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Introduction

Ce manuscrit d’Habilitation a Diriger des Recherches (HDR) est composé de deux parties : une
premieére partie méthodologique qui concerne le développement d’outils numériques d’analyse de don-
nées, et une seconde partie qui se rapporte a 1’étude des échanges de volatils sur Mars avec les outils
précédemment décrit.

Le premier objectif de ce manuscrit est de réaliser un bilan des outils d’analyse de plusieurs tech-
niques d’imagerie et de spectroscopie pour I’étude de la surface de Mars. Cette premiere partie métho-
dologique sera développée en trois chapitres, concernant les images hyperspectrales, 1’imagerie photo-
métrique et la spectroscopie a haute résolution.

Les images hyperspectrales martiennes, qui consistent a enregistrer plusieurs images a une centaine
de longueurs d’onde, ont été produites par les instruments OMEGA et CRISM dans le visible et I’infra-
rouge. Ces instruments ont produit plusieurs dizaine de To de données, sous forme de ~100 000 images
hyperspectrales. Ce volume de données mais aussi la structuration en cube spectro-spatial posent un
véritable défi au traitement et a la visualisation des résultats.

L’imagerie photométrique martienne, qui consiste a observer la méme zone sous diverses géométries,
est produite en routine grace a I’instrument HRSC mais surtout CRISM. Le défi d’analyse de ces données
concerne la prise en compte de I’effet des aérosols en utilisant un modele de transfert radiatif, a la fois
précis et rapide, pour estimer la photométrie de la surface pour plusieurs pixels de I’image.

La spectroscopie a haute résolution en orbite autour de Mars, est produite par I’instrument PFS, qui
souffre malheureusement des effets de micro-vibrations de la plateforme Mars Express. Le défi technique
de correction de ces données releve de la mise en place d’un outil aveugle, car les micro-vibrations ne
sont pas bien caractérisées. Face a la quantité de données PFS de I’ordre d’un milliard de spectres, le défi
de rapidité de traitement est aussi trés important dans cette problématique.

Dans ces trois chapitres, nous dresserons le panorama actuel des méthodes d’analyse et leurs limita-
tions. Puis, mes diverses contributions et améliorations méthodologiques seront développées. Enfin, des
perspectives a la fois méthodologiques mais également planétologiques seront proposées.

La premiere partie de ce document propose de répondre a ces défis techniques a 1’aide d’outils nova-
teurs et récents issus de la communauté des Sciences et Technologies de I'Information et de la Commu-
nication (STIC). Les domaines d’application qui nous concernent sont la Planétologie et les Sciences de
la Terre.

Le second objectif de ce manuscrit est de faire la synthése de notre compréhension des interactions
entre surface et atmosphere sur Mars sous forme d’échange de volatils. Cette seconde partie planétolo-
gique sera développée en deux chapitres concernant la calotte saisonniere sud de Mars et les clathrates
dans I’histoire de Mars.

La calotte saisonniere sud de Mars est majoritairement composée de glace de CO,, contrairement a
la calotte saisonniere nord, composée d’eau et de CO,. Le pdle sud est un bon laboratoire pour la com-
préhension des échanges uniquement de CO, . Néanmoins, la complexité des échanges CO, pose un défi



dans leur compréhension car plusieurs phénomenes aux échelles microscopiques (sublimation, métamor-
phisme,...), macroscopiques (geysers, écoulement sombre, ...), régionales (région cryptique, précipitation
de neige,...) ont lieu en méme temps.

Les clathrates sont une structure cristalline de glace d’eau sous forme de cage, pouvant piéger des
molécules hotes. Si les conditions de stabilité thermodynamiques de ces especes sont possibles aujour-
d’hui sur Mars au niveau des calottes, leur cinétique de formation est en générale tres lente. En revanche,
leurs propriétés de métastabilité ou préservation anormale, pourraient permettre aux clathrates d’étre pré-
sents actuellement sur Mars. Aussi, dans le passé de Mars, les clathrates ont pu étre stables. Pour dresser
I’histoire des échanges de volatils sur Mars, il est nécessaire de réaliser une synthése entre différentes
sources d’informations indépendantes : les observations géomorphologiques, les équilibres thermodyna-
miques et les principes physiques du climat.

Pour chacun des chapitres, une synthese bibliographique sera exposée dans un premier temps. Puis,
mes travaux personnels seront détaillés. Enfin, des perspectives seront dressées.

