
Surface photometric properties from CRISM/MRO 
hyperspectral multi-angle observations

Jennifer Fernando1, Frédéric Schmidt1, Xavier Ceamanos3, Sylvain Douté3, Patrick Pinet2, 
et Yves Daydou2 
1 IDES, Univ. Paris Sud 11, France
2 IRAP, Univ. Paul Sabatier, France
3 IPAG, Univ. Joseph Fourier, France

 
Institut de Recherche en Astrophysique et Planétologie 

CNRS - Université Paul SABATIER  
9 avenue du Colonel Roche - Boîte postale  44346  - 31028 Toulouse Cedex 4  

 Tél. : 05 61 55 66 66  - Fax : 05 61 55 86 92 
 

 

 

              

 

Toulouse, le 13 Juin 2011, 

Avis et lettre de recommendation pour Jennifer Fernando à une candidature au 
contrat doctoral 2011-2012 

Madame, monsieur, 

J’ai assuré pour moitié l’encadrement du stage de Master2 de Mademoiselle Jennifer 
Fernando. Ce stage, articulé entre Toulouse et Orsay (F. SCHMIDT, laboratoire IDES), portait sur 
la caractérisation photométrique de la surface martienne au moyen des observations de 
spectroimagerie multiangulaire orbitale en cours d’acquisition par l’instrument CRISM (Mars 
Reconnaissance  Orbiter). L’objectif ambitieux affiché dans ce stage visait à séparer dans le signal 
intégré (surface + atmosphère) les effets liés à la contribution atmosphérique (gaz, aérosols) de ceux 
liés directement à l’état de surface proprement dit, donnant accès à des investigations de nature 
géologique. Ce problème reconnu comme très difficile à traiter par la communauté internationale 
voit ici une solution prometteuse, la surface étant considérée non lambertienne (ce qui est 
physiquement le cas), à la différence des approches menées jusque-là. 

La validation de la méthode a été réalisée au sein du cratère Gusev, en confrontant les 
résultats produits avec ceux atteints antérieurement par des données multiangulaires, acquises in 
situ par la caméra panoramique PanCam du rover Spirit, et donne lieu à des résultats physiquement 
très cohérents qui ouvrent la porte à de nombreuses possibilités au plan de la géologie martienne. 

L’analyse s’est appuyée sur une méthodologie numérique d’inversion des fonctions de phase 
produites à partir des données CRISM. Ce stage a permis à Jennifer Fernando de développer ses 
compétences en analyse numérique, en traitement d’image, et sur la physique des processus de 
diffusion optique, avec la mise en œuvre d’un code de transfert radiatif adapté à l’étude des 
régolites planétaires. Au cours de son stage faisant appel à des notions pluridisciplinaires complexes 
et mené dans le cadre d’une collaboration inter-laboratoires, impliquant l’IDES à Orsay, l’IRAP à 
Toulouse et l’IPAG à Grenoble (partie atmosphère), J. Fernando s’est révélée être une étudiante 
travailleuse, brillante et motivée, douée d’une compréhension rapide, d’une excellente aptitude à 
mettre en oeuvre les outils et méthodes numériques de traitement, le tout allié à une très bonne 
capacité de synthèse. Jennifer Fernando a en outre un sens relationnel inné qui lui permet d’interagir 
très efficacement au sein d’une équipe de recherche.  

Je considère qu’elle a toutes les qualités requises pour réaliser un excellent travail de thèse. 
 

Dr. Patrick PINET, Directeur de Recherche CNRS 
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Context: motivation for Mars exploration
Why Mars?

Characteristics
seasons
atmosphere

chemical 
and 

physical 
alterations

Geological process
aelian (past, present)
aqueous (past)

Recorded in
composition
physical state 
of surface

climate

granular Martian 
surface

Physical properties?

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

ρ(i,e,φ)

incidence ray

absorption

specular reflection

diffuse reflection

diffuse refraction

perfect reflection

specular refraction

Objective: surface physical properties
How?

anisotropic 
scattering

planetary surface: granular media 
(such as regoliths)

Scattering propreties depending on: 
- wavelength
- surface properties (composition, 

texture, size grains, roughness, 
etc...)

varied geometric observations are needed !!!
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Remote sensing: CRISM instrument onboard MRO

CRISM*

*Compact Reconnaissance Imaging 
Spectrometer for Mars in Mars 

Reconnaissance Orbiter spacecraft

Spectro-imagery

Multi-angular data 

7

Each readout of the detector is 1 line of

a spatial image. The whole image is

built as MRO moves along its ground

track.

