deeper water ice bands

than single scattering should. However, they noticed small dif-

ferences between lit low phase, lit high phase and unlit low

phase water ice band depths (see Hedman et al. (2013 , Fig. 3)),

which they interpreted as a proof that only a small fraction

of the light was multiply scattered. They attributed the lack of

multiple scattering to the flatness of the layer of ring particles,

which de facto reduces multiple scattering. 
• A second way to explain α-dependence of the spectral prop-

erties is to consider that these properties do represent varia-

tions in the ring phase function, see Filacchione et al. (2014) .

However, instead of assuming one size for the ring particles,

Filacchione et al. (2014) conjectured that different functions
could be used to model the angular response of the light

scattered by the ring: large particles (with size 	λ) have a

backscattering response, while small grains are more forward

scattering and isotropic. In detail, Filacchione et al. (2014) de-

rived the phase angle variations of the spectral slopes and the

water ice band depths with a better phase angle resolution than

Hedman et al. (2013) . Some of their results for the NUV spec-

tral slope are reported in Fig. 7 . Their model complements the

one of Hedman et al. (2013) by adding the size distribution di-

mension in the ring phase function. 

We now revisit the work of Hedman et al. (2013) and

ilacchione et al. (2014) in the light of our new results about the

orrelation between the surge morphology and the spectral prop-

rties: 

• Another way to explain the phase dependence of the spec-

tral properties is to consider that the spectral properties do

not represent variations in the ring particle phase function,

but the regolith grain phase function. While envisaged by

Hedman et al. (2013) , this theory was tested in the work

of Poulet et al. (2002) . We now test this hypothesis by

retrieving the color ratios CR grn-uv of Déau and

Dones (2018) for the main rings over a large range of phase

angles (see Fig. 7 ). Indeed, because Poulet et al. (2002) and

Cuzzi et al. (2002) use HST data, they only cover phase an-

gles α ≤ 6 o . To model this color ratio, we use the coherent

backscattering model of Poulet et al. (2002) , based on the

Shkuratov et al. (1999b ) theory: 

CR grn-uv ∼
2 + 

[ √ 

1 + ( 4 πL grn 

sin (α/ 2) /λgrn 

) 
2 
] −1 

2 + 

[ √ 

1 + ( 4 πL uv sin (α/ 2) /λuv ) 
2 
] −1 

× exp [(k uv − k grn 

) α] , (13)

where L i and k i are the parameters of the Shkuratov et al.

(1999b) model for the wavelength λi . The values of L i 
and k i for the green and ultraviolet filters are retrieved

from Poulet et al. (2002 , Table VI). In the Shkuratov et al.

(1999b) model, only multiple scattering is assumed, which al-

lows us to constrain the theories of Hedman et al. (2013) and

Filacchione et al. (2014) . Indeed, in Fig. 7 , we demonstrate that

the claim of Hedman et al. (2013) about the lack of multiple

scattering at high phase angle is correct for the color ratio as

well. Indeed, the best fits at low phase angle with HST data do

not fit the ISS data at high phase (see right panels of Fig. 7 ).

However, contrary to the claim of Filacchione et al. (2014) , it

is the combination of various values of roughness and scatter-

ing length (not the grain size) that can reproduce the behav-

ior of the color ratio at low phase and at high phase. Thus, we

have demonstrated that regolith multiple scattering can repro-

duce the ring scattering behavior at low phase, just as the ring

particle single scattering does ( Dones et al., 1993 ). 

.2. The roles of regolith composition, grain size, porosity, and 

oughness in the ring opposition effect 

In the previous section, the strength of the correlations between

he surge morphology and the spectral properties suggested that

oth the surge morphology and the radial variations of spectral

roperties were caused by a common mechanism, which could be

oherent backscattering. Indeed, coherent backscattering can affect

he water ice band depths at the moderate phase angles (12–41 o ,

ee Section 2.2 ) seen with VIMS by Hedman et al. (2013) , because

olokolova et al. (2010) showed it successfully reproduced phase

ngle variations from 0.05 o to 19 o of water ice band depths of
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Fig. 7. Left: NUV spectral slopes for specific regions in the main rings from VIMS data ( Filacchione et al., 2014 , Fig. 14) and Right: GRN / UV color ratios for the same regions 

using ISS data ( Déau and Dones, 2018 ). The HST/WFPC2 color ratios of Cuzzi et al. (2002) are added as a reference. On the left, the solid curve is a simple morphological 

model to fit the data. On the right, the solid curve is the color ratio of Eq. (13) using the parameters k and L of the best fit to the phase curves of Poulet et al. (2002 , 

Table VI). Dashed and dotted curves correspond to the color ratios using, respectively, the minimum and maximum values for the parameters k and L of Poulet et al. (2002 , 

Fig. 14). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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cy satellite regoliths also seen by VIMS. Here, we further inves-

igate the predictions of a coherent backscattering model by com-

aring the expected behaviors of this mechanism with the surge

orphology. We use the model of Mishchenko (1992) , which cal-

ulates directly the half width at half maximum (HWHM cb ) for

n ensemble of polydisperse, homogeneous and spherical scatter-

rs (called “grains”) with the Lorenz-Mie theory that includes co-

erent backscattering, since this mechanism is embedded within

axwell’s equations. The code is in Fortran, and calculates the
n  
oherent backscattering angular width as: 

WHM cb = 

ελ

2 π
C sca (1 − 〈 cos 
〉 ) 3(1 − P ) 

4 π r 3 
0 

, (14)

here ε is a constant, λ is the wavelength, C sca is the scattering

ross section, 〈 cos 
〉 is the mean cosine of the scattering angle, P

s the medium porosity, and r 0 is the effective grain radius defined

n the gamma size distribution: 

 (r) ∝ r (1 −3 b) /b exp 

[ 
− r 

r 0 b 

] 
, (15)
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Fig. 8. Numerical simulations of the coherent backscattering using Eqs. (14) and (15) with the real refractive index set to 1.31 to be consistent with Mishchenko (1992 , 

Fig.1). – Panel a: HWHM cb as a function of the dimensionless ratio between the mean grain size r 0 and the wavelength λ to reproduce the result of Mishchenko (1992 , Fig.1). 

Comparatively to Mishchenko (1992) , additional values for P = 0 . 5 are added. On the right of the graph, the range of values of the ISS angular width HWHM is plotted, and 

the extrema values are indicated by horizontal lines within the graph. – Panel b: HWHM cb as a function of the regolith porosity P for a set of input parameters that include 

r 0 = 1 μm and λ = 0 . 6 μm in order to test the case where r 0 > λ. The range of porosity values for each ring is depicted with the horizontal bars and is obtained from the 

match of the coherent backscattering angular width HWHM cb from Eq. (14) and the ISS surge HWHM. – Panel c: HWHM cb as a function of the regolith porosity P with 

r 0 = 1 μm and λ = 0 . 6 μm to test the case r 0 < λ/2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Derivation of the acceptable range of porosity values from the match of the coher- 

ent backscattering angular width HWHM cb from Eq. (14) and the ISS surge HWHM. 

The other input parameters of the simulations are: r 0 = 1 μm, λ = 0 . 6 μm, and 

n r = 1 . 31 , see Fig. 8 b. 

Ring Porosity range Average Porosity P mean 

A ring 0.60 ≤ P ≤ 0.80 0.70 

B ring 0.70 ≤ P ≤ 0.82 0.76 

Cassini Division 0.42 ≤ P ≤ 0.85 0.63 

C ring 0.35 ≤ P ≤ 0.78 0.57 
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4 We must emphasize that the regolith porosity P is “a priori” totally indepen- 

dent on the porosity of the ring layer P ring , which is described by many studies as 

the ring filling factor D ≡ 1 − P ring , see ( Salo and Karjalainen, 2003 ). The fact that 

P � = P ring is simply demonstrated here because we obtain higher values of regolith 

porosity in the rings that are known to be more compact. 
which we take to have a narrow width of b = 0 . 04 as in

Mishchenko (1992) . Note that in the rings’ case, this model as-

sumes that the scatterers are whole regolith grains constituting

the outer regolith layer covering centimeter- to meter-sizes ring

particles rather than wavelength-scale structural defects covering

and/or within regolith grains and that the regolith porosity is rep-

resentative of the separation between these grains. It also assumes

that small grains do not clump into regolith aggregates. 

As this coherent backscattering model depends on the composi-

tion, the grain size, and the regolith porosity, we propose a review

of the coherent backscattering predictions with the current values

of these parameters, if known. 

