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Why study the ring opposition effecte

With the opposition effect,

we can constrain:

- the ring layer
(macro-structure)

- the regolith layer
(micro-structure)

<

-
/‘

ring (interparticle)
shadow hiding

ring roughness

regolith roughness

regolith
shadow hiding

coherent
backscattering

oS ;4 g YTes
g g g‘ 'S
szf)uuo OO ®

X)()(J QOOCOCCCLTO
20000 OOOCCLD
)oompcrr(r)

X300 o Q OOCCLD
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GOWEVER

Coherent backscattering

is a matter of debate among
theorists.

(Shkuratov & Zubko 2008 Icarus
Petrova et al. 2008 Icarus

Qopke & Nelson 2010 JQSRT)

~

Tishkovets & Mischenko 2010 JQSRT
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Using thermal data to narrow down

Thermal Opposition Effect

* observed by Altobelli (2007) in far-infrared
* isindependent of the coherent backscattering

o
o)

Visible Opposition Effect
* observed by Muller (1883)

*k can be explained by coupling of regolith
Shadow Hiding, interparticle Shadowing, and
Coherent Backscattering
(Salo and French, 2010)

o

AV (MAGNITUDE)
o
N

o
o

(o] | 2 3 4 5 6
PHASE ANGLE (DEGREES)
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Why the C ringe

BD(1.5¢4m) from (Hedman et al., 2013)
BD(1.5«m) from (Filacchione et al., 2012)
BD(1.25¢m) x 3 from (Filacchione et al., 2012)
BD(2.0um) from (Filacchione et al., 2012)
PPS Optical depth profile r,,, x 0.5 -0.2

Band depth
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Distance from Saturn (x1000 km)

Elevation |B.| (deg)
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Normal optical depth 7,
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Distance from Saturn (x10°km)

The C ring has very disfinct
radial variations of
microscopic signatures

and macroscopic signatures
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Convolved signatures of CB and SH

Coherent backscattering (Poulet et al., 2002/Shkuratov et al., 1999)
5 VOF | ' ' ' Al o dn15um d : grain size

1.4 1| % d=63um (from Filacchione et al., 2012)
= 1.2F 1l 5 S D : filling factor
10 - 1| 4 d=16.8:m (from Salo & Karjalainen, 2003)

C 1| v d=168um 7 : optical depth

8.2 . {| > d=168m (proxy from Déau et al., 2013)
0.0 : 1.0 1.5

Optical depth .

Interparticle shadowing (Lumme & Bowell,1981) Signo’rure of
: : . , ~ coherent backscatter

is similar to the one of
the interparticle
shadowing.

o

1.0 15
Optical depth 7,

Déau 2014 Icarus In Press
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Previous thermal results

Using CIRS (Composite Infrared Spectrometer) Focal Plane 3 (mid-IR)

Temperature [K]

Termperature [K]

100} T 100}

: | T : - “narrow thermall
' ] ) surge”

10 0 0 0 10 20 30 40 _ 1 1
0 IV s o B ® s P Fied) logarithmic trend

i *L
125 125 125 T ” GO Og (04 + G]
] Ploteau 5 3ockground 81-83 Kkrd - could be alinear
{ ) 110.0 13 o N = t N = 1
115? h = - 1,5'5 :' _ cg 4 ”5} b = ] Trende
e 10; @ 110 : e 110} :
2 t 5 5 [
2 [ . H s t
?. 103} & 3 105; I grosg
= [ - - [
100} 100 wol el &
o5 . 95/ 'y 95
90! goA 90
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Phase [deg] Phose [deg] Phase [deg]

(Altobelli et al., 2007 Icarus)



Problem statement ] Methods & models | Results | Conclusions |
Cring:CIRSpuzzle # 1 o ome

thermal surge
morphology
with T

Is not clear

Platequ 1 {R 84844km) Pldteau 2 (R-BBSDka) F'Iateau 3 (R 88451km)