Each pixel has a spectrum whose

absorptions can be compared with

minerals

  Along slit

  W
av

el
en

gt
h

  
A

lo
n

g
-t

ra
c
k
 m

o
ti

o
n

Each pixel

has a

spectrum

1 frame

Successive

frames

Basic Structure of the Data: A Cube Composed

of Successive Frames Acquired Along Track

Hyperspectral data
(0,36 to 3,92 μm)

[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 
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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
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ϕin! ϕout!Atmosphere
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i: incidence angle, e: emergence 
angle, g: phase angle, ϕ: azimuth 

angle 

atmosphere/surface coupling !!!!

ρ(i,e,φ)=I/πF
I: intensity, F: solar flux 

received at surface

bidirectional reflectance
Radiometric unit: 
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Methodology scheme

TOA 
reflectance

BRF 
surface

surface 
photometric 
parameters

BR
F

BR
F

BR
F

angular configuration angular configurationangular configuration
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Methodology: 1. atmospheric correction
for surface photometric study: 

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

atmosphere/surface signals surface signals

Surface

…!

Surface!

Atmosphere!

target!

11th!6th!1st!

…!

θ≈70º! θ≈70º!θ≈0º! θ≈30º!θ≈30º!

ϕin! ϕout!Atmosphere

nadir 
image

incoming 
EPF

outgoing 
EPF

Surface

…!

Surface!

Atmosphere!

target!

11th!6th!1st!

…!

θ≈70º! θ≈70º!θ≈0º! θ≈30º!θ≈30º!

ϕin! ϕout!

nadir 
image

incoming 
EPF

outgoing 
EPF

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

BRF
Atmosphere

Methodology: Correction for gases

Martian atmosphere: gases

composition: 95% CO2
assumptions: vertical profil (GCM), 
altitude

aerosol and 
surface signal

correction for 
gases

gases/aerosol and 
surface signal

[Douté 2009]

Surface

BRF
Atmosphere

gaz

aerosol aerosol
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Surface

BRF
Atmosphere

Methodology: Correction for aerosols (MARS-ReCO)

Surface

ρ(i,e,g)

Martian atmosphere: aerosols

surface 
signal

MARS-ReCO

aerosol/surface 
signal

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

ρ(i,e,g)
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Methodologie: Correction for aerosols (MARS-ReCO)
 BFR surface - Ross-Thick Li-Sparse model (RTLS) [Lucht 2000]: 

BRFsurf=ρ(μ0,μ,φ)=kL1+kGfG(μ0,μ,φ)+kVfV(μ0,μ,φ)

Lambertian function Geometrical optical function Volumetric function

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

TOA=R(μ0,μ,φ)=RD(μ0,μ,φ)+kLFL(μ0,μ)+kGFG(μ0,μ,φ)+kVFV(μ0,μ,φ)+Rnl(μ0,μ)

RTLS multiplicative factor
atmospheric path reflectance

non-linear term

Surface

ρ(i,e,φ)
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Methodologie: Correction for aerosols (MARS-ReCO)

Fonctions RD, FL, FG, Fv, Rnl :
- optical properties of mineral aerosols: ω, P(g)
- τaer= {0, 0.05, 0.1, 0.2, 0.33, 0.5, 0.75, 1, 1.4, 2.0, 2.8, 4}
- geometry condition 

θ0={14°, ..., 81°}; θ={0°, ..., 70°} with Δ=0.02°
φ={0°, ..., 180°} with Δ=3°

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

➙ estimation nearest neighbough geometry with linear interpolation according 
to τ

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

R(μ0,μ,φ)=RD(μ0,μ,φ)+kLFL(μ0,μ)+kGFG(μ0,μ,φ)+kVFV(μ0,μ,φ)
+Rnl(μ0,μ)
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Methodology: Bayesian inversion procedure
State of information defined by a probability density 
function (PDF) over the parameter and data spaces 
[Tarantola and Valette, 1982]

prior information/PDF: 
- an uniform PDF for each model parameters 

{kL,kG,kV} in the physical range
- a gaussian PDF for CRISM data

bayeʼs theorem applied to infer solutions

Figure 4: The output BRDF (in BRF unit) from MARS-ReCO procedure in function of angular configurations by CRISM
instrument and its uncertaintly estimated for each geometry. These are the input values used to the bayesian inversion.

