Surface photometric properties from CRISM/MRO
hyperspectral multi-angle observations
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Context: motivation for Mars exploration

Why Mars?
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Physical properties?

brightness of surface
texture (round/rough) and size of grains
with or without internal scatterers



Objective: surface physical properties
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perfect reflection

incidence ray

s planetary surface: granular media
(such as regoliths)

specular reflection

diffuse reflection

s Scattering propreties depending on:
- wavelength
- surface properties (composition,
texture, size grains, roughness,

etc...) anisotropic
scattering

s varied geometric observations are needed !!!



Remote sensing: CRISM instrument onboard MRO

= Sulfate (gypsum)
——Clay (nontronite)
—Silicate (olivine)

"Compact Reconnaissance Imaging
Spectrometer for Mars in Mars
Reconnaissance Orbiter spacecraft

Along-track motion
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[Murchie et al., 2007]
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Remote sensing: CRISM instrument onboard MRO

better characterization of the aerosol optical properties
+
better characterization of the surface photometric properties

combination of hyperspectral and multi-angle data

¥

better estimation of the abundance composition



Remote sensing: CRISM instrument onboard MRO

Full resolution targeted observations
(FRT) - Multi-angle images

= 1x quasi-nadir scan at 18m/pixel
= 10x off-nadir scans at 180m/pixel

surface [

s atmosphere/surface coupling !!!! i: incidence angle, e: emergence
angle, g: phase angle, ¢ : azimuth

- angle
constant i, different e (x60°)
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Surface




Methodology scheme
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Methodology: 1. atmospheric correction

= for surface photometric study:

1. atmospheric correction of CRISM multi-angle observations
to retrieve surface signals

1t <Vé4> . 6 ' 11t 1t <Vé4> . 6 ' 11th
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image image
incoming outgoing incoming outgoing
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Atmosphere

atmosphere/surface signals surface signals

= faint but with significant opacity
s obstacle in sensing the surface
s composed of gases and aerosols




Methodology: Correction for gases

Vertical transmission spectrum

Martian atmosphere: gases of CO, gas in the SWIR
08f b
= composition: 95% COq s 0 W
= assumptions: vertical profil (GCM), : N
altitude - | | W | |
. - ' *****
10 000 1 5I00 20I00 25I00 30I00 35I00 4000
Wavelength
QW [Doute 2009] )
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correction for
az
° gases
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Surface Surface

aerosol and
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Methodology: Correction for aerosols (MARS-ReCO)

Martian atmosphere: aerosols

s composition: mineral and water ice particulates
s assumptions: surface AND aerosols anisotropic properties [Ceamanos et
al. 2012 in preparation]

EOR WA
AR %\WL |
C-S W,
MARS-ReCO

Surface Surface

aerosol/surface SL!rface
signal signal
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Methodologie: Correction for aerosols (MARS-ReCO)

BFR surface - Ross-Thick Li-Sparse model (RTLS) [Lucht 2000].
BRFsurt=p (Mo, H,P)=kL1+kafa(Ho, 4, P)+kviv(Ho, 1, P)

S <

Lambertian function Geometrical optical function  Volumetric function

§/\

\W//
o Wﬁ
éla Sk 2
1'ace p-criven BRDF (Forest) Volume scattering BROF

leaf/vege ohon n ctance

Top-of-atmosphere - Green’s function-based formulation [Lyapustin 2011] :

TOA=R(Ho, 1, $)=Ro(Ho, M, ®)+K{FL(Ho, ) FkaF a(Mo,1,d) f-kvFv(Ho,H,d)+Rnl (1o, 1)

{
¥ %
2N >

RTLS multiplicative factor \

non-linear term

Surface
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Methodologie: Correction for aerosols (MARS-ReCO)

Top-of-atmosphere - Green’s function-based formulation [Lyapustin 2011] :

R_(IJ'Oa M, q)):RD(”O! ”5¢)'+kLF'—(”0! p)"l'kGIFG(I-IO! ”!q)) +kV|FV(|'I0! IMPX
+Rn|(po,|-|ﬂ

