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a b s t r a c t

Early ground-based and spacecraft observations suggested that the temperature of Saturn’s main rings

(A, B and C) varied with the solar elevation angle, B0. Data from the composite infrared spectrometer

(CIRS) on board Cassini, which has been in orbit around Saturn for more than five years, confirm this

variation and have been used to derive the temperature of the main rings from a wide variety of

geometries while B0 varied from near �243 to 03 (Saturn’s equinox).

Still, an unresolved issue in fully explaining this variation relates to how the ring particles are

organized and whether even a simple mono-layer or multi-layer approximation describes this best. We

present a set of temperature data of the main rings of Saturn that cover the � 233Frange of B0 angles

obtained with CIRS at low (a� 303) and high (aZ1203) phase angles. We focus on particular regions of

each ring with a radial extent r5000 km on their lit and unlit sides. In this broad range of B0, the data

show that the A, B and C rings’ temperatures vary as much as 29–38, 22–34 and 18–23 K, respectively.

Interestingly the unlit sides of the rings show important temperature variations with the decrease of B0

as well. We introduce a simple analytical model based on the well known Froidevaux monolayer

approximation and use the ring particles’ albedo as the only free parameter in order to fit and analyze

this data and estimate the ring particle’s albedo. The model considers that every particle of the ring

behaves as a black body and warms up due to the direct energy coming from the Sun as well as the solar

energy reflected from the atmosphere of Saturn and on its neighboring particles. Two types of

shadowing functions are used. One analytical that is used in the latter model in the case of the three

rings and another, numerical, that is applied in the case of the C ring alone. The model lit side albedo

values at low phase are 0.59, 0.50 and 0.35–0.38 for the A, B and C rings, respectively.

Published by Elsevier Ltd.
1. Introduction

The main rings of Saturn (A, B and C) can be understood as a
vertically thin disk composed of colliding particles covered with
an almost pure water ice regolith. Their particle sizes range from
centimeters to meters following a power-law size distribution
(q¼�3, French and Nicholson, 2000). The densest and widest of
the three main rings, the B ring, sits in the middle of this system
from 92 000 to 117 580 km from the center of Saturn. The C ring is
much more transparent and narrower than the B ring and spans
from 74 658 to 92 000 km, which is divided into an innermost
homogenous region and an outermost heterogeneous region
(the Plateaus). Beyond the B ring, the Cassini division and the
A ring extend radially from 117 516 to 122 170 km and 122 170 to
Ltd.
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136 775 km, respectively. The A ring seems to be the most dyna-
mic of the main rings as its many density waves and clumpiness
created by self gravitational wakes show.

Since the first detection of the thermal emission of the rings of
Saturn at 10mm in 1969 (Allen and Murdock, 1971), numerous
infrared observations have been made and, with them, significant
steps in the understanding of the properties and dynamics of the
rings have been achieved. Some of the early measurements of
the lit side of the rings showed that the rings had temperatures on
the order of those of the planet itself, � 94 K (Ingersoll et al.,
1980), but also suggested that the rings’ observed temperatures
could vary with the solar elevation angle B0 (Murphy, 1973; Nolt
et al., 1980) (positive on the north side of the rings and negative
otherwise). Although these observations covered different
values of B0 (6.5–261), since they were ground-based observations,
they were restricted to phase angles (a, Sun-rings-observer
angle) r63, thus no temperature variations with a could be
determined.
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Early ground-based models describing the rings’ temperature
dependence on B0, assumed either that the ring particles are
spread in a single plane or ‘‘monolayer’’ (Froidevaux, 1981) or that
the rings are a stack of multiple layers of particles or ‘‘multilayer’’
(Kawata, 1983). Unlike the monolayer approximation, the multi-
layer model deals with the radiative transfer equation and
considers the small-sized particle population contributions. To
date, the vertical structure of the rings is not well understood, but
a growing body of evidence suggests that, at least, the bigger ring
particles may form a monolayer, even in large parts of the A and B
rings (Salo, 1995; French and Nicholson, 2000). However, the
multilayer model remains applicable for the population of smaller
particles that may be easily spread along the vertical direction.