2.3.4 Inverse surface model: Bayesian inversion (fig. 1 - step 8)

The «inverse problem» consists on infering the values of the model parameters which characterize the observation. Un-
fortunately, the inverse problem has not an unique solution if the «direct problem» is complex, such the Hapke’s model.
Tarantola and Valette (1982) proposed to solve the “inverse problem” in the general non-linear case based on the concept
the «state of information» which are characterized by defining a Probability Density Function (PDF) over the parameter
space and the observed space. The formalism of PDF is used to define the initial state of information (a priori knowl-
edge about the data, the uncertainties and the model) called prior PDF and the solution, called the posterior state of
information. To infer the solution, the Bayes theorem is applied.

Data, model parameters and theoretical relationship: The direct model consists on computing the simulated
data d, from model parameters m, knowing physical law F as:

d = F (m) (6)

Prior information and prior probability density functions: The prior information on model parameters ρm(m)
in the model space (M) is independent to the data and correspond to the state of null information. For all the Hapke’s
model parameters ω, b, c, θ̄, B0 and h, we consider an uniform PDF insuring their physical relevance (between 0 and 1
for ω, b, c, B0 and h and between 0◦ and 90◦ for θ̄). Outside the intervals, the PDF is null, avoiding unphysical solution
to appear.

The prior information on data ρd(d) in the observation space (D) is assumed to be a gaussian PDF as the output of the
MARS-ReCO retrieval. As a reminder, MARS-ReCO assumed that the noise of the TOA radiance is gaussian due to the
summation of different noises (pixel binning). The variance is defined with a constant signal to noise ratio. At 750 nm, the
signal to noise ratio was estimated at the ground to be 450 [Murchie, S. et al., 2007] but due to the space environment,
spikes and noise are produced and we estimate the uncertainty of the CRISM data to be 1/50 and of the AOT [Ceamanos ,
2012]. Moreover, MARS-ReCO takes into account the uncertainty of the AOT input too. Finally, for example, figure 4
presents the output BRDF of MARS-ReCO procedure and its uncertainty for each geometry. Those are used as the input
values in the bayesian inversion.

Posterior probability density function and resolution of inverse problems: In inverse problems corresponding
to the case in combining information from (D) space to (M) space, the posterior PDF σ$m(m) is the combination of the
prior probability distributionby defining the conditional probability density [Tarantola and Valette, 1982]:

σM (m) = k ρM (m)L(m) (7)

8

where k is a constant and L(m)is the likelihood function:

L(m) =

ˆ

D
∂d

ρD(d) θ(d | m)

µD(d)
(8)

where θ(d | m) is the theoretical relationship by the PDF for d given m, and μD(d) is null information PDF for the data
d.

Sampling of solutions to inverse problems: In our case, the theory (Hapke photometric model) that relates model
parameters to observed data is nonlinear. Hence it is not possible to describe the posterior PDF analytically, but it can
be sampled using a Monte Carlo approach [Mosegaard and Tarantola , 1995]. Markov chain is used to sample the posterior
PDFs. After a number of steps, the state of the chain corresponds to the desired distribution. We estimate that the best
compromise between the computation time and accuracy is a burn-in phase of 500 steps. Then, 500 iterations are used to
estimate the posterior PDF, by computing the mean and standard deviation of each parameters.

Non-uniformity criterion k: A photometric parameter m is constrained if its marginal posterior PDF differs from
the prior state of information (null information, uniform distribution for our case). We performe a statistical test, the
non-uniformity criterion k in order to distinguish if parameter is constrained or not (see Appendix A). For k > 0.5, the
marginal posterior PDF is considered to be non-uniform and the mean and standard deviation of the PDF are estimators
of the solution(s).