Fonctions Rp, F., Fg, Fv, Rni :

- optical properties of mineral aerosols: w, P(g)
- Taer= {0, 0.05, 0.1, 0.2, 0.33, 0.5, 0.75, 1, 1.4, 2.0, 2.8, 4}
- geometry condition
00={14°, ..., 81°}; 6={0°, ..., 70°} with A=0.02°
¢={0°, ..., 180°} with A=3°

— simulated using DISORT [Stamnes et al. 1988] = look-up table (LUT)

—> estimation nearest neighbough geometry with linear interpolation according
oT
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Methodology: Bayesian inversion procedure

= State of information defined by a probability density (a riori\
function (PDF) over the parameter and data spaces FE)DF
[Tarantola and Valette, 1982] 9 p
® prior information/PDF:
- an uniform PDF for each model parameters
{k., ks, k.}in the physical range —
- agaussian PDF for CRISM data conjonction
of the a
® baye’s theorem applied to infer solutions _ priori info.
om(m) =k pM(m) L(m)
pD( d \ m) 8 theoritical relation between d and m
/8d K nul information PDF for d \/

k constant 4 a N
® posterior information/PDF: PDF surface kernel posteriori
WelghtS K= {kL,kG,kV} PDF

U J

MARS-ReCO: quasi linear expression — iterative analytical inversion
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Sensitivity study: validation

Synthetic data mimicking the CRISM observations

Validation of BRF provided by MARS-ReCO
comparison between reference and retrieved BRF models

example: soil unit, AOT=0.5, 80=30°,$={30°,150°} as for MRO flyby

MARS-
ReCO

> comparison <

v
2 red rocks
2 soils
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Sensitivity study: validation

Synthetic data mimicking the CRISM observations

Validation of BRF provided by MARS-ReCO
comparison between reference and retrieved BRF models

example: soil unit, AOT=0.5, 80=30°,$={30°,150°} as for MRO flyby

ReCO
Reference Hapke’s model Error in % Retrieved RTLS model
80 80 __
53 | _ 0.24 53 0.24
27t & 27 |
< 0.22 < <
N 0]¢3 : N 0} 0.22
271 S 27 i\
‘ 0.2 0.2
53 | 53
80 80

80 53 27 0 27 53 80

80 53 27 0 27 53 80 80 53 27 0 27 53 80

» comparison <

validation
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Methodology

s for surface photometric study:

2. retrieval of the surface photometric properties from
retrieved surface signals
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Methodology: Hapke’s photometric model

= semi-empirical photometric model: Hapke’s model [Hapke, 1993]

- common photometric parameters Je.g., Johnson et al., 2006a, 2006b, Jehl et
al., 2008, Souchon et al., 2011]

w Lo _

r(iaevngabvcvevBovh): AT (,UO"_,LL) {[1+B(97B07h)]P(gvbac)+H(M07W)H(Iu7w)_1}5(2767979)

T

Measured surface
bidirectional
reflectance

in function of 6 photometric
parameters
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Methodology: Hapke’s parameters

w ‘\./ Opposition
effects (0<B0<1, —
S J _
000 constrained only Macroscopic
Single scattering  With phase angle roughnefos
albedo (O<w<1) <20° (0<6<45°)

l l 1

T(i,e,g,w,b,c,é’,BO,h): Z_‘_ (,u()luj,u) {[1+B(gaBoah)]P(g7bTC)—I_H(MO?C‘J)H(M?M)1}3(2767970)
Phase function, 2 term of Henyey-Greenstein function
Backscattering Asymmetric
fraction parameter
(0O<c<1) (0<b<1)
0<c<05 0,5<c<1 b=0
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Methodology: Bayesian inversion procedure

State of information defined by a probability density (a riori\
function (PDF) over the parameter and data spaces FE)DF
[Tarantola and Valette, 1982] 9 p