Ce manuscrit se conclu par une syntheése des perspectives concernant 1I’ensemble de ces thématiques.
Les articles scientifiques correspondants a ces différentes thématiques sont disponibles au sein de chaque
chapitre. Les références bibliographiques sont données en fin de document.




Premiere partie

Analyse de données de télédétection






Chapitre 1

Imagerie hyperspectrale

Représentation d’un cube de données hyperspectral



CHAPITRE 1. IMAGERIE HYPERSPECTRALE

L’imagerie classique comporte une seule gamme de longueur d’onde voir trois pour I’imagerie cou-
leur. L’imagerie “multispectrale” en comporte une dizaine et I’imagerie “hyperspectrale” plus d’une
centaine (voir illustration page [5). Un élément dans la dimension spectrale est nommé spectel, tandis
que dans la dimension spatiale, il est nommé pixel. Pour mes travaux de recherche, j’ai utilisé I’imagerie
hyperspectrale qui consiste en I’obtention d’une information de radiance lumineuse (en W.n=2.sr~!), a
la fois dans le domaine spectral et dans le domaine spatial. L’intérét de ces données “hyperspectrales”
réside dans le fait qu’a la fois les images seules et les spectres seuls contiennent de I’information scienti-
fique pertinente mais que la combinaison de ces deux aspects (images et spectres) amene a élaborer des
cartes de composition chimique ou de parametres physiques, permettant une analyse scientifique sans
précédent, comme en témoigne I’explosion du développement de ces technologies (voir tableau[I.T)). Les
premiers spectro-imageurs terrestres datent du début des années 1980-1990, avec notamment AVIRIS
[323]], le premier systeme développé au Jet Propulsion Laboratory (JPL). Le tableau [I.1] dresse la liste
des instruments majeurs. Nous allons surtout décrire ici, les deux instruments majeurs pour I’étude de
Mars : OMEGA et CRISM.

Dans un premier temps, il sera décrit bricvement le contexte de 1’imagerie hyperspectrale pour 1’ob-
servation de la Terre et des corps planétaires, la technologie des capteurs (voir section[I.1.1), la structure
des images hyperspectrales (voir section et les traitements associés (voir section [I.1.2). Dans un
second temps, je détaillerai mes contributions personnelles (voir section [I.2)) développées durant ma
theése, mon post-doctorat et dans les travaux méthodologiques de Maxime Legendre et Francois Andrieu
que j’ai encadrés. Les perspectives de ces travaux seront présentées a la section

Les nouvelles générations d’instruments incorporent un aspect d’échantillonnage “multi-angulaire”,
qui consiste a observer un méme site a une dizaine de géométries différentes. L’ instrument CRISM de
la mission Mars Reconnaissance Orbiter (NASA) cumule, notamment, I’aspect hyperspectral et multi-
angulaire qui sera traité dans le chapitre suivant.

1.1 Contexte

1.1.1 Capteur

Un instrument produisant des images hyperspectrales est qualifié de spectro-imageur. Il comporte un
systeme optique, un dispositif de sélection des longueurs d’onde qui peut étre un prisme ou un réseau,
un capteur numérique (équivalent au type CCD, Charge Coupled Device).

Les spectro-imageurs embarqués fonctionnent de deux facons différentes : “whisk-broom” ou “push-
broom” qui sont deux types de balais. Le principe de fonctionnement consiste en 1’acquisition des don-
nées simultanément pour toutes les longueurs d’onde et de réaliser un balayage de la zone observée, le
long de la trace au sol du satellite ou de I’avion (voir figure [I.T)).

Le mode whisk-broom est le plus ancien mode de fonctionnement. Il est & I’oeuvre lorsque le détecteur
est une barrette CCD, I’acquisition de plusieurs spectres a la fois est alors impossible. 11 s’ agit de balayer
avec un systeme optique la direction perpendiculaire a la trace au sol par un mouvement oscillant simi-
laire a celui d’un balai pendulaire.

Le mode le plus récent est le push-broom, possible avec des matrices CCD. Il consiste a enregistrer une
ligne au sol dans la direction perpendiculaire a la fauchée. Par analogie avec un balai a pousser, I’image
se construit par juxtaposition des lignes acquises successivement.

Les capteurs convertissent le flux lumineux en signal numérique qui est stocké puis envoyé sur Terre.
L’étalonnage des données hyperspectrales se fait en corrigeant le signal des différentes réponses instru-
mentales.