3 Results of retrieved photometric parameters

As mentioned in part 2.1.2, we select three CRISM observations at Gusev Crater and four at Meridiani Planum (cf. table
1) and they are corrected for gases and aerosols by using MARS-ReCO procedure and their respective AOT (cf. table
1). From the corrected BRDF, we retrieve the surface photometric parameters for four ROIs (from ROI I to ROI IV) for
Gusev Crater and one ROI for Meridiani Planum (ROI I).

For each ROI, we retrieve the surface photometric parameters at 750 nm from: (i) a single CRISM FRT observation or
(ii) a combination of all available CRISM FRT observations (combination of FRT3192, FRT8CE1 and FRTCDA5 in case
of Gusev Crater and combination of FRT7D6C, FRT95B8, FRT334D and FRTB6B5 in case of Meridiani Planum) with
complementary phase angle ranges. The table 2 presents the phase domain range and the available number of angular
configurations for each CRISM observation.

For each retrieved photometric parameters (ω, b, c, θ̄, B0 and h), we determine the mean value and the standard deviation
retrieved from the bayesian inversion procedure. The non-uniform criteria noted k are also obtained (cf. table 3 for Gusev
Crater and table 4 for Meridiani Planum).

In following, the non-uniform criteria (k) allow us to distinguish the parameters which are constrained by the data set
from those which are not and the standard deviation to distinguish the parameters which are more or less constrained.
Thanks to these two criteria, we can evaluate in which case the CRISM data set constrains or not the retrieved photometric
parameters. For each MER’s site, we study the retrieval of the photometric parameters in two cases: (i) from one FRT
observation and (ii) from combined FRT observations.

3.1 On Gusev Crater

Table 3 present all results at Gusev crater, as a function of the parameter and as a function of ROI. By using one CRISM
FRT observation, several tendencies can be observed as:

• Parameters B0 and h are not constraint in all cases (k ! 0.5). In fact MARS-ReCO does not consider the
opposition effect [Ceamanos , 2012]. Consequently accurate values for B0 and h cannot be retrieved and no physical
interpretation can be done.

• Parameter ω is constrained in all cases (k ∼ 1) and the standard deviation shows that it is the most constrained
(0.08 < σ$ < 0.10).

• Parameter b is constrained for FRT8CE1 and FRTCDA5 (k > 0.5) but the standard deviation shows that it is poorly
constraint (0.27 < σ$ < 0.31). For FRT3192 the parameter b is not constraint for ROI I and ROI II (k < 0.5) and
poorly constrained for the others (0.24 < σ$ < 0.25).
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θ theoritical relation between d and m
μ nul information PDF for d
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posterior information/PDF: PDF surface kernel 
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MARS-ReCO: quasi linear expression ➙ iterative analytical inversion
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Sensitivity study: validation
Synthetic data mimicking the CRISM observations 

Reference BRF 
Hapkeʼs model

CRISM-like 
synthetic data

Retrieved BRF 
RTLS model

MARS-
ReCO

4 types of 
components 
observed by 
MER-spirit

comparison

2 red rocks
2 soils

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

example: soil unit, AOT=0.5, θ0=30°,φ={30°,150°} as for MRO flyby
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Sensitivity study: validation

Reference BRF 
Hapkeʼs model

CRISM-like 
synthetic data

Retrieved BRF 
RTLS model

MARS-
ReCO

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

example: soil unit, AOT=0.5, θ0=30°,φ={30°,150°} as for MRO flyby
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Figure 7: Surface BRF corresponding to material Soil-1 generated using (left) the reference Hapke’s model, and (center) the RTLS
model retrieved by MARS-ReCO from a TOA photometric curve set by τaer = 0.5, θ0 = 30◦ and ϕin,ϕout = {30◦, 150◦}. (right)
Difference in percentage between the BRF obtained by the Hapke’s model and the RTLS model. Red stars show the geometry of the
eleven measurements of the synthetic photometric curve, while the sun position is marked with a yellow star. The BRF is plotted in
polar coordinates using a dense grid of VZA and relative azimuthal angle (see text for details). The value of SZA is fixed to the one of
the investigated photometric curve. Note that the backscattering direction is situated at the right-hand side of the plots.

calculated using a RTLS model fed by the ksol retrieved by MARS-ReCO. Lastly, Figure 7 on page 24 (right)

expresses the quality of the retrieval by plotting the difference between both BRF data sets in percentage. As it

can be seen, MARS-ReCO satisfactorily retrieves a surface model with two scattering lobes in the backward and

forward directions. This result is in agreement with the low BRF standard deviation, i.e. σρ = 0.004, provided

by MARS-ReCO in this case. The sole dissimilarity is observed when θe ≈ 80◦ where the surface becomes more

anisotropic and thus the limitations of the RTLS model become significant, resulting in an error of up to 10%.