Thermal {Ploteaux + Backgroeund}
T T

Ternperaturs (K)
Ternperatura (K)
Ternperature (K)

aalas sl s s laaa s liaaaaaag

aalaa sl sl aaaalaaaasaaag aala s s aaala s aalasasaaaaslaaasaaag

D 10 20 30 0 10 20 3G [H] 10 20 30
phase angle {degreea) phase angle (degrees}) phase angle {degreea)

5
=
=
£

F'Iateau 4 {R 89851km) Plateau 5 (R 90509km) Eiackground (R 82914km)

0.2 0.3 r .5
Cptical depth 7

Thermal {Ploteaux + Backgroeund}
o T T T T

Tarnperaturs (K)
Ternperatura (K)
Terperature (K)

phase angle {degrees) phase angle (degrees}) phase angle {degreea) 0.1 Opt?il deptai 04 05
e

(Déau et al., 2012, DPS)




Ternperaturs (K)

Tarnperaturs (K)

125[

F’Iateau 4 (R 89851 km / 'Lau 0. 30?)
125

120}

A=1.27
HWHM = U 13 deg

D 40
phase angle {degrees)

120}

aalaaa sy liasaaaa lasaaaaaay liasaaaaay

A=1.17
HWHM&0.08 jleq

D
phase angle {degrees)

Ternperatura (K)

Ternperatura (K)

(Déau et al., 2012, DPS)

F‘Iatedu 5 {R 90509km / tau 0.355)

125

120

[ Methods & models | Results | Conclusions
C ring : CIRS puzzle # 2

A=1.09
HWHM=0.04 fJeg

0
phase angle (degrees}

A=1.21
HWHM=0.10 deg

aalas sy lasaaaa1 1 lasasaaaay lisaaaaa

0 44
phase angle (degrees}

Terperature (K)

Temperature (K)

Ploteou 3

125

120

115

110

Background (R 82914km / tdu 0.133

125

120

115

110

105

45 1km / tou=9. 239)

A=1.20
HWHM =0.09 Hdeg

phase angle {degreea)

A=1.06
HWHM=0.03 deq
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(H] 40
phase angle {degreea)

Thermal surge
Is surprisingly
very Nnarrow




Plateau 1 (

R=84844km ; 1,,.=0.425)

T T

Temperature T (K)

+ CIRS FP1
@ CIRS FP3

—— A2007 fit | ]

10

20 30 40

Phase angle « (degrees)

Temperature T (K)

Plateau 4 (R=89851km ; 7,,.=0.307)

+ CIRS FP1
@ CIRS FP3

A2007 fit | ]

10

30

Temperature T (K)

Temperature T (K)

Plateau 2 (R=86503km ; 7,,..=0.396)

+ CIRS FP1
@ CIRS FP3

—— A2007 fit

1

Temperature T (K)

Plateau 3 (R=88451km ; 7,.,=0.239)

T T T

+ CIRS FP1
@ CIRS FP3
—— A2007 fit

10 20 30
Phase angle « (degrees)

40

Plateau 5 (R=90509km ; 7,,,=0.355)

10
Phase angle « (degrees)

Background (R=82914km ; 7,,.=0.133)

+ CIRS FP1
@ CIRS FP3

A2007 fit

Temperature T (K)

+ CIRS FP1
@ CIRS FP3
A2007 fit

i‘ 4

10

10 20 30

Fo3 and Fpll
effective
temperatures
are not
compatible

“broad
thermal

Phase angle « (degrees)

(Déau et al., 2012, DPS)

11
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Goal of this work

Unvell the nature of the optical and thermal opposition effects

Define domain of shadow hiding

M

\4

Constrain the rings micro and macro-structures
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Micro and macro signatures data