Early models (Froidevaux, 1981; Kawata, 1983) cannot entirely
explain the more recent and detailed observations obtained with
the Cassini composite infrared spectrometer (CIRS) instrument, in
particular, because they were defined considering only ground-
based observations and therefore they are restricted to near zero
phase angle geometries. On the other hand, recent monolayer
(Ferrari et al., 2005; Leyrat et al., 2008) and multilayer (Morishima
et al., 2009) models, which are applicable to any observational
geometry have been able to explain some of the features of the
Cassini CIRS data. Dones et al. (1993) suggest that the A and B
rings may be physically thin, such that their multilayer model was
unable to reproduce the observed ring phase functions at visible
wavelengths and particularly the rings’ low reflectivity at large
phase angles. Nevertheless, the fraction of small particles may be
small, but non-negligible according to observations (Marouf et al.,
1983) and the importance of this fraction could grow with the
elevation of the observer, jBj. The opposition surge seen in
photometric observations was explained by the inter-particle
shadowing effect of packed ring particles in multilayer models
(Lumme et al., 1983). However, recent work by Nelson et al.
(1998) and Poulet and Cuzzi (2002) suggests that coherent
backscatter, in addition to shadow hiding, may be responsible
for the opposition surge observed at low phase angles in visible
wavelengths, so that a multilayer model may no longer be needed
to explain the strong ring opposition surge. Moreover, self-gravity
wake models of Cassini stellar occultation data (Colwell et al.,
2006; Hedman and Nicholson, 2007) support a monolayer of the
largest particles, but fine-scale dynamical structures have been
observed recently (Colwell et al., 2006, 2007), suggesting that, at
least, the A and B rings are far from being a homogeneous
medium. Still, all these models have demonstrated that, regard-
less of the intrinsic organization of the ring particles, their albedo,
as well as their thermal inertia and spin rate are important
physical properties that help to control the temperature of the
rings.

In Section 2, we present and explain the data for our study,
Section 3 describes the implemented models and equations that
explain our data and Section 4 provides the discussion and
conclusions.
2. Data reduction

The composite infrared spectrometer (CIRS) consists of two
Fourier transform spectrometers, which together measure ther-
mal emission from wavelengths of 1400 to 10 cm�1 (7mm to
1 mm) at spectral resolution programmable from 0.5 to 15.5 cm�1

(Kunde et al., 1996; Flasar et al., 2004). The far infrared inter-
ferometer (Focal Plane 1, FP1) covers from 600 to 10 cm�1 (17mm
to 1 mm) and has a 0.251 field of view. The mid-infrared inter-
ferometer consists of two 1�10 arrays of 0.21 pixels, (FP3, FP4)
that together span 1400–600 cm�1 (7–17mm). Each ring region
contains particles at many orientations and temperatures, and
their superimposed emission produces a single spectrum.
A simple model for the observed intensity, I(k), leads to an
expression in terms of a representative temperature, T, and
thermal-derived filling factor b, i.e. IðkÞ ¼ bBðk,TÞ. Here, B(k,T) is
the Planck function related to the field of view (FOV) with a
surface area s, that is emitting at a temperature, T and k is the
wave number. All CIRS spectra analyzed to date resemble Planck
functions so closely that the two parameter fit works exception-
ally well (Spilker et al., 2005, 2006). The fit temperature is a
representative temperature within the footprint; the parameter,
b, is a scaling factor ranging from 0 to 1 that represents the net
emissivity of the ring structure. It includes the IR emissivity of the
individual particles surfaces, the geometrical cross section, and a
component that is dependent upon the temperature distribution
within the field of view.

The extensive set of thermal measurements of Saturn’s main
rings by (CIRS) provides a new information on the rings, since the
temperatures are retrieved for the lit and unlit side of the rings
over a variety of ring geometries (Spilker et al., 2003) that include
a , B0, spacecraft elevation B (both with respect to the ring plane)
and local hour angle c (noon in the direction of the Sun). Saturn
equinox took place in August 2009 which allows us to include
data that cover from near B0 ¼ 233 to 01. With this new set of data
we can get a better picture of the thermal behavior of the rings.

It has been observed that, to first order, the largest tempera-
ture changes on the lit face of the rings are driven by variations in
a, while differences in temperature with changing B and c are a
secondary effect (Altobelli et al., 2009); however, important
variations in temperature are observed at different radial
distances from the planet rS due to optical depth ðtÞ and albedo
variations. These former considerations are taken into account in
order to isolate the effects of B0 on the main rings.