The same experiment is repeated in Figure 8 on page 25 for a greater atmospheric opacity τaer = 3. This configu-

ration results in a higher standard deviation of σρ = 0.086, which is well correlated with an average BRF error of

8.9% for the eleven geometries. Indeed, the error of the retrieved surface photometric curve indeed is not very high

as, a part from the high AOT, the acquisition conditions are quite favorable. However, the retrieved surface model

overestimates the BRF at rather extreme VZA values (i.e. θ > 70◦).

Figure 9 on page 26 explores the impact of extreme illumination conditions by repeating the experiment in Figure 7

on page 24 with θ0 = 80◦ (phase range equal to 30◦ < g < 138◦). This angular configuration results in the retrieval

of an unphysical BRF model, with an underestimated backscattering lobe and an overestimated forward scattering

feature. Similar to Figure 8 on page 25, the average BRF error along the eleven geometries is moderate (i.e. 8.4%)
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Figure 7: Surface BRF corresponding to material Soil-1 generated using (left) the reference Hapke’s model, and (center) the RTLS
model retrieved by MARS-ReCO from a TOA photometric curve set by τaer = 0.5, θ0 = 30◦ and ϕin,ϕout = {30◦, 150◦}. (right)
Difference in percentage between the BRF obtained by the Hapke’s model and the RTLS model. Red stars show the geometry of the
eleven measurements of the synthetic photometric curve, while the sun position is marked with a yellow star. The BRF is plotted in
polar coordinates using a dense grid of VZA and relative azimuthal angle (see text for details). The value of SZA is fixed to the one of
the investigated photometric curve. Note that the backscattering direction is situated at the right-hand side of the plots.

calculated using a RTLS model fed by the ksol retrieved by MARS-ReCO. Lastly, Figure 7 on page 24 (right)

expresses the quality of the retrieval by plotting the difference between both BRF data sets in percentage. As it

can be seen, MARS-ReCO satisfactorily retrieves a surface model with two scattering lobes in the backward and

forward directions. This result is in agreement with the low BRF standard deviation, i.e. σρ = 0.004, provided

by MARS-ReCO in this case. The sole dissimilarity is observed when θe ≈ 80◦ where the surface becomes more

anisotropic and thus the limitations of the RTLS model become significant, resulting in an error of up to 10%.

The same experiment is repeated in Figure 8 on page 25 for a greater atmospheric opacity τaer = 3. This configu-

ration results in a higher standard deviation of σρ = 0.086, which is well correlated with an average BRF error of

8.9% for the eleven geometries. Indeed, the error of the retrieved surface photometric curve indeed is not very high

as, a part from the high AOT, the acquisition conditions are quite favorable. However, the retrieved surface model

overestimates the BRF at rather extreme VZA values (i.e. θ > 70◦).

Figure 9 on page 26 explores the impact of extreme illumination conditions by repeating the experiment in Figure 7

on page 24 with θ0 = 80◦ (phase range equal to 30◦ < g < 138◦). This angular configuration results in the retrieval

of an unphysical BRF model, with an underestimated backscattering lobe and an overestimated forward scattering

feature. Similar to Figure 8 on page 25, the average BRF error along the eleven geometries is moderate (i.e. 8.4%)
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Figure 7: Surface BRF corresponding to material Soil-1 generated using (left) the reference Hapke’s model, and (center) the RTLS
model retrieved by MARS-ReCO from a TOA photometric curve set by τaer = 0.5, θ0 = 30◦ and ϕin,ϕout = {30◦, 150◦}. (right)
Difference in percentage between the BRF obtained by the Hapke’s model and the RTLS model. Red stars show the geometry of the
eleven measurements of the synthetic photometric curve, while the sun position is marked with a yellow star. The BRF is plotted in
polar coordinates using a dense grid of VZA and relative azimuthal angle (see text for details). The value of SZA is fixed to the one of
the investigated photometric curve. Note that the backscattering direction is situated at the right-hand side of the plots.