4.2.1. Regolith porosity 

With Eq. (14) , variations of the width of the coherent backscat-

tering peak can be significant when the structure of the medium is

changed. For example, if the composition is kept constant (with a

real refractive index set to 1.31), HWHM cb is a decreasing function

of the porosity for most of the values of the dimensionless ratio

between the grain size r 0 and the wavelength λ, see Mishchenko

(1992 , Fig.1) and Fig. 8 a. We have also calculated HWHM cb as a

function of the porosity of the medium for two cases: one when

the grain size is larger than the wavelength ( r 0 = 1 μm and λ =
0 . 6 μm), see Fig. 8 b; the other being for r 0 < λ/2 (i.e. r 0 = 0 . 1 μm

and λ = 0 . 6 μm), see Fig. 8 c. With the latter case ( r 0 < λ/2), the

trend is a slight increase of HWHM cb with increasing porosity.

However, no porosity value leads to a match between the ISS

HWHM values and the HWHM cb values, as the HWHM cb values

are very small (HWHM cb ≤ 0.13 o ), see Fig. 8 c. This constraint on the

grain size will be further analyzed in the discussion. With the for-

mer case ( r 0 > λ), the values of HWHM cb can easily match the ISS

HWHM values for various ranges of regolith porosity, see Fig. 8 b.

These ranges are reported in Table 1 . 

Note that these cases only apply to water ice-based compounds,

as the real refractive index is set to 1.31 (as in the study of

Mishchenko 1992 ), which is close to pure water ice’s n r (indeed

n r = 1.33 at λ = 0 . 6 μm , see Warren 1984 and Warren and Brandt

2008 ). 

As a result, to reproduce the observed trend of the ISS HWHMs

with the regolith porosity, the A and B ring particles must have re-

golith surfaces that are more porous than those in the C ring and
he Cassini Division, see Fig. 8 b. This is also what was qualitatively

erived in Fig. 14b of Paper 2. However, when this filling factor was

onverted to an actual regolith depth, it led to inconclusive results

note also that the porosity values found in Paper 2 are very large:

 ≥ 0.9, but they assumed a pure intra-particle shadow hiding con-

ribution, whereas here, we assume a pure coherent backscatter-

ng contribution). Paper 2 concluded that these inconclusive results

id not necessarily mean that the regolith porosity cannot be a

erious candidate to explain the surge morphology and the spec-

ral properties, but instead that very little is known about the re-

olith porosity, and without additional constraints, it was difficult

o predict accurate variations of this parameter across the main

ings. 

As a matter of fact, additional constraints that have not been

onsidered in Paper 2 can be used here to validate or invali-

ate the conjecture that the A and B ring particles have regolith

urfaces that are more porous than those in the C ring and the

assini Division. Constraints on the porosity of the regolith on top

f the ring particles are in fact related to the dynamical activity

f these particles 4 via the restitution coefficient εr . This parame-

er is a measure of the energy loss after one encounter between

wo ring particles ( εr → 0 when all kinetic energy was lost in

eforming the impactors, and εr → 1 when the collision is elas-

ic). We propose to look at the porosity-dependence of εr from
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Fig. 9. Variation of the restitution coefficient εr from the study of 

Bridges et al. (1996) that are used in the present section as a porosity de- 

pendence of the restitution coefficient. εr as a function of the number of 

consecutive collisions between an ice sphere and flat ice surface, both coated 

with a layer of water ice frost at a constant impact velocity of 0.5 cm.s −1 , see 

Bridges et al. (1996) . On the right, the ranges of εr values for “smooth”, “frosty”, 

and “very frosty” textures are impact velocity-dependent laws for εr and are 

respectively from Hatzes et al. (1988 , Figs. 11 and 14), and Bridges et al. (1984 , 

Fig. 1). Note that impact velocities in the three cited cases are < 2 cm.s −1 . 
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revious studies, which could allow us to narrow down the valid-

ty domain of the regolith porosity knowing the acceptable range

f values for εr . Because this is a novel approach, we propose

o go deeper in the explanation of the different factors that af-

ect εr . It is well known that εr depends on the impact velocity

which is about a few mm.s −1 , see Schmidt et al. 2009 ), and sev-

ral empirical “laws” of εr as a function of the impact velocity have

een derived from laboratory experiments of bouncing ice parti-

les ( Bridges et al., 1984; 1996; Hatzes et al., 1988 ). Interestingly,

hese “laws” depend on the surface state of the ice particles, fixed

rbitrarily to be “very frosty”, “frosty” or “smooth”, and referring

o the roughness of the ice particles. However, the recent study

f Shimaki and Arakawa (2012) shows that the regolith porosity

lays a large role in the result of a collision. These results are

n agreement with the experiments of Bridges et al. (1996) , who

howed that εr would increase with the number of collisions (see

ig. 9 a) at a constant impact velocity of 0.5 cm.s −1 , even though

he work of Shimaki and Arakawa (2012) refers to impact veloci-

ies orders of magnitude larger than those likely to be relevant to

ings. Bridges et al. (1996) indicated that the values of εr are very

ow for the first collisions when the frost layer is loose, but they

teadily increase and reach an equilibrium value of εr ≈ 0.8 when

he frost layer becomes compacted. Consequently, the underlying

esult of Bridges et al. (1996) is that the restitution coefficient is

n increasing function of the filling factor (and a decreasing func-

ion of the regolith porosity). 

These results allow the roughness terms “very frosty”, “frosty”

r “smooth” to be reinterpreted in terms of porosity. The elasticity

laws” of Bridges et al. (1984, 1996) and Hatzes et al. (1988) pro-

ide different ranges for the value of εr , for example, the “very

rosty” law of Bridges et al. (1984 , Fig. 1) and the “frosty” law

f Hatzes et al. (1988 , Fig. 14) are related to moderate to very

igh restitution coefficient values (0.2 ≤ εr ≤ 1), and may corre-

pond to high porosities, while the “smooth” law of Hatzes et al.

1988 , Fig. 11) related to only very high restitution coefficient val-

es ( εr > 0.8), may correspond to low porosities. This qualitative

onversion indicates that the C ring and the Cassini Division should
e close to a “frosty” state, whereas the A and B ring might be

ven “frostier”. 

To complete our approach, the values of εr are estimated in

erms of optical depth dependence. It is well-known that high- τ
egions have more collisions per orbit than low- τ regions because

he collision frequency νc is given by: 

c ∝ 
τ, (16) 

or small τ . Here 
 is the keplerian frequency 
 = 

√ 

GM h̄ /R 3 , G

s the gravitational constant, M 

� 

is Saturn’s mass and R is the dis-

ance to Saturn ( Brahic, 1977; Schmidt et al., 2009 ). (If the self-

ravity of the rings is important, the collision rate can be orders

f magnitude higher, e.g., Wisdom and Tremaine (1988) .) There-

ore, high- τ regions should have significantly higher values of εr 

han low- τ regions. However, εr should not linearly increase with

and might reach an equilibrium. Indeed, a “moderately smooth”

aw from Hatzes et al. (1988) was used by Schmidt et al. (2009) to

imulate the formation of self-gravity wakes. Their study shows

hat “moderately smooth” particles prevent the formation of self-

ravity wakes ( Schmidt et al., 2009 , their Fig. 14.6). This result

eans that we can eliminate the range εr > 0.8 (i.e., low porosities)

or the A and B rings, in agreement with the range of values de-

ived in Fig. 8 b from our coherent backscattering simulations (i.e.

.70 ≤ P ≤ 0.82 for the B ring and 0.60 ≤ P ≤ 0.80 for the A ring). 

However, the present approach is very simplistic. Indeed, even

hough the average elasticity is likely to adjust dynamically to a

arger value for larger optical depth, as implied by Eq. (16) , the av-

rage elasticity should follow the energy balance between viscous

tirring and dissipation (see Goldreich and Tremaine 1978 ; impact

elocities adjust to give the correct rate of dissipation), rather than

ecause higher impact frequency is affecting the surface properties

f the ring particles. 

All in all, the comparison of Figs. 8 b and 9 b leads to the idea

hat the A and B rings should have ring particles with a high re-

olith porosity (that might correspond to a “very frosty” state),

hile the C ring and the Cassini Division should have less porous

egoliths that correspond to a “frosty” state. It would be interesting

o see the impact of using different εr -laws with N-body simula-

ions coupled to ray-tracing model on phase curves, since so far,

imulations coupled to ray-tracing model used the same εr -laws

egardless the ring. 