A first general approach to the temperature evolution in the
main rings with changing solar elevation can be observed in Fig. 1.
Fig. 1a shows 12 radial scans of the lit side of the main rings—

outside the planet’s shadow—from �221 to 01 or Saturn’s equinox
(see Table 1 for the observation geometry details) where we can
see how the temperature falls � 40 K on average. Fig. 1b shows 10
complete radial scans of the unlit side of the main rings, which
clearly show a decrease in temperature as well. Notice that both
sides reach similar temperatures at equinox and that, on average,
the lit/unlit temperature gradient at high solar elevations is near
10 K and that this gradient is inversely correlated with the optical
depth (see Table 2 for details on their geometry).

For analysis purposes, we chose regions, in every ring, where t
had quite small variations and selected observations obtained at
rSr20RS to have control of the footprint size (FOV � 5000 km
across, see Table 3 for a summary) such that we observe a single
ring alone. In the case of the A ring our footprints fall in a fairly
uniform region with normal t� 0:63. For the B ring we chose its
optically thickest region ðt44:0Þ, but for consistency in our
calculations with our monolayer approximation, we use t¼ 2:374
as in Hämmen-Anttila and Vaaraniemi, 1975 as maximum
possible value) and for the C ring, a fairly homogeneous region
outside the plateaus with t� 0:08; these regions are highlighted
in Fig. 1a and b with thick lines in the X axis. Moreover, in order to
compare footprints where the particles were under the same
conditions of illumination, we separated the observations of the
lit and the unlit side of every ring and restricted the a and c
values. We only considered a� 301 (low a) and aZ1201 (high a)
as well as c outside of the shadow of Saturn (mainly
6 : 00rcr18 : 00) to avoid the much colder particles in transit
in the shadow or particles heating up after the eclipse.

The available selected data from each ring are shown in
Fig. 6a–c and comprise 03rB0r�23:53. Every point represents
the average of the temperatures measured during every scan. In



Fig. 1. Cassini CIRS main rings radial scans at different solar elevation angles. (Top) The lit side scans cover an interval of � 223 from day 104 (14th April) of 2005 to day

224 (12th August) of 2009. (Bottom) The unlit side scans cover a � 23:13 interval from day 349 (14th December) of 2004 to day 224 (12th August ) of 2009. In both cases,

the optical depth is added as reference (Colwell et al., 2009). The regions of analysis that we consider in this work for each ring are highlighted on the X axis with thicker

black lines.

Table 1
Lit side radial scan properties.

Scan Year Day B0 (deg) a (deg) B (deg) c (h)

1 2005 104 �22.0 31.1 �7.6 16.0

2 2005 177 �21.3 0.3 �21.6 16.9

3 2006 349 �14.6 25.7 �22.4 7.0

4 2007 115 �12.7 15.2 �24.2 7.0

5 2007 298 �10.1 25.0 �2.6 4.7

6 2007 353 �9.2 35.0 �9.3 14.9

7 2008 347 �3.7 32.9 �9.1 15.4

8 2009 18 �3.2 42.3 �22.1 13.0

9 2009 60 �2.5 56.8 �34.0 13.3

10 2009 115 �1.7 51.4 �23.1 13.4

11 2009 175 �0.7 144.0 �34.4 20.0

12 2009 224 0.0 70.9 20.3 9.5

Table 2
Unlit side radial scan properties.

Scan Year Day B0 (deg) a (deg) B (deg) c (h)

1 2004 349 �23.1 52.7 4.1 8.4

2 2006 285 �15.5 66.5 17.2 12.4

3 2007 35 �13.9 47.5 11.7 8.9

4 2008 125 �7.2 22.3 14.9 6.5

5 2008 221 �5.7 28.0 13.0 16.4

6 2008 127 �5.6 41.0 32.5 14.7

7 2008 288 �4.67 31.8 18.5 16.6

8 2008 342 �3.8 29.1 23.0 6.5

9 2009 64 �2.4 45.9 43.4 8.0

10 2009 224 0.0 70.9 20.3 9.5

A. Flandes et al. / Planetary and Space Science 58 (2010) 1758–17651760
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the case of the B ring unlit side data, all a values were considered,
since its temperature variations due to changes in this angle are
negligible. IRIS (infrared spectrometer) data from Voyager 2
(triangles) and ground-based data (diamonds) from different
authors are added to our sets only for comparison purposes. The
Voyager 2 data in the A, B and C rings sets correspond to
the August 1981 Saturn flyby, then B0 � þ83 and B� þ673. The
ground-based data correspond to brightness temperatures of the
lit sides of the A and B rings obtained between 1973 and 1982
(Esposito et al., 1984) in the wavelength range of 18225mm.
3. Model and equations