calculated using a RTLS model fed by the ksol retrieved by MARS-ReCO. Lastly, Figure 7 on page 24 (right)

expresses the quality of the retrieval by plotting the difference between both BRF data sets in percentage. As it

can be seen, MARS-ReCO satisfactorily retrieves a surface model with two scattering lobes in the backward and

forward directions. This result is in agreement with the low BRF standard deviation, i.e. σρ = 0.004, provided

by MARS-ReCO in this case. The sole dissimilarity is observed when θe ≈ 80◦ where the surface becomes more

anisotropic and thus the limitations of the RTLS model become significant, resulting in an error of up to 10%.

The same experiment is repeated in Figure 8 on page 25 for a greater atmospheric opacity τaer = 3. This configu-

ration results in a higher standard deviation of σρ = 0.086, which is well correlated with an average BRF error of

8.9% for the eleven geometries. Indeed, the error of the retrieved surface photometric curve indeed is not very high

as, a part from the high AOT, the acquisition conditions are quite favorable. However, the retrieved surface model

overestimates the BRF at rather extreme VZA values (i.e. θ > 70◦).

Figure 9 on page 26 explores the impact of extreme illumination conditions by repeating the experiment in Figure 7

on page 24 with θ0 = 80◦ (phase range equal to 30◦ < g < 138◦). This angular configuration results in the retrieval

of an unphysical BRF model, with an underestimated backscattering lobe and an overestimated forward scattering

feature. Similar to Figure 8 on page 25, the average BRF error along the eleven geometries is moderate (i.e. 8.4%)
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for surface photometric study: 
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Methodology: Hapkeʼs photometric model

Measured surface 
bidirectional 
reflectance

in function of 6 photometric 
parameters

semi-empirical photometric model: Hapkeʼs model [Hapke, 1993]

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

r (i, e, g,ω, b, c, θ, B0, h) =
ω

4π

µ0

(µ0 + µ)
{[1 +B(g,B0, h)]P (g, b, c) +H(µ0,ω)H(µ,ω)− 1}S(i, e, g, θ̄)

1
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r (i, e, g,ω, b, c, θ, B0, h) =
ω

4π

µ0

(µ0 + µ)
{[1 +B(g,B0, h)]P (g, b, c) +H(µ0,ω)H(µ,ω)− 1}S(i, e, g, θ̄)

1

Methodology: Hapkeʼs parameters

Single scattering 
albedo (0<ω<1)

Phase function, 2 term of Henyey-Greenstein function

Asymmetric 
parameter

(0<b<1)

Backscattering 
fraction
(0<c<1)

0,5<c<10<c<0,5 I0I0

Opposition 
effects (0<B0<1, 

0<h<1) 
constrained only 
with phase angle 

< 20°

b ≈ 1

b ≈ 0

Macroscopic 
roughness 
(0<θ<45°)

PLANCHE 3 : LES PARAMÈTRES PHYSIQUES DU MODÈLE DE HAPKE (HAPKE, 1993)
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transparente
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- si h proche de 1 matériau peu poreux
- si h proche de 0 matériau très poreux

somme de la rugosité de surface à 
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θ1

RUGOSITÉ MACROSCOPIQUE DE SURFACE

θ2

pixel
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Methodology: Bayesian inversion procedure
State of information defined by a probability density 
function (PDF) over the parameter and data spaces 
[Tarantola and Valette, 1982]

prior information/PDF: 
- an uniform PDF for each model parameters  in 

the physical range
- a gaussian PDF for BRF from MARS-ReCO

bayeʼs theorem applied to infer solutions

Figure 4: The output BRDF (in BRF unit) from MARS-ReCO procedure in function of angular configurations by CRISM
instrument and its uncertaintly estimated for each geometry. These are the input values used to the bayesian inversion.