.2.2. Composition 

Pure water ice is characterized by a spectral behavior that re-

ults in: (1) a slightly positive NUV spectral slope (0.35–0.55 μm)

nd (2) a small negative NIR spectral slope (0.55–0.95 μm)

 Warren et al., 2006 ), with some variations caused by different ef-

ective size, porosity and roughness of the regolith ( Dadic et al.,

013 ). The smaller opposition surge of the B ring, compared with

he C ring and the Cassini Division ( Fig. 2 ), can be explained with

he ring composition using coherent backscattering theory because

he B ring is believed to have purer water ice than the other rings,

s is well known (e.g., Filacchione et al. (2014) ). Indeed, theoreti-

ally, pristine water ice leads to narrower coherent backscattering

eaks than other materials. This has been demonstrated with the

oherent backscattering model by Mishchenko (1992) , who showed

hat by varying only the composition, the angular width of the co-

erent backscattering peak (HWHM cb ) was smaller for pure water

ce (see Fig. 1 of Mishchenko 1992 ) than for materials with higher

eal refractive index values (see Fig. 3 of Mishchenko 1992 ). Also,

he hypothesis that the B ring has purer water ice than the other

ings is validated by other datasets, including the B ring’s water

ce band depths ( Nicholson et al., 2008; Filacchione et al., 2012;

013; Hedman et al., 2013 ) and the B ring’s high geometric albedo

 Fig. 5 ). Even though, in practice, our assumptions about the com-

osition lead to the observed behavior of the ring opposition effect,
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to improve the fidelity of the model, the values of the real refrac-

tive index of the materials that comprise the rings are necessary.

Water ice has a real refractive index of n r = 1.33 and an imaginary

refractive index of n i = 4.4 ×10 −9 at λ = 0 . 6 μm ( Warren, 1984;

Warren and Brandt, 2008 ). According to Poulet et al. (2003) and

Ciarniello (2012) , contaminants in the rings can be either: 

• amorphous carbon (with n r = 2 . 00 ± 0 . 10 and n i = 0 . 50 ± 0 . 30

at λ = 0 . 6 μm , see Rouleau and Martin 1991; Zubko et al.

1996 ), 
• Titan tholins (with n r = 1 . 60 ± 0 . 10 and n i = 0 . 060 ± 0 . 005 at

λ = 0 . 6 μm , see Khare et al. 1984; 1993; 1994 ), 
• Triton tholins (with n r = 1 . 65 ± 0 . 05 and n i = 0 . 0030 ± 0 . 0002

at λ = 0 . 6 μm , see McDonald et al. 1994; Ciarniello 2012 ), or 
• silicates (with n r = 1 . 70 ± 0 . 05 and n i = 0 . 0 0 010 ± 0 . 0 0 0 05 at

λ = 0 . 6 μm , see Pollack et al. 1994; Fearnside et al. 2016 ). 

A final compound to consider is nanophase iron. According

to Pieters et al. (20 0 0) and Noble et al. (2007) , nanophase iron

(npFe 0 ) produces a strong positive spectral slope across the visi-

ble to near-infrared spectra (i.e., the so-called “spectral reddening”,

which is well-known in Saturn’s ring spectroscopic investigations,

see e.g. Cuzzi et al. 2009 ): 

• nanophase iron should have the same real refractive index as

iron ( n r = 2 . 87 ± 0 . 10 and n i = 3 . 35 ± 0 . 5 at λ = 0 . 67 μm ac-

cording to Ordal et al. 1988 ), however, this material has not

been used yet in near ultraviolet to near infrared spectral mod-

eling. 

Note that in Eq. (14) , the influence of the composition on the

opposition peak width is considered only with regard to the real

part of the refractive index, and the imaginary part is ignored,

meaning that absorption within the grains is ignored. The value of

n i can affect the results only through absorption, i.e., the intensity

decreases as exp (−4 π�n i /λ) , where � is the characteristic distance

that the light at a wavelength λ goes through the grain. Indeed,

for the quantities in Eq. (14) – the scattering cross-section and the

phase-function asymmetry parameter – the effect of strong absorp-

tion may be noticeable (e.g., Hansen and Travis, 1974 ). For most

of the compounds believed to be present in the rings – water ice,

tholins, and silicates – the value of n i is quite small at visual wave-

lengths, and neglecting absorption is justified. On the other hand,

for materials such as iron and amorphous carbon, with large n i val-

ues (see above), absorption could be significant. However, the ma-

jor issue to overcome with these compounds is the lack of absorp-

tion band detections. For example, amorphous carbon has several

bands at 3.38, 3.41, and 3.48 μm, and silicates at 9.7 and 18 μm,

none of which have been detected so far ( Lynch et al., 20 0 0; Brown

et al., 2006; Nicholson et al., 2008 ). As a result, it is justified to ne-

glect absorption at first order for these compounds, even though

we consider scattering. 

Mishchenko (1992 , Figs. 1 , 2, 3) provided simulations of the an-

gular width HWHM cb for a subset of values of composition (via the

real refractive index n r ), grain size and regolith porosity. In Fig. 10 ,

we have extended the values of n r used by Mishchenko (1992) to

cover higher values for amorphous carbon and nanophase iron, and

we have calculated HWHM cb for different porosities (with an addi-

tional value at P = 0 . 5 that is close to the values for the C ring and

the Cassini Division seen in Fig. 8 b and Table 1 ). 

In Fig. 10 , we have superimposed the observed surge width

from the ISS data to our simulations. It can be seen that only

water ice-based compounds ( n r = 1 . 31 ) offer a good match be-

tween the ISS HWHM values and the HWHM cb values. However,

with this value of n r , most sizes and most porosities can fit the

ISS data. When increasing the real refractive index, with n r = 1 . 60

and n r = 1 . 70 , which is close to the values for Titan tholins, Triton

tholins, and silicates, most of the HWHM values where the ratio
cb 
 0 / λ∼ 0.5 are larger than the ISS width values. We conclude that

f the coherent backscattering is driven by small grains of the size

f λ/2, these grains must be pure water ice and embedded in a

orous regolith layer ( P > 0.5). 

To constrain the composition more accurately (by separating

he water ice from the contaminants), we need to consider how

he water ice is mixed with the contaminants. Indeed, spectral

odeling has shown that the types of mixture are much more

odel-dependent than the grain size, meaning that it is almost al-

ays possible to find a grain size value to reasonably fit the data,

hereas the type of mixture can prevent a fit from converging, see,

.g., Poulet et al. (2003) . Types of mixtures include: areal, intimate,

nd intra, see, e.g., Poulet et al. (2003) and Ciarniello (2012) . We

lso examine the case of the “coat” mixture. A diagram of these

ixtures is represented in Fig. 11 . These types of mixtures are now

eviewed in light of the present results. However, we must under-

ine that the coherent backscattering code used here assumes a

omogeneous medium, which seems incompatible with the con-

ept of a mixture. A way to overcome this issue is to use effec-

ive compositions. Indeed, considering the randomness of multiple

cattering in the coherent backscattering, it seems acceptable to

se effective com positions when calculating the refractive index of

ixtures. 

• Areal mixture. An areal mixture consists of isolated contami-

nant grains on the surface (see Fig. 11 ). In this type of mixture,

the light interacts either with ice grains or with contaminant

grains, but not both. This type of mixture has not been modeled

for the rings yet ( Cuzzi et al., 2009 ). To test this hypothesis,

we again use the coherent backscattering predictions seen in

Fig. 10 to seek clues to the ring composition. As seen in Fig. 10 ,

coherent backscattering simulations show that materials with

higher real refractive indices ( n r = 2 . 90 ) have larger HWHM cb 

than materials with lower real refractive indices ( n r = 1 . 31 ).