1.0 ‘
R BD(1.5um) from (Hedman et al., 2013) C @ Plateau 1
- BD(1.5u4m) from (Filacchione et al., 2012) = TR b ' ! 0.5 :E::Z:ﬁg
0.8 — BD(1.251m) x 3 from (Filacchione et al., 2012) — g >cm 1 U”‘%Qﬁ @ Plateau 4
n BD(2.0um) from (Filacchione et al., 2012) ~ & o :Eféﬁg‘r‘oin "
PPS Optical depth profile 7, x 0.5 - 0.2 — [ [ »‘ ’3\ “ '] 04
o 0.6 [ -@0cm .‘;}Ochm
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Band depth - grain size (microscopic signature meta-data)
Optical depth = t-slope (macroscopic signature meta-data)
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2.00 18.0 34.0 50.0 66.0
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05F S =0.00031deg’ .

04F il o Voyager PPS
@ Cassini UVIS (this study)
03F 3| [ Cassini UVIS (PDS data)

ol &g &I EBEE— :

o
'S

Normal optical depth 7,

I|IIIIII|IIII”I||II””IIIIIIIIIIIIII

45
Elevation |B.| (deg)

Background's 7-slope is = zero

Normal optical depth 7,
o
w
llllulllllllllllllllllllllllllllllHlllllllllll]llllllllll

~
(&)
@
o
(o]
(8]

90

(Déau et al., In prep.)

Distance from Saturn (x10°km)
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1SS data

ISS_O10RI_OPHASEOO1_VIMS

~ Phase angle a

\ Plateau 2 (R=86503km ; 7,,;=0.396)

0.01°

(Déau et al., 2013 Icarus)

A=2.49
HWHM=0.57 deg

-

5 10 15 20
phase angle « (degrees)

Plateau 5 (R=90509km ; 7..,=0.355)

Surge amplitude at 0.675¢m from (French et al., 2007) a/b +
PPS Optical depth profile 1., x 0.5 + 1

A=2.17
HWHM=0.47 deg

20
'*”"‘*“*ﬁ\r

Opposition Surge amplitude A
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5 10 15 20

80 85 phase angle « (degrees)
Distance from Saturn (x1000 km)




CIRS data

CIRS_010RI_OPHASEOOT_VIMS

An IR spectrogram

I, (W.cm®.sr'/cm")

Sun @ 9.5 AU 3
CIRS FP4 1
CIRS FP3
CIRS FP1

100 1000
Wavelength (um)

Fol (far IR)

Work with Fp3

in spectral radiance
(15.5um <A < 16um)

not with fit temperature

P
»
c
O
p-

L
&
p—
<
+
o
c
k)
o
>
o
=

Fp3 (med IR)

Fp4 (near IR)

80 85
Radial distance from Saturn (10° km) Puzzle #3 explained
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CIRS data

Add the second portion of
scan a (a = 3°) changes the
space parameter of the
morphological parameters
(puzzle #2 solved)

Phase angle (deg)

1{10°W.am =r j/am )

0.00 10.5 21.0 315 42.0

1 (10°W.om "= Jom

1 (10°'W.cm "5 Jem )

Obs. Observation name

82

Start Date
scana CIRS_O10RI_OPHASE®O1_VIMS 2005-177T03:15:45

N\ = Nanl=lialele RECTo (VSN0 aRilMIOR(CIIM[cAZ=]  scanb  CIRS_08SRI_SUBML20LPOO1_PRIME  2005-140T11:28:15

scanc  CIRS_OO7RI_TEMPL2OLPOO1_PRIME  2005-122T04:01:05

accurate 5|g nal with small error-bars scand  CIRS_OO9RI_SUBML26LPOO1_PRIME  2005-157T03:00:35
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CIRS data

2 strategies

Narrow surge with FP3 in radiance Broad surge with FP3+FP1 in T
Plateau 2 (R=86503km ; 7..:=0.396) Plateau 2 (R=86503km ; 7...=0.396)

A=2.18 + CIRS FP1

@ CIRS FP3
Lin.-exp. fit
Lin. fit

’

L Lin.-exp. fi
,; *#%\ . in.-exp. fit
RS

A=1.13 il
HWHM=28.5 deg

HWHM=0.46 deg

Temperature T (K)

S
£
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-
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?
£
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10 20 30 50 100 150
Phase angle « (degrees) Phase angle « (degrees)
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Models & Methodology

(Déau et al., In prep.)