2.3.4 Inverse surface model: Bayesian inversion (fig. 1 - step 8)

The «inverse problem» consists on infering the values of the model parameters which characterize the observation. Un-
fortunately, the inverse problem has not an unique solution if the «direct problem» is complex, such the Hapke’s model.
Tarantola and Valette (1982) proposed to solve the “inverse problem” in the general non-linear case based on the concept
the «state of information» which are characterized by defining a Probability Density Function (PDF) over the parameter
space and the observed space. The formalism of PDF is used to define the initial state of information (a priori knowl-
edge about the data, the uncertainties and the model) called prior PDF and the solution, called the posterior state of
information. To infer the solution, the Bayes theorem is applied.

Data, model parameters and theoretical relationship: The direct model consists on computing the simulated
data d, from model parameters m, knowing physical law F as:

d = F (m) (6)

Prior information and prior probability density functions: The prior information on model parameters ρm(m)
in the model space (M) is independent to the data and correspond to the state of null information. For all the Hapke’s
model parameters ω, b, c, θ̄, B0 and h, we consider an uniform PDF insuring their physical relevance (between 0 and 1
for ω, b, c, B0 and h and between 0◦ and 90◦ for θ̄). Outside the intervals, the PDF is null, avoiding unphysical solution
to appear.

The prior information on data ρd(d) in the observation space (D) is assumed to be a gaussian PDF as the output of the
MARS-ReCO retrieval. As a reminder, MARS-ReCO assumed that the noise of the TOA radiance is gaussian due to the
summation of different noises (pixel binning). The variance is defined with a constant signal to noise ratio. At 750 nm, the
signal to noise ratio was estimated at the ground to be 450 [Murchie, S. et al., 2007] but due to the space environment,
spikes and noise are produced and we estimate the uncertainty of the CRISM data to be 1/50 and of the AOT [Ceamanos ,
2012]. Moreover, MARS-ReCO takes into account the uncertainty of the AOT input too. Finally, for example, figure 4
presents the output BRDF of MARS-ReCO procedure and its uncertainty for each geometry. Those are used as the input
values in the bayesian inversion.

Posterior probability density function and resolution of inverse problems: In inverse problems corresponding
to the case in combining information from (D) space to (M) space, the posterior PDF σ$m(m) is the combination of the
prior probability distributionby defining the conditional probability density [Tarantola and Valette, 1982]:

σM (m) = k ρM (m)L(m) (7)

8

where k is a constant and L(m)is the likelihood function:

L(m) =

ˆ

D
∂d

ρD(d) θ(d | m)

µD(d)
(8)

where θ(d | m) is the theoretical relationship by the PDF for d given m, and μD(d) is null information PDF for the data
d.

Sampling of solutions to inverse problems: In our case, the theory (Hapke photometric model) that relates model
parameters to observed data is nonlinear. Hence it is not possible to describe the posterior PDF analytically, but it can
be sampled using a Monte Carlo approach [Mosegaard and Tarantola , 1995]. Markov chain is used to sample the posterior
PDFs. After a number of steps, the state of the chain corresponds to the desired distribution. We estimate that the best
compromise between the computation time and accuracy is a burn-in phase of 500 steps. Then, 500 iterations are used to
estimate the posterior PDF, by computing the mean and standard deviation of each parameters.

Non-uniformity criterion k: A photometric parameter m is constrained if its marginal posterior PDF differs from
the prior state of information (null information, uniform distribution for our case). We performe a statistical test, the
non-uniformity criterion k in order to distinguish if parameter is constrained or not (see Appendix A). For k > 0.5, the
marginal posterior PDF is considered to be non-uniform and the mean and standard deviation of the PDF are estimators
of the solution(s).

3 Results of retrieved photometric parameters

As mentioned in part 2.1.2, we select three CRISM observations at Gusev Crater and four at Meridiani Planum (cf. table
1) and they are corrected for gases and aerosols by using MARS-ReCO procedure and their respective AOT (cf. table
1). From the corrected BRDF, we retrieve the surface photometric parameters for four ROIs (from ROI I to ROI IV) for
Gusev Crater and one ROI for Meridiani Planum (ROI I).

For each ROI, we retrieve the surface photometric parameters at 750 nm from: (i) a single CRISM FRT observation or
(ii) a combination of all available CRISM FRT observations (combination of FRT3192, FRT8CE1 and FRTCDA5 in case
of Gusev Crater and combination of FRT7D6C, FRT95B8, FRT334D and FRTB6B5 in case of Meridiani Planum) with
complementary phase angle ranges. The table 2 presents the phase domain range and the available number of angular
configurations for each CRISM observation.