In this section, we introduce an analytical model based on the
monolayer approximation assuming that the direct solar radiation
and the thermal radiation from Saturn are the most relevant heat
sources. In contrast to the multilayer approach, in the monolayer
Fig. 2. Shadowing curves for different optical depths. Eq. (1) was used in all cases.

The topmost curve corresponds to the C ring. As optical depth increases, the curves

approach the function sinB0 which coincides with the lambertian approximation.

Fig. 3. Ray tracing simulation diagram. The plane of particles is a representation of our

our ‘‘Sun’’ moves along the arc of circle from the plane up to 253 . The position of Observe

angle aHIGH ¼ 1203 . Both, Observers 1 and 2 are at fixed B.

Table 3
Regions of analysis.

RING Region of analysis Approximate particle

(72500 km) Optical depth ðtÞ

A 127 954 0.63

B 105 457 2.73

C 80 943 0.08
model, the determination of the shadowing function, C, which
describes how the projected shadow of each ring particle on the
others varies is quite important. This variation depends both on B0

and t. Furthermore, a more complete shadowing function should
also consider the a and B variations as well. We will use an
analytical shadowing function, CðB0,tÞ, for all three rings and we
introduce two numerical shadowing functions, CðB0,t,aÞ, for the C
ring alone.

3.1. Analytical shadowing function

Froidevaux (1981) introduces the function CðB0,tÞ or random
shadowing function that reproduces the variation of the non-
shadowed fractional area of the ring particles with B0. A good
approximation of CðB0,tÞ is given by Altobelli et al. (2008)

CðB0,tÞ ¼ sinB0

1�expð�tÞ 1�exp
�t

sinB0

� �h i
ð1Þ

Note that limt-1CðB0,tÞ ¼ sinB0, i.e. when t is very large
ðZ1ÞFor infinite for practical purposes—Eq. (1) reduces to the
idealistic lambertian slab model as can be seen in Fig. 2.

3.2. Numerical shadowing function (ray tracing)

For the optically thin C ring alone we propose a numerical
C ¼ CðB0,t,aÞ function, which we obtain through ray tracing at low
and high a values. We chose the C ring because it is optically thin
enough to consist of well-separated ring particles which are more
straightforward to model while the A and B rings are clumpy and
more difficult to model. Ray tracing is a widely used computer
graphics technique where images are generated by tracing the
path of light rays through pixels in an image plane. Ray tracing
can accurately simulate reflection, scattering, refraction and a
good number of optical effects with a high degree of realism,
which help us to track the shadow behavior on our simulated
particles. The ray tracing rendering process was done using the
Maya modeling/animation software–by Autodesk—therefore we
consider the ray tracing details beyond the scope of this work. We
rendered a layer of identical lambertian spherical particles that sit
at random positions, whose average distance between neighbor-
ing particles, d, can be defined as

d¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p=

ffiffiffi
3
p
½1�expð�tÞ�

q
ð2Þ

which is obtained from a similar analysis as that in Hämmen-
Anttila and Vaaraniemi (1975). This implies that when t¼ 0:08, as
in the case of the C ring, d¼6.87 particle radii. A point light source
is set to move in a circular arc, perpendicular to the layer of
particles with center at the center of the distribution of particles.
FOV in the case of the C ring. In order to represent the different solar elevations ðB0Þ

r 1 represents the low phase angle aLOW ¼ 303 and that of Observer 2 the high phase



Point-light source

“S u n”

B’

B

B

aLOW
aHIGH

OBSERVER 1

OBSERVER 2

Fig. 4. C ring particle distribution: examples at two different phase angles. The images show two views of the same particle random distribution. The optical depth of the

distribution corresponds to 0.08. a corresponds to a¼ 303 and b to a¼ 1203 . The Sun is simulated with a point light source at 253 with respect to the layer of particles.