Previous composition calculations by Poulet et al. (2003) have

indicated that the fitting the C ring spectra does not require

free amorphous carbon contrary to the A and B rings spectra,

meaning the C ring might contain less amorphous carbon (i.e.

less dark contaminants) than the A and B rings. For the sake of

the calculations, we assume: (1) the areal mixture consists of

small grains of contaminants ( r 0 / λ≤ 0.2 and n r ≥ 1.6) producing

the dominant part of the backscattering; (2) the contaminants

are more abundant in the A and B rings than in the C ring,

as claimed by Poulet et al. (2003) . If we consider the coher-

ent backscattering predictions seen in Fig. 10 , the areal mixture

hypothesis could be valid for contaminants such as tholins, sil-

icates, amorphous carbon, and nanophase iron, but for specific

effective grain sizes. Indeed, for the tholins, the silicates, and

the amorphous carbon (respectively n r = 1 . 6 , 1 . 7 , 2 . 0 ), HWHM cb

is out of the range of the ISS HWHM values for r 0 /λ = 0 . 1 , but

a good match can be found for r 0 /λ = 0 . 2 or for r 0 / λ> 1.5. In

the case of nanophase iron ( n r = 2 . 9 ), the only match possi-

ble between HWHM cb and HWHM is for r 0 /λ = 0 . 1 . However,

as explained earlier, it seems unlikely that coherent backscat-

tering would be involved either with ice contaminants, or with

contaminant grains, but not with both. 
• Intra-mixture. An intra-mixture consists of small contaminant

grains embedded within large ice grains (see Fig. 11 ). With this

type of mixture, photons can be absorbed or scattered before

reaching ice/contaminant interfaces. This process is very effec-

tive for lowering the albedo. This mixture has been tested for

the main rings by Poulet et al. (2003) and Ciarniello (2012) . The

usual method to calculate the effective real refractive index of

an intra-mixture is with the use of the Maxwell Garnett mixing
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Fig. 10. Coherent backscattering simulations of the angular width (HWHM cb ) for different values of composition (via the real refractive index n r ), grain size r 0 and the 

regolith porosity P , using Eqs. (14) and (15) . The values n r = 1.31, 1.45, and 1.60 are from Mishchenko (1992 , Figs. 1 , 2, 3). The ranges of the observed surge width with the 

ISS data are superimposed for each main ring. Note here that the wavelength is fixed as the refractive index is set to a single value for each panel, meaning that when the 

ratio r 0 / λ varies, it is actually the grain size r 0 that varies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rule (see e.g. Bohren 1986; Choy 2015 ): 

ε eff = ε 1 + 

3 f 2 ε 1 (ε 2 − ε 1 ) 

ε 2 + 2 ε 1 − f 2 (ε 2 − ε 1 ) 
(17) 

n eff = 

√ 

ε eff, (18) 

where ε1 and ε2 are the complex dielectric constants of the

matrix material and of the embedded contaminant material, re-

spectively, and f 2 is the fraction of contaminant. Eq. (17) as-

sumes that the inclusions are much smaller than the wave-

length. 

When comparing the angular widths predicted from the co-

herent backscattering model using refractive indices of intra-

mixtures to the widths of the observed opposition surge

( Table 2 ), we note that it is not possible to reproduce the main

radial variations of the observed opposition surge. This result

implies that while the a combination of mixtures can reproduce

the shape of the spectra of the main rings, the resulting com-

position is not in agreement with the prediction of the opposi-

tion effect via coherent backscattering. This result appears to be

in contradiction with the strong correlation that we found be-

tween the opposition surge morphology and the spectral prop-

erties. As a consequence, we see that this result can be inter-

preted two ways: either the intra-mixture is not suitable for

the rings, as they were implemented by Poulet et al. (2003) and

Ciarniello (2012) ; or the intra-mixture might be suitable for the

rings, but recent studies have shown that the conditions of ap-

plicability of approximate effective mixing rules are quite strict

and may not be satisfied in the cases considered, see for a re-

view Mishchenko et al. (2016) . We will go back to this issue

when detailing the analysis for an intimate mixture, as well as

the analysis of the grain size and the regolith porosity. How-

ever, in the absence of a better solution for the composition, we
will keep the composition proposed by Poulet et al. (2003) and

Ciarniello (2012) . 
• Intimate mixture. An intimate mixture consists of contami-

nant grains mixed with pure water ice grains (see Fig. 11 ).

This type of mixture has been tested for the main rings by

Poulet et al. (2003) and Ciarniello (2012) . In this type of mix-

ture, the resulting reflectance is a weighted average of the re-

flectances of the different materials. A reasonable approxima-

tion to calculate the effective real refractive index of an inti-

mate mixture is with the use of the “linear mixing rule”. This

rule asserts that the refractive index of the mixture is given by

the linear average of the indices of the components weighted

by their volume fractions: 

n tot = f 1 n 1 + f 2 n 2 . (19)

We have calculated the refractive indices for the main rings

using the linear mixing rule seen in Eq. (19) for the abun-

dances of Ciarniello (2012) . Note that the abundances of

Poulet et al. (2003) provide roughly similar refractive index val-

ues as those of Ciarniello (2012) , see Table 3 . Indeed, n tot ∼ 1.4

in the A ring, n tot ∼ 1.35 in the B ring, and n tot ∼ 1.33 in the

C ring. However, slight discrepancies in the n tot values can be

noted, and can be attributed to: 

(a) different size distributions: a power law distribution for

Ciarniello (2012) and discrete values for Poulet et al. (2003) ,

(b) different viewing geometries: at moderate phase angles for

Ciarniello (2012 , with α = 17 . 2 o for the A ring, α = 27 . 0 o for

the B ring, and α = 37 . 5 o for the C ring), and at low phase

for Poulet et al. (2003 , with α = 0 . 6 o and 4.7 o for all rings), 

(c) the location within each ring ( Ciarniello (2012) worked

on small ring regions of 10 0 0 km length while

Poulet et al. (2003) averaged each ring over its entire

width). 
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Table 2 

Derivation of the effective refractive index n eff (intra-mixture) for the A, B and C rings and the Cassini Division using the Maxwell Garnett mixing rule – Eq. (17) – and 

the composition abundances of Ciarniello (2012) . In the case of the intimate mixture, we derive the total refractive index n tot using the linear mixing rule of Eq. (19) . In 

both mixtures and in all rings, the porosity is assumed constant ( P = . 8 ) or is defined by P mean seen in Table 1 , and the grain size distribution follows the narrow gamma 

distribution seen in Eq. (15) with r 0 /λ = 1 . 6 so that the wavelength is in the range of the ISS CLEAR filters ( λ = 0 . 625 μm in the simulations while λ = 0.611 ± 0.170 μm 

for the NAC and λ = 0.635 ± 0.143 μm for the WAC, see Table 1 of Paper 1). The coherent backscattering angular width HWHM cb from Eq. (14) is numerically calculated 

for intramixtures and intimate mixture. Mixture 1 in the table is an intimate mixture of Mixture 2 and Mixture 3, with Mixture 2 corresponding to an intramixture of 

water ice with Triton tholin for all the cases, while Mixture 3 corresponds to either pure amorphous carbon (for the A and B rings) or an intramixture of water ice with 

amorphous carbon (for the Cassini Division and the C ring). The rings are sorted from left to right to increased values of the observed opposition surge’s width from 

the ISS data. Simple comparison of the radial variations of the coherent backscattering angular width HWHM cb to the ISS surge HWHM shows disagreement at constant 

porosity (see text for details). 

B ring A ring Cassini division C ring 

Distance to Saturn 102,0 0 0–103,0 0 0 km 128,0 0 0–129,0 0 0 km 118,0 0 0–119,0 0 0 km 80,0 0 0–81,0 0 0 km 

τ 1.650 0.418 0.133 0.009 

ISS optical surge HWHM 0.22 o 0.27 o 0.30 o 0.33 o 

Intimate mixture Mixture 1 Mixture 1 Mixture 1 Mixture 1 

Abundance 96.5% 3.5% 88% 12% 75% 25% 35% 65% 

Intramixture Mixture 2 Mixture 3 Mixture 2 Mixture 3 Mixture 2 Mixture 3 Mixture 2 Mixture 3 

Abundance 

Water ice 99.5% � 99.6% � 99.6% 98.4% 99.8% 98.7% 

Triton tholin 0.5% � 0.4% � 0.4% � 0.2% �
Amorphous carbon � 100% � 100% � 1.6% � 1.3% 

Intra-mixture Mixture 2 Mixture 3 Mixture 2 Mixture 3 Mixture 2 Mixture 3 Mixture 2 Mixture 3 

n eff 1.3315 2.00 1.3312 2.00 1.3312 1.3394 1.3306 1.3376 

HWHM cb (P = 0 . 8) 0.23 o 0.36 o 0.23 o 0.36 o 0.23 o 0.24 o 0.23 o 0.24 o 

HWHM cb (P = P mean ) 0.28 o 0.44 o 0.35 o 0.55 o 0.43 o 0.44 o 0.50 o 0.51 o 

Intimate mixture Mixture 1 Mixture 1 Mixture 1 Mixture 1 

n tot 1.3549 1.4114 1.3332 1.3352 

HWHM cb (P = 0 . 8) 0.25 o 0.27 o 0.23 o 0.23 o 

HWHM cb (P = P mean ) 0.30 o 0.41 o 0.43 o 0.51 o 

Fig. 11. Schematic representations of two-component mixtures: areal, intimate, in- 

tra and coat (adapted from Langevin et al. (2005) and Giuranna et al. (2007) ). 