For each retrieved photometric parameters (ω, b, c, θ̄, B0 and h), we determine the mean value and the standard deviation
retrieved from the bayesian inversion procedure. The non-uniform criteria noted k are also obtained (cf. table 3 for Gusev
Crater and table 4 for Meridiani Planum).

In following, the non-uniform criteria (k) allow us to distinguish the parameters which are constrained by the data set
from those which are not and the standard deviation to distinguish the parameters which are more or less constrained.
Thanks to these two criteria, we can evaluate in which case the CRISM data set constrains or not the retrieved photometric
parameters. For each MER’s site, we study the retrieval of the photometric parameters in two cases: (i) from one FRT
observation and (ii) from combined FRT observations.

3.1 On Gusev Crater

Table 3 present all results at Gusev crater, as a function of the parameter and as a function of ROI. By using one CRISM
FRT observation, several tendencies can be observed as:

• Parameters B0 and h are not constraint in all cases (k ! 0.5). In fact MARS-ReCO does not consider the
opposition effect [Ceamanos , 2012]. Consequently accurate values for B0 and h cannot be retrieved and no physical
interpretation can be done.

• Parameter ω is constrained in all cases (k ∼ 1) and the standard deviation shows that it is the most constrained
(0.08 < σ$ < 0.10).

• Parameter b is constrained for FRT8CE1 and FRTCDA5 (k > 0.5) but the standard deviation shows that it is poorly
constraint (0.27 < σ$ < 0.31). For FRT3192 the parameter b is not constraint for ROI I and ROI II (k < 0.5) and
poorly constrained for the others (0.24 < σ$ < 0.25).

9
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Full resolution targeted observations (FRT) - Multi-angle images
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Methodology: inversion procedure
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Application to CRISM data set: Gusev Crater
Confrontation with experimental measurements (McGuire and Hapke, 
1995, Souchon et al., 2011)

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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Fig. 8. (a) Synthesis of the results on natural samples for b and c estimates in terms of the physical properties of the particles (red-circled symbols, cf. Table 2) compared with
results of McGuire and Hapke (1995) on synthetic materials (black-circled symbols) adapted by Johnson et al. (2006a, 2006b) (note that c estimates are comprised between 0
and 1, differently from the definition of the HG2 function used in McGuire and Hapke’s (1995) work). One symbol can refer to several samples described in the present work if
they share similar physical characteristics, and corresponds to the barycenter of the parameter values at different wavelengths. (b–j) Pictures taken with a binocular
magnifying glass of representative samples for each type of particles described in Table 2 and (a): (b) pyroclastics from Towada T6 ( ), (c) volcanic sand from Iceland C4 (d),
(d) pyroclastics fromMt. Fuji ( ), (e) Pic d’Ysson basalt C5 (j), (f) pyroclastics from Towada T4 (4), (g) Hawaiian basalt C2 (}), (h) basaltic glass C5 (!), (i) Hawaiian basalt C5
(N) and (j) Hawaiian olivine C5 (s). All frames are on the same scale (field of view 2.5 mm ! 2.0 mm).
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magnifying glass of representative samples for each type of particles described in Table 2 and (a): (b) pyroclastics from Towada T6 ( ), (c) volcanic sand from Iceland C4 (d),
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Application to CRISM data set: Gusev Crater
Confrontation with in situ photometric 
measurements (Johnson et al., 2006)
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Application to CRISM data set: Gusev Crater
Conf ron ta t ion w i th in s i tu photomet r ic 
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)
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Application to CRISM data set: Gusev Crater
Confrontation with in situ photometric measurements (Johnson et al., 
2006)
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Conclusion

b, c, ω, θ from CRISM consistent with in situ photometric results 
(Johnson et al., 2006)

VALIDATION

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

Perspectives: 

to map the surface physical properties

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

to study the photometric parameters in function of wavelength
28



Application to CRISM data set: Gusev Crater
Confrontation with experimental measurements (McGuire and Hapke, 
1995, Souchon et al., 2011)

I0I0

I0

forward scattering

I0

backward scattering
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Sensitivity study
Limits of MARS-ReCO

Rate of unsuccessful retrievals
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