Notice that due to the low optical depth, at this high ‘‘solar elevation angle’’ no mutual shadowing is observed.

Fig. 5. C ring shadowing functions. Dashed line represents the analytical

shadowing function from Eq. (1), triangles are the random shadowing function

by Froidevaux (1981). Both latter curves assume a small or near zero degree phase

angle. Blue continuous lines correspond to our numerical shadowing functions at

low (top) and high (bottom) a values.
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The point source moves 251 relative to the ring plane simulating
the different positions of the Sun with respect to the ring plane in
our range of B0 values. We define two points of observation for
rendering purposes, one at a¼ 303 and another at a¼ 1203. Our
FOV is set at the center of the distribution and a snapshot of it is
taken every 0.21 (see Fig. 3 for a simplified diagram of our array
and Fig. 4 for examples of our FOV at both phase angles when
B0 ¼ 253) as the point light source rises above the layer of particles.
From each rendered image, the non-shadowed fraction of the
particles is calculated based on a pixel analysis, i.e. each black
pixel is assumed to belong to the shadowed fractional area of
the particles and any other to belong to the lit fraction or
non-shadowed fraction. A comparison between the C ring
analytical and numerical shadowing functions (including that
from Froidevaux, 1981) is shown in Fig. 5.
3.3. Energy balance equation

In our model, our most relevant heat sources are the direct
solar radiation and the thermal radiation from Saturn (Fsol and Fth,
respectively), but the reflected solar energy on Saturn’s atmo-
sphere (Fref S

) as well as that reflected and emitted by the ring
particles (Fref p

and Fthp
) are also taken into account. Explicitly, the

equations are as follows:

Fsol ¼ ð1�AV ÞC
S�
r2

ð3Þ

Fth ¼ sT4
S

O
p ð4Þ

Fref S
¼ ASð1�AV Þ

S�
r2

O
2p

L ð5Þ

Fref p
¼ AV ð1�AV ÞC

S�
r2

Op

4p ð6Þ

where the energy balance is

X
i

Fi ¼ f esT4
p 1�

Op

4p

� �
ð7Þ

Notice that the mutual thermal flux between the ring particles
is included on the left side of Eq. (7). S� is the flux received from
the Sun at the orbit of Earth (1370 W m2). AV and AS are the bond
albedos of the ring particles and Saturn, respectively. AS is
assumed to 0.34 (Atreya, 1986). TS is Saturn’s temperature and
Tp is the physical temperature of the particles. r is the footprint’s
heliocentric distance that varies along the elliptic orbit of Saturn.
s is the Stefan–Boltzmann constant and e is the particle’s thermal
emissivity that we assume to be equal to one. We consider the
following solid angles: For Fth, O is the effective angle subtended
by the apparent disc of Saturn as seen by the ring particles and
calculated through O¼

R R
Sð
~r � n̂ dS=r3Þ. Op represents the angle

subtended by the neighboring particles. For the eight closest
neighbors Op ¼ 6½1�expð�tÞ� (Ferrari et al., 2005). Further, f is the
rotation rate factor of the particles. Fast rotators can be
considered isothermal and thus radiating over their whole surface
in which case f¼4. We only consider slow rotators in our analysis,
which are assumed to radiate, on average, over a single hemi-
sphere (f¼2). Although local time may have a minor effect, in
Eq. (5) we add the term L (explicitly L¼ 0:5½1þcosðcþpÞ�)
assuming that not all the footprints considered in our analysis
sit at noon (c¼ 1803) or near noon positions and that the reflected
energy that the particles receive from the atmosphere of Saturn
varies depending on c.



a

b

c

Fig. 6. Cassini CIRS (+, � and &), ground-based (}) and Voyager 2 (n) data that show the temperature variation with the decrease of the solar elevation angle, B0 , in the A

ring (a), B ring (b) and C ring (c) of Saturn. Data are presented at low (a� 303) and high (aZ1203) phase angles for the lit and unlit sides. Colors indicate the range of a
values according to the top color bar and the error bars represent the observed standard deviation. The analytical model given by Eqs. (1) and (8) was used to fit and explain

the CIRS data (only slow rotators, f¼2, are considered) using the visible bond albedo as the only model parameter. The obtained values are shown on the top right of each

curve (see Table 3 as well). The ground-based and Voyager 2 data are only added as reference and were not considered in the fits. In (a) and (b) the three curves represent