Table 3 

Derivation of the total refractive index n tot in the case of the intimate mix- 

ture using the linear mixing rule of Eq. (19) for the abundances calculated by 

Poulet et al. (2003) and Ciarniello (2012) . 

Poulet et al. (2003) Ciarniello (2012) 

n tot (λ = 0 . 6 μm) n tot (λ = 0 . 6 μm) 

A ring 1.3850 1.4114 

B ring 1.3476 1.3549 

Cassini Division – 1.3332 

C ring 1.3311 1.3352 
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Then, the angular widths from the coherent backscattering

model using refractive indices of intimate mixtures are given in

Table 2 . When comparing these widths to the width from the

ISS data, we see that the radial variations of the observed op-

position surge are not reproduced. As a result, the variations of

the surge width are matched neither by an intra-mixture, nor

by an intimate mixture. We note that while these types of mix-

ing could fit the spectra of the main rings ( Poulet et al., 2003;
Ciarniello, 2012 ), the resulting refractive indices do not repro-

duce the opposition surge width of the main rings, which is

puzzling. 
• Coat mixture. A coat mixture consists of a layer of contami-

nated ice covering a core of rock. This concept can occur at two

different scales: microscopically, at the regolith grain scale, or

macroscopically, at the ring particle scale. 

At a microscopic scale, processes such as sputtering can coat in-

dividual regolith grains with a super thin film of contaminants

so that the regolith grain itself is a structural onion-skin type

mixture, e.g. ( Hapke, 1986b ). 

At a macroscopic scale, this coat mixture has been formulated

by Déau (2007) , and was tested recently on CIRS equinox data

by Morishima et al. (2016) . The assumption is that the light

penetrates deeper into the regolith and reaches the subsequent

layers up to the particle core. However, only the light at longer

wavelengths should be concerned (i.e. in the thermal infrared),

meaning that at optical wavelengths, the coat mixture is not

very different from the intimate mixture. Thus, our results for

the intimate mixture should be similar for the coat mixture. 

.2.3. Grain size 

One of the pillars of the coherent backscattering theory is

hat it depends strongly on the size of the grains, e.g. Wolf and

aret (1985) . The coherent backscattering theory predicts that the

ngular width of the surge increases with increasing grain size

hen the grain size is less than half of the wavelength ( r 0 < λ/2),

nd then increases with increasing grain size for larger grain sizes

 r 0 > λ/2). In Eq. (14) , the grain size is given by the effective ra-

ius of a gamma size distribution. However, other size distribu-

ions are possible, such as the power law (used in Paper 2) or a

og-normal distribution. We propose to study each parameter of

he size distribution (effective size, width of the size distribution,

nd type of size distribution) to assess the impact of the grain size

n HWHM . 
cb 
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• The effective radius 

The role of the effective radius on HWHM cb is quite self-

explanatory. As previously seen in Figs. 8 and 10 , HWHM cb in-

creases up to r 0 / λ< 1/2, and then decreases with increasing

r 0 / λ with a shape similar to a gaussian. To test a more realistic

case, we have used the porosity P mean in Table 1 , λ = 0 . 6 μm,

and the composition of Ciarniello (2012) for the intimate mix-

ture seen in Table 2 . For this test, we use the narrow gamma

size distribution seen in Eq. (15) . 

The simulations are presented in Fig. 12 , where one can see

that the gaussian-shape size-dependence of HWHM cb is easily

reproduced. In addition, as the selected composition is given for

small specific regions in the main rings, we can compare the

simulations to the ISS data to derive a size that allows them

to match. It turns out that for a constant porosity, two possible

effective sizes r 0 allow a match between HWHM cb and HWHM

derived from the ISS data: either very small sizes ( r 0 ∼ 0.1 μm)

for r 0 < λ, or micron-sized values for r 0 > λ. These sizes are re-

ported in Table 4 . In Fig. 12 , for r 0 > λ, it can also be seen

that r 0 is larger in the C ring (1.33 μm) than in the B ring

(1.22 μm). This result is new because the grain sizes are usually

larger in the B ring than in the C ring ( Poulet et al., 2002; Filac-

chione et al., 2012; Hedman et al., 2013; Déau, 2015 ). The origin

of this difference lies in the assumption of the regolith poros-

ity. In all of the previously cited works, the regolith porosity

was assumed constant across the rings, whereas in the present

case, the porosity significantly varies with P mean seen in Table 1 .

To demonstrate that larger sizes can be found in the B ring, we

have used a constant porosity of P = 0 . 8 in Fig. 12 . The gaus-

sian shape is very similar to the one for P = P mean , but the val-

ues of HWHM cb are significantly smaller, except in the B ring

where P mean is close to 0.8 (see Table 1 ). As expected, the ef-

fective size r 0 is larger in the B ring (1.11 μm) and smaller in

the C ring (0.75 μm) when r 0 > λ. This result provides a strong

explanation for a long-term result concerning the sizes of the

ring regolith, and how the degeneracy between model parame-

ters can be removed. 

Finally, a third and last case is presented in Fig. 12 , the case

where r 0 is close to λ/2. In this specific case, HWHM cb is max-

imum and equals HWHM from the ISS data. We have run nu-

merous simulations to find the porosity that allows the match

HWHM cb = HWHM. This porosity, called P max , has the follow-

ing values: 0.918 in the B ring, 0.926 in the A ring, 0.865 in the

Cassini Division, and 0.850 in the C ring. These values are, how-

ever, out of the possible range first derived with a composition

of n r = 1 . 31 (see the range of values in Table 1 ). In addition, it

can be noted that these values are not compatible with three

“canonical” surface states from the restitution coefficient inver-

sion ( Fig. 9 b). 

This result suggests that finding an acceptable range of val-

ues for all the input parameters of the coherent backscattering

model should be an iterative process. As a summary, there are

three ways to interpret the role of the effective grain size: 

– the effective radius is about λ/2, and in this case HWHM cb is

maximum with P = P max . However, this should be very coin-

cidental and unlikely to have the effective grain size of the

ring regolith about ∼λ/2. 

– the effective radius is less than λ/2; in this case the porosity

does not count as the retrieval of the r 0 leads to a similar

value ( r 0 ∼ 0.1 μm, see Fig. 12 and Table 4 ). 

– the effective radius is greater than λ/2, and then the poros-

ity plays a role: (a) if the porosity is constant in all the rings,

the effective radius is maximum in the B ring, and mini-

mum in the C ring. This is a general result found in vir-

tually all the previously published spectroscopic works on

the rings, see e.g. ( Filacchione et al., 2012 , their Table 6)
and Hedman et al. (2013 , their Fig. 17) or (b) if the porosity

varies as indicated in Table 1 , the situation is reversed and

the C ring has the largest effective grains. 
• The size range 

In the previous section, we focus on the effective radius of the

gamma size distribution seen in Eq. (15) ; however, in most ring

studies, the power law is the mostly favored size distribution

because it is easy to handle and requires only the boundaries of

the distribution ( r min and r max ) as well as the power law index

q , which is often set to −3, see a review in Paper 2. The formula

for the power law size distribution with an index −3 is given

by: 

n (r ) = 

2 r 2 
min 

r 2 max 

r 2 max − r 2 
min 

r −3 (20)

for r min ≤ r ≤ r max , see Hansen and Travis (1974) . Note that

Eq. (20) is the exact formula for a power law of −3 while most

studies used the approximate form without the normalization

coefficient (see e.g. Eq. (1) of Paper 2). The effective grain size

and the variance for q = −3 are: 

r eff = 

r max − r min 

ln (r max /r min 

) 
, (21) 

v eff = 

r max + r min 

2(r max − r min 

) 
ln 

(
r max 
r min 

)
− 1 . (22) 

Note that the effective grain size formula can also be found for

various power law indices in Table 3 of Déau (2015 , Paper 2).