Model Eq. Prediction Fit Narrow surge  Broad surge [
Logarithmic model Eq.(14)
Logarithmic model Eq.(19)
Logarithmic model Eq.(20)
Linear-by-parts model Eq.(17)
Linear model Eq.(23)
Linear-logarithmic model Eq.(21)
Linear-logarithmic model Eq.(21)
Linear-exponential model Eq.(25)
Coherent backscattering model  Eq.(32)
Shadowing model Eq.(35)
Shielding model Eq.(36)
Thermo-physical model Eq.(37)
Toy-model Eq.(43)
Toy-model Eq.(45)

~
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The perfectly complete model doesn’t exist yet.

Our method is:

(1) Compare morphological parameters that fit the data to microscopic and macroscopic signatures

(2) Compare morphological parameters that fit the data to the ones predicted by radiative transfer models
(3) Derive physical parameters from fit and compare them with the ring properties from independent studies
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(1) Comparison of surge morphology with
MICro and macro-signatures

* Microscopic signature
Water ice band depth
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Optical depth 7, Optical depth 7,

* Macroscopic signature
Slope of opftical depth with elevation

CIRS / FP1+FP3 CIRS / FP3

Fractional slope
Broad surge amplitude
Narrow surge amplitude

puzzle #1
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(1) Comparison of surge morphology with

MICro and macro-signatures
* Composition

VIO/BL-slope

Surge amplitude
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Optical depth 7,
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Distance from Satum (x1000 km)

This slope should probe

a contaminant called the
“UV-absorber”,

see (Hedman et al., 2013)
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Results T

(2) Comparison with predicted trends

Coherent backscattering model

Plateau 1
Plateau 2
Plateau 3
Plateau 4
Plateau 5
Background

Surge amplitude

d (um) L (um)

82 84 86 88 90 92
Distance to Saturn (10’ km)

Interparticle shadowing (ray-tracing)

mono-size distribution

B=21° B'=21° CIRS / FP3

Plateau 1
Plateau 2
Plateau 5
Plateau 4
Plateau 3

Narrow surge amplitude

Background . 00 01 02 03 04 05

Optical depth 7,




Temperature T (K)
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(2) Comparison with predicted trends

Multilayer thermal transport model Roughness model

©.

Visible

f

Standard Bouncing
(A and C rings) (B ring)

085

amplitude A

roughness function
roughness theta (deg)

080

(Morishima et al., 2010) o7sf

T] : rGW OpTiCOl de.pTh : 0.700 5 10 15 20 25 30 10 20 30 40
7,. convolved optical depth to FP1 footprint phaoe angle o) roughness theta (deg
Plateau 2 (R=86503km / 7=0.396) Background (R=82914km /T=,0133)

+ CIRS FP1 ] + CIRS FP1 ] CIRS / FP3

@ CIRS FP3 @ CIRS FP3 3.0

Could be

consistent

if roughness
correlated
e T e with 7 rolp W mmy

Phase angle & (degrees) Phase angle « (degrees) 00 01 02 03 04 05

----1, M2009

2571

Temperature T (K)

2.0

1.5]

Narrow surge amplitude

Optical depth 7.,

Shadowing domain a < 40°
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Conclusions

Compare morphological parameters that fit the data to microscopic and
macroscopic signatures

Compare morphological parameters that fit the data to the ones
predicted by radiative transfer (RT) models

Derive physical parameters from RT model fit and compare them with the
ring properties from independent studies
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Future work

(Déau et al., in prep.)

Constraining the micro and macro-structures of Saturn’s rings by modeling
Cassini optical and thermal opposition effect: 1. The C ring
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