(from top to bottom) the nonlinear fits for the lit side at low a, the lit side at high a and the unlit side at high a, respectively. In (c) only two fitting curves are shown, one for

the lit side at low a (top) and one for the lit/unlit sides simultaneously at high a (bottom) considering a very small or no temperature contrast between both sides of the C

ring. Notice also that in the case of the unlit side of the B ring (b, bottom curve) no restriction in phase angle is made.

A. Flandes et al. / Planetary and Space Science 58 (2010) 1758–1765 1763



Fig. 7. Cassini CIRS C ring data fits. The C ring data are the same as in Fig. 5 as well

as the nomenclature and details. Data were fit with Eq. (8), but in this case,

numerical shadowing functions are used in order to account for the phase angle

variation. Unlike the C ring fit from the previous figure, the albedo values at low

and high phase angles are similar.

Table 4
Model albedo values.

SIDE/a A B C(I) C(II)

Lit/low 0.5970.03 0.5170.07 0.3870.02 0.3570.03

Lit/high 0.7070.06 0.6870.04 0.6370.07 0.3070.04

Unlit/high 0.7670.05 0.8870.04 – –

A. Flandes et al. / Planetary and Space Science 58 (2010) 1758–17651764
Let us rewrite Eq. (7) as T4
p ¼

P
i Fi=c0, where c0 accounts for all

constant terms on the right side. If we write the term
P

i Fi

explicitly using Eqs. (2)–(5) and group all constants (except AV), as
c1 ¼ S�c�1

0 , c2 ¼Op=4p, c3 ¼ ASO=ð2pÞLS�c�1
0 , c4 ¼ sT4

S ðO=pÞc�1
0 ,

Eq. (6) may be further rewritten as

T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�AV Þ½c1Cð1þc2AV Þþc3�

1

r2
þc4

4

r
ð8Þ

We use Eq. (8) to fit our data, assuming AV as the only free
parameter, first using the analytical shadowing function given
by Eq. (1) and second, using the numerical functions shown in
Fig. 4 (blue continuous curves). We refer to the first case as
the ‘‘analytical model’’ and to the second as the ‘‘ray tracing
model’’. The analytical model is applied to the lit and unlit side
data of the three main rings at low and high a values. The ray
tracing model is only applied to the C ring at low and high a
values. The resulting curves from both models are shown in
Figs. 6 and 7 (analytical model and ray tracing model,
respectively). The fitted albedo values from both models also
appear in Figs. 6 and 7 to the right of their corresponding curves,
but they can be seen in Table 4 as well with their associated
errors. These obtained albedo values are also presented and
discussed in our conclusions section.
4. Conclusions

4.1. Data highlights

Apart from the difference in the rings’ temperature due to
phase angle effects, the data show that the temperature of the
main rings decreases as B0 declines. On average, in the 241 range
of values of B0, the lit side of the B ring has the largest decrease
(near 45.0 K), from 92.4 K at B0 � 223 to 47.5 K at equinox. The
temperatures of the lit side of the A ring, cooler than the B ring lit
side temperature at all times, decline almost 40.0 K (from 85.8 to
45.8 K). The C ring temperatures, always warmer than the A and B
ring’s, decrease almost 36.0 K. The ground-based and Voyager 2
data—introduced only as reference—are consistent with the CIRS
data and follow similar variations (Fig. 6). One relevant feature is
the difference in temperature between the lit and unlit ring sides
which may give us an idea of the main rings’ vertical structure.
A quite relevant feature is the fact that the temperature of the
unlit sides of the rings decreases with B0 as well, suggesting that
the solar energy that warms the lit sides is transported to the unlit
side. The C ring shows no apparent temperature difference
between its lit and unlit sides, but the A and B rings show
important gradients that decrease with B0. The greatest difference
occurs in the optically thick B ring (416:0 K at high a), while in
the A ring is only 7.0 K. The large B ring lit/unlit side gradient
supports the idea that its large number of particles are very close
together if a monolayer, but if a multilayer, that it may be
composed of layers of moderately close particles. The small or
near-zero lit/unlit side temperature gradient in the C ring may
reinforce the idea that its particles are well separated, such that
they are almost equally illuminated at all times. On the other
hand, the small vertical gradient of the A ring indicates a much
less homogeneous structure if compared to the B and C rings. The
energy transport from the lit to the unlit side is inversely
correlated to t and thus, seems to be more efficient in the A ring
than in the B ring considering that, in the same range of B0 angles,
the unlit side temperature of the B ring decreased almost 25% less
than that in the case of the A ring (the variations are 22.4 and
29.5 K, respectively). From these sets of data, the equinox—or
near equinox—average temperatures are 48, 50 and 65 K for the A,
B and C rings, respectively.
4.2. Analytical model