As can be seen with Eqs. (21) and (22) , the effective radius and

the variance are determined by the choices of r min and r max . It

is here proposed to explore the range of values for these two

parameters in order to assess their impact on the determina-

tion of HWHM cb . In Fig. 13 , three methods are tested: first, the

variance is kept constant ( Fig. 13 a), second, r min is kept con-

stant ( Fig. 13 b), and third, r max is kept constant ( Fig. 13 c). The

resulting variations of HWHM cb are explained below: 

– when the variance is kept constant, HWHM cb is basically an

increasing function of decreasing r eff, see Fig. 13 a. In this

set of simulations, r min varies from 10 μm to 0.2 μm and

r max varies from 60 μm to 1 μm. Large values of r min and

r max ( > 10 μm) lead to very small HWHM cb values of about

0.001 o , while small values of both r min and r max ( < 1.5 μm)

allow HWHM cb to match the angular width of the ISS data. 

– when the minimum radius r min is kept constant and fixed

at 0.1 μm( Fig. 13 b), HWHM cb varies the same way as in

the case of a constant variance. Even with r min 

= 0 . 1 μm,

large values of r max still lead to extremely small values of

HWHM cb that are not compatible with the ISS data. There-

fore, r max values of 1 μm (or smaller) are necessary to reach

similar values of angular width from the ISS data. 

– when r max is kept constant, HWHM cb is an increasing func-

tion of increasing r eff, which is unusual in light of the

two former cases. Here, the minimum radius r min varies

from 0.01 μm to 1 μm while r max is kept constant at

5 μm ( Fig. 13 c). These very extreme values of radii for

both r min and r max are responsible for the distinct behav-

ior of HWHM cb . In addition, it can be noted that HWHM cb 

cannot reach values as high as the ones from the ISS data,

even though the effective radius is about 1 μm, a value

that was still possible in the case of a constant variance

( Fig. 13 a) or even in the case of the gamma size distribu-

tion (see Table 4 and Fig. 12 ). This demonstrates that set-

ting r max to very large values (e.g. 5 μm) does not produce

a significant peak width. 
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Fig. 12. Derivation of the effective grain size value from the match of the coherent backscattering angular width HWHM cb from Eqs. (14) and (15) and the ISS surge HWHM 

for 4 features in the main rings, the same for which the refractive index n r = n tot was derived in Table 2 . The other input parameters of the simulations are: λ = 0 . 6 μm and 

P = 0 . 8 (or P = P mean from Table 1 ). The vertical solid line represents the value of HWHM from the ISS data. It appears that for each ring, four grain sizes can be derived 

from the intersection between HWHM cb and HWHM. These values are derived from the intersection of the vertical lines and the horizontal line and are reported in Table 4 . 

Table 4 

Effective grain size values from the match of the coherent backscattering angular width HWHM cb from Eqs. (14) , (15) , and (20) and the ISS surge HWHM seen in Fig. 12 . 

The other input parameters of the simulations are: λ = 0 . 6 μm, P = . 8 (or P = P mean from Table 1 or P = P max with P max = 0 . 918 , 0 . 926 , 0 . 865 , 0 . 85 for the B, A, CD, C rings 

respectively) and n r = n tot from Table 2 . 

Gamma size distribution - Eq. (15) Power law size 

distribution - Eq. (20) 

r 0 < λ r 0 ≈λ/2 r 0 > λ r eff > λ

P = . 8 or P mean P = P max P = . 8 P = P mean P = P mean 

A ring 0.115 μm 0.25 μm 1.00 μm 1.22 μm 0.2–1.2 μm 

B ring 0.110 μm 0.25 μm 1.11 μm 1.22 μm 0.2–1.2 μm 

Cassini Division 0.143 μm 0.28 μm 0.73 μm 1.28 μm 0.3–1.3 μm 

C ring 0.155 μm 0.30 μm 0.67 μm 1.33 μm 0.3–1.6 μm 

Fig. 13. Variation of HWHM cb from Eq. (14) and (20) using various values for r min and r max , and consequently various values of r eff , see Eq. (21) . The other input parameters 

of the simulations are: λ = 0 . 6 μm, P = P mean from Table 1 , and n r = n tot from Table 2 for the B ring region between 102,0 0 0 km and 103,0 0 0 km. Panel a represent the 

results of simulations with a constant variance, Panel b with a minimum cutoff r min set to be constant, and Panel c with a maximum cutoff r max set to be constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As a result, too small values of r min or too large values of r max 

can prevent HWHM cb from reaching the level of HWHM val-

ues of the ISS data. This can allow us to constrain the grain

size range of the four specific regions in the main rings seen in

Table 2 . 

In Fig. 14 , we represent the results of several batches of sim-

ulations for HWHM cb , with each batch corresponding to a

fixed value of r min and a varying value of r max . These sim-

ulations indicates that very small values of the lower cutoff
(i.e. r min 

= 0 . 035 μm) and large values of the lower cutoff (i.e.

r min 

= 3 . 5 μm) do not allow HWHM cb to reach the level of

HWHM from the ISS data. For the higher cutoff (i.e. r max ), val-

ues larger than 2 μm do not allow a match between HWHM cb 

and HWHM. Therefore, one can conclude that r min > 0.035 μm

and r max < 2 μm are the two conditions necessary to allow a

match between HWHM cb and HWHM. In detail, the range of

values of effective radius r min is given for each ring region in

Table 4 . 
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Fig. 14. Derivation of grain size ranges from the comparison of HWHM from the ISS data and HWHM cb from Eqs. (14) and (20) using various values for r min and r max . The 

dots represent various values of r eff , see Eq. (21) , color-coded with different values of r min . The other input parameters of the simulations are: λ = 0 . 6 μm, P = P mean from 

Table 1 , and n r = n tot from Table 2 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

Fig. 15. Comparison of grain radius derived by the present study using the match between HWHM cb from the numerical simulations and HWHM from the ISS data, and the 

grain radius derived by other studies. These other values are the grain radii from Filacchione et al. (2012 , Table 6) using an inversion based on laboratory data to convert the 

1.25 μm and 1.5 μm water ice band depths to grain sizes. We have also applied this inversion to the 1.5 μm water ice band depth of Hedman et al. (2013) , here in solid 

line. The grain size d from Eq. (23) is calculated from L , the scattering length derived from VIMS data by Hedman et al. (2013) and A , the surge amplitude from ISS data and 

seen in Paper 1 and Fig. 2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Comparison with other sizes 

We propose here a brief comparison of the grain sizes from

other studies, by focusing particularly on the grain sizes de-

rived from the Cassini VIMS water ice band depths with the

method of Filacchione et al. (2012) . These values are reported

by Filacchione et al. (2012 , Table 6) using an inversion based

on laboratory data to convert the 1.25 μm and 1.5 μm

water ice band depths to grain sizes. As these values are

averaged for each ring (see Fig. 15 ), to have a sense of the

radial variations of the grain size, we have used the inversion

method ( Filacchione et al. (2012 , Fig. 6) with the VIMS 1.5 μm

band depths of Hedman et al. (2013) from the observation

VIMS_008_RI_RDHRCOMP . We first note that the grain sizes

from the 1.5 μm band depths of Filacchione et al. (2012) and

Hedman et al. (2013) are compatible, which proves that the

grain size derivation with this inversion method is not very

sensitive to the viewing geometry. The comparison of the grain

radii from the VIMS data and from the HWHM matching

method seen in the previous section ( Fig. 14 ) provides a good

agreement between the values, except in the A and B ring, see

Fig. 15 . Moreover, in the C ring and the Cassini Division, there is

only an agreement between the sizes from Fig. 14 and the VIMS

grain sizes from the 1.25 μm water ice band depths. Another

way to see this agreement is to note that the C ring and the

Cassini Division grain sizes from the 1.25 μm water ice band
 

depths are very small, which is always the case in the coherent

backscattering simulations of Fig. 14 . 

To search for clues about the discrepancies between the VIMS

grain sizes and the grain sizes from the coherent backscattering

simulations, we investigate other grain sizes. Another way to

estimate grain sizes is to use the coherent backscattering the-

ory of Shkuratov et al. (1999a) . In the theory of Shkuratov et al.

(1999b) (where the grain size d is wavelength-sized or larger),

the amplitude of the coherent backscattering peak decreases

with increasing grain size. This result has been approximated

by Poulet et al. (2002) as: 

A cb = 1 + 

exp (−d/L ) 

2 

, (23)

with L the scattering length within the material.

Hedman et al. (2013) derived a scattering length from the

spectral Shkuratov et al. (1999a) model. This length can be

approximated to the parameter L of the Shkuratov et al.

(1999b) opposition effect model that has been used in Paper 2.