® prior information/PDF:
- an uniform PDF for each model parameters in
the physical range —
- a gaussian PDF for BRF from MARS-ReCO conjonction
of the a
® baye’s theorem applied to infer solutions _ priori info.
om(m) =k pM(m) L(m)
pD( d \ m) 8 theoritical relation between d and m
/ od K nul information PDF for d \/
k constant 4 a N
® posterior information/PDF: PDF surface photometric posteriori
parameters PDF
U J

Hapke’s model: non linear expression = Monte Carlo approach
implying Markov chain
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Application to CRISM data set: Gusev Crater

Color-coded Elevations on Mars, MOLA Altimeter, MGS Mission
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elevation meters

s in situ photometric measurements
from Pancam instrument on Spirit
[Johnson et al., 2006]

VALIDATION WITH REAL DATA

estimated photometric parameters at
A=750 nm

DT2EC_001513_

NASA/JPL/University of Arizona/USGS

1655_001777_1650_U01

MRO/HIRISE




Application to CRISM data set: Gusev Crater
Full resolution targeted observations (FRT) - Multi-angle images
= 1 sequence only = 11 emergences
s combination with varied incidence angles: a better BRF sampling

s heliosynchroneous orbit of MRO: different illuminations = different
seasons ! (observations with less surface changes !!!)

phase function

1 X FRT1
X FRT2

0.8 F X FRTS3
S 0.6
©
i))
% 04 X

"
0.2 F XX X XXX XXX
3D scattering lobe 0O 30 60 90 120

phase angle
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Methodology: inversion procedure

a priori hypothesis: uniform PDF for the
parameter / a gaussian PDF for data
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Application to CRISM data set: Gusev Crater

Confrontation with experimental measurements (McGuire and Hapke,
1995, Souchon et al., 2011)
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1. consistent with L-shape defined by artificial and natural samples
2. broad backscattering properties
3. 3FRTs are necessary to be close to experimental results
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Application to CRISM data set: Gusev Crater

DT2EC_001513_1655_001777_1650_U01

Confrontation with in situ photometric
measurements (Johnson et al., 2006)

1 W Landing site (Sol013)
B Bonneville rim (Sol087)
NW of Missoula (Sol102)

°° 1 4 3 82:23 ROl I
I CRISM ROI 1l
CRISM ROI IV
3 2
|
w
at A=750 nm
Pancam:
0,65<w<0,85
CRISM:
0,69 <w<0,79
Gray Rock Red Rock Soil CO ns | Ste nt
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Application to CRISM data set: Gusev Crater

DT2EC_001513_1655_001777_1650_U01

Confrontation with in situ photometric
measurements (Johnson et al., 2006)
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Application to CRISM data set: Gusev Crater

Confrontation with In situ photometric measurements (Johnson et al.,
2006) DT2EC_001513_1655_001777_1650_U01 e
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Artificial particles (L-shape) ¢ 3 combined CRISM FRT observations (Gusev Crater) _
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@ Gray Rock (NW of Missoula Sol 102-103) B Red Rock (NW of Missoula Sol 102-103) spat|a||y consistent with
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soil unit
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Application to CRISM data set: Gusev Crater

Confrontation with In situ photometric measurements (Johnson et al.,
2006)

DT2EC_001513_1655_001777_1650_U01

iR
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‘

Landscape, dominated by soil
(unconsolidated materials)
Panaroma from Spirit

consistent with soil unit !!!

NASA/JPL/University of Arizona/USGS MRO/HIRISE



Conclusion
The novelties:

= hyperspectral multiangular data by CRISM: better characterize
the surface and aerosol scattering properties

= new aerosol correction (MARS-ReCO):
determination more precisely the surface BRF

b, ¢, w, 8 from CRISM consistent with in situ photometric results
(Johnson et al., 2006)

VALIDATION

to map the surface physical properties

Perspectives:

to do laboratory experiments to improve our knownledge of the meaning
of each physical parameters

to study the photometric parameters in function of wavelength
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Application to CRISM data set: Gusev Crater

Confrontation with experimental measurements (McGuire and Hapke,
1995, Souchon et al., 2011)
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Sensitivity study

Limits of MARS-ReCO

Rate of unsuccessful retrievals
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