The analytical model applied to the CIRS data reasonably
reproduces the observed temperature variations in all three rings
at different values of B0 and low a (Fig. 5). Though somewhat
limited, if compared to other numerical approximations
(Morishima et al., 2009), this model may be a useful reference
for a practical analysis.

Although the ring particles are mostly composed of water ice,
the proportion and type of impurities that they contain are
unknown, making the actual albedo values uncertain. The
obtained lit side albedo values at low a are 0.59, 0.51 and 0.38
for the A, B and C rings, respectively. Not surprisingly, at high a,
we find greater values reflecting an obvious underestimation of
the non-shadowed fraction of the ring particles’ surfaces, mainly
due to the phase angle variation. In this latter case, the albedo
values for the lit and unlit sides are—respectively—0.70 and 0.76
for the A ring, 0.68 and 0.88 for the B ring and 0.63 for the C ring,
since we use a single fit for both sides considering a very small or
no lit/unlit side temperature gradient. For ground-based data
(ao63), Froidevaux (1981) finds 0.60, 0.55 and o0:35 for the A, B
and C rings, respectively, assuming slow rotators as well.
The same author also reports unrealistically low albedo values
(o0:05)—for water ice—if particles are assumed to be fast
rotators, which is our case (AV r0:12). The main rings may be
likely composed of a mixture of fast and slow rotators with one of
these populations dominating in each case. For comparison,
multilayer model derived albedo values with a bimodal rotators
distribution are 0.51–0.74, 0.55–0.74 and 0.00–0.52 for the A, B
and C rings, respectively, from Morishima et al. (2009). Other
reference albedo values are 0.52, 0.75 and 0.30 (at around
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570 nm) from Porco et al. (2005). From this model, the
extrapolated equinox temperatures are 45.92, 47.3 and 64.0 K
for the A, B and C rings, respectively. We wish to highlight that the
unlit side temperature variation observed in the data justifies the
application of the model, but its explanation poses a more
complex approach, particularly in the A and B rings, since the
transport of energy from the lit to the unlit side may involve
particle random spin axes as well as vertical motions. Also in
these two rings the wake structure may produce important effects
that need to be taken into account.

4.3. Ray tracing model

In regards to the C ring, in Fig. 5 we observe that the low phase
angle numerical (top blue curve) and analytical shadowing
functions are similar, however, we must bear in mind that the
numerical function was calculated at a¼ 303 while the other two
functions assume zero or near zero phase angles. In the case of the
C ring, better results are obtained through the ray tracing model
(Fig. 6) partly because the ray tracing method successfully
accounts for the phase angle variation, which is confirmed by
the similarity between the different phase angle albedo values.
The albedo values at low and high phase angles are 0.35 and 0.30,
also consistent with values derived by other authors. A plausible
explanation on the discrepancy in these values may be in the fact
that only one type of rotators was considered in contrast, the C
ring may be likely composed of nearly equal percentage of fast
and small rotators (Leyrat et al., 2008).

The present work is a first step towards a more complex model
that describes the temperature behavior of the rings at different
solar elevations in less restricted and idealized cases, for example
a change in the quality of the surfaces of the model particles from
smooth to rough or a change in their shapes from spherical to
non-spherical or simply irregular would sensibly modify the
shadowing conditions and therefore the obtained temperatures.
We also left for a future work corrections in the optically thicker
and more complex A and B rings that take into account the phase
angle variation as we did for the C ring and the temperature
contrast between the lit and unlit sides.
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