Then using Eq. (23) , the grain size d can be derived by assuming

that A cb ≈ A , with A the surge amplitude from the ISS data seen

in Fig. 2 and obtained in our Paper 1. 

In order to have the smallest opposition amplitudes with

the coherent backscattering theory, as in the ISS observations

( Fig. 2 ), the A and B rings must have the largest grains. This

trend, depicted in Fig. 15 , is very similar to the one from the



344 E. Déau et al. / Icarus 305 (2018) 324–349 

Fig. 16. Range of possible values for the regolith porosity and effective grain size r 0 from the comparison of HWHM and HWHM cb , where HWHM is the angular width of the 

opposition peak from the ISS data at ( λ∼ 0.6) and HWHM cb is the coherent backscattering angular width from the simulations of Mishchenko (1992) seen in Fig. 10 using 

Eq. (14) with λ = 0 . 625 μm. Note that r 0 is the effective grain size for the gamma size distribution seen in Eq. (15) . Hatched regions are the parameter space where there 

is a match between HWHM and HWHM cb seen in Fig. 10 , while the star symbol corresponds to the parameter space seen in Table 2 for the intimate mixture and the real 

refractive index n tot . 
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VIMS sizes, except for the A ring. We thus conclude that the

size dependence of the coherent backscattering amplitude is

compatible with the grain size values in the B and C rings and

the Cassini Division. Interestingly, the sizes from Eq. (23) are

also compatible with the sizes from the coherent backscattering

simulation seen in Fig. 14 . From these various agreements, we

can conclude that the B ring has larger grains and might be in

the geometric optics domain where the grain size is far larger

than the wavelength. In the C ring and the Cassini Division, the

Mie scattering domain might be valid. Finally, in the A ring, the

disagreement between the VIMS sizes on one hand and the co-

herent backscattering theories on the other hand could be the

consequence of both scattering regimes being valid for this ring.

4.2.4. Regolith roughness 

Only a few studies have investigated the role of roughness on

coherent backscattering. Two kinds of surface roughness can be

defined: one with large height variations and steep slopes and the

other with only small height variations ( Muinonen, 1994 ). Among

the recent studies about the effect of the roughness on the oppo-

sition effect (e.g., Zubko et al. (2007) ; Grynko and Pulbere (2009) ),

the work of Parviainen and Muinonen (20 07, 20 09) seems to show

that the two types of roughness should have similar effects on the

opposition effect morphology. However, the main trends are not

clear in these studies. 

4.2.5. Summary 

In summary, we conclude that the effective grain size, the re-

golith porosity, and the composition all have an impact when

reproducing the angular width of the opposition effect, via the

coherent backscattering theory. However, these three parameters

do not impact HWHM cb equally. Indeed, using the results of the

matching between the HWHM and HWHM cb from Figs. 10 and

12 that we summarize here in Fig. 16 , it can be concluded the com-

position should not have a primary role, and it is actually the re-

golith porosity and the effective grain size that are preponderant.

Indeed, it is possible to find an agreement between the HWHM

and HWHM cb for various values of refractive indices, while the re-

golith porosity and the effective grain sizes are restricted to spe-

cific ranges. 

4.2.6. Limitation of the approach and future work 

In this section, we have used the coherent backscattering model

of Mishchenko (1992) to seek for clues on origin of the strong cor-
elation between opposition surge morphology and spectral prop-

rties (in particular water ice band depths). However, it must noted

hat this model has strong assumptions, and to be cautious with

he interpretation of the simulation results, it is important to pro-

ide an assessment of the weaknesses and limits introduced by

he simplifications that Mishchenko (1992) adopted to make his

oherent backscattering model practical enough for computation

ithout violating Maxwell’s equations. Before starting, it is note-

orthy to reiterate the current standard designation for entities

hat make up Saturn’s rings: particles are the big, macroscopic ob-

ects detected by stellar occultations ( Zebker et al., 1985; Showalter

nd Nicholson, 1990; French and Nicholson, 20 0 0; Jerousek et al.,

016 ), grains belong to the regolith that covers the ring particles

 Poulet et al., 2002 ). 

• The fundamental pillar of coherent backscattering is that the

dominant scatterers are too small to fall within the geometric

optics domain and too transparent to cast shadows. To make

coherent backscattering observable (i.e., to make the angular

width of its manifestations sufficiently large), they must be

comparable to or smaller than the wavelength of light. For

example, at optical wavelengths, it means that the scatter-

ers are sub-micron-sized grains ( Mishchenko, 1992 ), whereas

at longer wavelengths like the radio domain, the scatter-

ers are centimeter-sized ring particles ( Mishchenko and Dlu-

gach, 2009 ). 

In most planetary surfaces, such small regolith grains are

not easy to interpret when modeling optical opposition ef-

fects. Indeed, considering previous works on lunar regolith

grains ( Hapke et al., 1993 ), interplanetary dust grains ( Brownlee

et al., 1980; Greenberg and Hage, 1990 ), and captured cometary

grains ( Tuzzolino et al., 2004 ), there are indications that micro-

scaled structures on airless planetary bodies are most likely to

be micro-structural irregularities on the surfaces and within the

regolith grains themselves, and those structural imperfections

might act as scatterers in their own right. However, in the case

of the rings, we have evidence that submicrometer-sized grains

exist for quite some time now. Observed by Voyager and Cassini

in the outer B ring, levitated dust grains create radial patterns

called spokes, e.g. Smith et al. (1981) , Mitchell et al. (2013) ,

which are well modeled by radiative transfer theory that in-

cludes micron-sized grains, ( Doyle et al., 1989; Doyle and Grun,

1990; McGhee et al., 2005; D’Aversa et al., 2010 ). In the present

work, we have just assumed that grains as small as the spoke

dust are present in the other main rings. 
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• Mishchenko (1992) assumed that the regolith porosity provides

a measure of the separation between the grains forming the

outer regolith layer. Consequently, the regolith porosity from

the model should not be not a representation of porosity of the

ring particle up to its core. Indeed, assuming that the porosity

of each regolith layer is uniform throughout the ring particle

interior might not be correct, as in-situ Apollo measurement

showed in the case of the Moon that as we go deeper in the

lunar regolith, the porosity decreases ( Carrier et al., 1973 ). 
• In Section 4.2.2 , we defined several mixtures that are often

used for ring spectroscopic modeling: the areal mixture, the

intra-mixture, the intimate mixture, and the coat mixture, see

Fig. 11 . So far, the rings are better modeled spectroscopically

with intra and intimate mixtures, see Poulet et al. (2003) and

Ciarniello (2012) , therefore we have calculated the effective re-

fractive indices from these studies in Table 3 using the very

simple mixing Eqs. (17) and (19) . We have injected these ef-

fective refractive indices onto Mishchenko (1992) ’s model and

derived coherent backscattering angular widths. However, the

model assumes an homogeneous medium. In Section 4.2.2 , we

have argued that using effective refractive index is an accept-

able assumption considering the random nature of the multi-

ple scattering involved in coherent backscattering. Also, con-

sidering that we are using a single wavelength in the present

study, uncertainties on composition introduced by the mixing

rules might not have a large impact. Future modeling of co-

herent backscattering should include mixtures that are directly

handled by the model itself, e.g. ( Lasue et al., 2007; 2009 ). 
• Mishchenko (1992) adopted perfectly smooth spheres to model

regolith grains. However, for highly comminuted regolith grains,

especially those made of volatile materials that have been

bombarded by radiation and energetic particles, grains’ surface

might present micro-structural damage or imperfections: mi-

cropits, cracks, embedded contaminants, inclusions, crystal de-

fects etc. These micro-structures are not fully modeled yet, al-

though the recent work of Mishchenko and Dlugach (2012) and

Dlugach and Mishchenko (2015) has analyzed the behavior of

the integral and angular scattering characteristics of spheres

with, respectively, surface minerals/soot and inclusions. As a

result, using smooth grains is somewhat geologically unrealis-

tic, but it is useful for exploring the behavior of the coherent

backscattering opposition effect in a semi-quantitative way. 
• From Figs. 2, 4 , and A.1, we have shown that A and HWHM fol-

low the same trends with radial distance to Saturn and VIMS

spectral properties. We have previously argued that this re-

sult could imply that A and HWHM are likely to be controlled

by the same mechanisms. However, this viewpoint is too sim-

plistic for the following reasons. It is clear that A and HWHM

are controlled by the same mechanisms responsible for produc-

ing the opposition peak (since they both describe the shape of

this peak, rather than because they show the identical trends),

and coherent backscattering is dominant (since the opposition

peak measured in Saturn’s rings is narrow, while shadow hid-

ing produces a wider peak). In the mean time, the trends in the

behavior of the peak’s amplitude and angular width may dif-

fer in dependence on which of the properties of the scattering

medium are varied and what the other properties are. Indeed,

the growth of the interparticle distance (i.e., the interference

base) considered by Mishchenko makes both the amplitude and

the width of the peak smaller. However, the change in the other

properties of the medium may produce the effects of different

signs on A and HWHM even for the medium, where coherent

backscattering plays a major role in the opposition effect. For

example, for smaller particles or more porous media, the op-

position surge becomes higher and narrower, while the conse-

quences of changes in the real and imaginary parts of the re-
fractive index may vary depending on the porosity and particle

size ( Lumme and Penttilä, 2011; Dlugach et al., 2011; Tishkovets

and Petrova, 2013; 2017 ). Future simulations with both ampli-

tude and angular width as outputs and comparison with A and

HWHM from the data (and not only HWHM as is done here)

will greatly improve our understanding of the regolith proper-

ties’ interplay. 
• Finally, to provide possible constraints for surface regolith prop-

erties, we have fit results from the coherent backscattering

model of Mishchenko (1992) to yield the HWHMs derived from

the data. However, we note that the HWHM values derived

from the ring phase curves vary from one study to another, es-

pecially in the HST studies ( Poulet et al., 2002; French et al.,

2007 ). Discrepancies between A and HWHM values could be

a wavelength effect. Indeed, from the coherent backscatter-

ing theory, HWHM cb significantly varies with the wavelength,

therefore it is expected that HWHM might vary as well, if be-

lieved to be caused by coherent backscattering. In the present

paper, we are using broadband images with the CLEAR filters

( λ = 0.611 ± 0.170 μm for the NAC and λ = 0.635 ± 0.143 μm

for the WAC) whereas previous HST studies ( Poulet et al., 2002;

French et al., 2007; Salo and French, 2010 ), used bandpasses

with �λ ranging from 0.037 to 0.176 μm, see Table II of

Cuzzi et al. 2002 . We will compare HWHM values from Cassini

and HST data in future work. 

Another effect could be the use of different morphological

models. In theory, when the data have a good phase angle

sampling, including very small phase angles, all morphological

models tend towards the same set of values. However, when

the phase angle sampling is poor and/or when the phase curve

does not cover the smallest phase angles, all models will ex-

trapolate the data to obtain the best fit, and some models are

better doing it than others. For example, with Paper’s 1 dataset

and using the linear-exponential model, see Eq. (3) in Paper 1,

Déau (2007) noted a factor of two smaller HWHM for a C ring

phase curve with a typical phase angle coverage (0.025 o -25 o )

and the same phase curve with part of the surge removed

(omitting the data at phase angles less than 0.3 o ), see Figure

F.2, page 371. This result is confirmed with the discrepancy be-

tween two HST studies where the phase angle coverage varies:

with the phase curves of Poulet et al. (2002) having a mediocre

phase angle coverage at low phase (0.3–6 o ), the C ring’s HWHM

is about 0.67 o at 0.555 μm, see their Table II, whereas in the

study of French et al. (2007) , with better coverage at low phase

(0.012–6 o ), the C ring’s HWHM is about 0.10 o at 0.555 μm, see

their Table 5. Although the ratio between the two HWHM in-

ferred from HST data is closer to 7 than to 2, we note that if

these HST studies would have used our methodology to con-

strain the regolith properties, the inferred values would have

been different from ours. 

. Conclusions 

We summarize the main conclusions of our work: 

1 © One of our main concerns from previous works on the

ring opposition effect is the nature of the mechanism in-

volved. From the previous work on the elevation angle de-

pendence of observed opposition effect seen in the HST

datasets, ( Salo and French, 2010 ), there is evidence that

coherent backscattering, regolith shadow hiding, and inter-

particle shadowing are likely to be present to form the ring

opposition effect. However, since the phase curves analyzed

in Paper 1 correspond to rather high elevation angles (see

Fig. 1 of Paper 2), the contribution from mutual shadowing
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is in the current case less than that due to the contribution

of coherent backscattering and regolith shadow hiding. 

From the present work, which shows the strong corre-

lation between the surge amplitude and the water ice

band depth at 1.5 μm ( Fig. 4 a), one can conclude that

the mechanism that affects the water ice band depth ob-

served by VIMS at moderate phase angle is also act-

ing in the opposition surge seen by ISS. This correlation

indicates that this common mechanism must be wave-

length dependent, as the cited quantities were measured at

various wavelengths. So far, there is evidence that this

mechanism is coherent backscattering because only coher-

ent backscattering can act on water ice bands and the oppo-

sition surge at the same time, see Mishchenko et al. (2006) ,

Kolokolova et al. (2010) and Muinonen et al. (2012) . Quite

importantly, coherent backscattering caused by microscopic

regolith grains is the only optical mechanism that has been

shown to cause simultaneously both the spike-like photo-

metric and the polarimetric opposition effects observed for

Saturn’s rings ( Lyot, 1929; Mishchenko, 1993; Rosenbush

et al., 1997; Mishchenko et al., 2009 ). Also, because the al-

ternatives (regolith shadow hiding and interparticle shadow

hiding) are wavelength-independent, see Shkuratov et al.

(1999a ) and Salo and French (2010) , coherent backscatter-

ing appears as the only valid candidate. To be exact, there is

one more wavelength-dependent mechanism that may con-

tribute to the opposition effect (the near-field mechanism,

which operates primarily in densely-packed, low-albedo me-

dia, see the Introduction). However, its contribution should

not be significant here because Saturn ring’s regolith is not

likely to be a densely packed medium (indeed elastic colli-

sions and low impact velocities between ring particles have

been established to rule the ring layer, and these dynamical

constraints seem to favor porous regoliths). 

2 © As the regolith albedo and spectral properties are related to

the grain size, the porosity and the composition, we have

tried to assess which of these regolith properties is prepon-

derant in the surge morphology by numerically calculating

the variations of the coherent backscattering angular width

HWHM cb with Mishchenko (1992) ’s model. We have found

that the grain size is the most obvious candidate, as it eas-

ily allows a good match between HWHM cb and the width of

the observed peak ( Figs. 12 and 14 ); however, the regolith

porosity cannot be excluded at this point ( Fig. 8 ). Also, we

have found the origin of a persistent result in previous spec-

troscopic studies that consists in regolith grain sizes being

larger in the B ring than in the C ring ( Poulet et al., 2002; Fi-

lacchione et al., 2012; Hedman et al., 2013; Déau, 2015 ). The

origin of this difference lies in the assumption of constant

regolith porosity. If the porosity is not constant for these

rings, it is possible to obtain a different result, and even the

opposite result, see Table 4 . 

3 © By looking at the strength of the correlations between the

surge morphology and the spectral properties, we have been

able to show that some spectral properties are more strongly

correlated with the opposition effect than others. For exam-

ple, the 2.0 μm water ice band depth is strongly correlated

with the surge amplitude in the C and B rings ( Fig. 4 a). For

the same rings, the correlation is less strong for the near in-

frared spectral slope ( Fig. 4 c). In contrast, the correlation is

less clear between the surge amplitude and the near ultra-

violet spectral slope ( Fig. 4 b). Indeed, the C ring points do

not appear continuous in the ( A , S nuv ) parameter space but

still follow a quite linear correlation. By contrast, the B ring

points form a cloud, which means that both A and S nuv are

weakly correlated ( Fig. 4 b). As a result, it seems justified to
infer that the physical properties of the regolith vary ring-

by-ring. 

However, our study showed that the interpretation of grain

izes may not be straightforward. In airless and magnetized en-

ironments such as Saturn’s surroundings, it is easy for tiny grains

o clump into larger aggregate grains that can have highly com-

lex shapes ( Déau, 2014 ) or even be welded like lunar aggluti-

ates ( McKay et al., 1986 ). There are now a large group of stud-

es of light scattering by densely packed discrete random media

omposed of clusters (see, Tishkovets and Petrova, 2013; 2017 ) and

y finite multi-particle ensembles (e.g., Zubko et al., 2008; Lumme

nd Penttilä, 2011; Dlugach et al., 2011 ). Such sophisticated mod-

ls coupled with multi-wavelength observations of the rings’ op-

osition effect are necessary to assess the radial variations of the

egolith properties. 
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