La réponse en intensité de 1’instrument est fortement dépendante de la fréquence, il faut donc étalon-
ner radiométriquement les données. Le niveau de bruit du détecteur est différent pour chaque élément du
capteur (pour le whisk-broom, pixel et spectel pour le push-broom). De plus, la détérioration du détecteur
dans I’espace, essentiellement par des rayons cosmiques, peut produire une altération ou une destruction
de certains spectels. Ces spectels inutilisables sont dit spectels chauds (plus bruités) ou spectels morts,
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CHAPITRE 1. IMAGERIE HYPERSPECTRALE
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A. CROSS-TRACK SCANNER. Principe d'acquisition des caméras dites "push-broom"
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FIGURE 1.1: Principe d’acquisition des spectro-imageurs

respectivement.

Il est essentiel de connaitre la réponse spectrale de I’instrument pour la modélisation, en particulier en
cas de sous-échantillonnage spectral comme pour les glaces d’eau et de CO, avec OMEGA et CRISM.
Nous pouvons reproduire les signaux observés grice a une convolution entre le signal a haute résolution
spectrale et la réponse spectrale.

La réponse de I’instrument dans le domaine spatial est le champ de vue associé a chaque pixel : c’est a
dire I’étendue exacte au sol de la zone de chaque pixel. Nous pouvons reproduire les signaux observés
grice a une convolution entre une carte a haute résolution spatiale et le champ de vue.

Avec la connaissance des réponse spectrales et spatiales, il est possible d’appliquer une correction, spé-
cifique au mode d’acquisition push-broom ou whisk-broom. Connaitre ces fonctions de réponse instru-
mentale est d’autant plus important qu’elles peuvent changer au cours du temps.

1.1.2 Images hyperspectrales

Nous allons nous focaliser sur des données de télédétection hyperspectrale, c’est a dire sur des don-
nées agencées en cubes : un tenseur d’ordre 3 dont 2 directions spatiales : la direction de défilement du
point de visée au dessus de la planéte notée x, et la direction orthogonale notée y, alignée avec la fauchée.
Un élément du plan spatial est appelé pixel de coordonnées (x,y). Un ensemble de pixels forme un canal
ou canal spectral. La troisieme est la direction spectrale, notée A, qui correspond a la décomposition de
la lumiere a des longueurs d’onde précises. Un élément de la direction spectrale est appelé spectel. Un
ensemble de spectels forme un spectre (voir figure [I.2). Les données sont donc agencées en cube noté
C, - Lorsque le cube est en unité€ de réflectance et que I’ordonnancement des pixels n’est pas utilisé
(c’est a dire que la contigiiité des pixels est ignorée, ce qui est le cas de la quasi-majorité des traitements),
il est noté R(1).

Chaque direction du tenseur a une dimension, c’est a dire un nombre de pixel/spectel associé. Le
nombre de pixel dans la direction x, respectivement y, est not€ Ny, respectivement Ny. Le nombre de
spectel total dans la direction A est noté N,.

L’imagerie “multi-spectrale” se contente d’une dizaine de canaux (N, ~ 10) tandis que I’imagerie “hy-
perspectrale” dépasse la centaine de canaux (V;>100).
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FIGURE 1.2: Schéma d’un cube hyperspectral.

TABLE 1.2: Caractéristiques spectrales de 1’instrument OMEGA a bord de Mars Express.

‘ Voie V Voie C Voie L
Domaine spectral (um) 0,38 a 1,05 093a2,73 | 2,55a5,1
Nombre de spectels 96 ou 144 128 128
Pas spectral (pum) 0,007 ou 0,0045 0,013 0,020

1.1.2.1 OMEGA

L’instrument OMEGA a bord de la plateforme Mars Express (ESA) a été développé par 'IAS (Ins-
titut d’ Astrophysique Spatiale, Orsay) en collaboration avec le LESIA (Laboratoire d’Etudes Spatiales
et d’Instrumentation en Astrophysique, Paris/Meudon), IFSI (Instituto di Fisica dello Spazio Interpla-
netario, Rome) et IKI (Institute for Space Research, Moscou) [17]. Il contient trois voies distinctes : V
dans le visible en mode push-broom ; C dans les “courtes” longueurs d’onde de 1’infra-rouge proche
en mode whisk-broom; L dans les “larges” ou grandes longueurs d’onde de I’infra-rouge proche en
mode whisk-broom. Les caractéristiques spectrales des trois détecteurs sont détaillées dans le tableau
[T.2] Dans la suite de ce manuscrit, nous allons uniquement utiliser la partie infra-rouge proche (voies C
et L) d’une part, parce que I’étalonnage radiométrique dans le visible est plus difficile, d’autre part, parce
que les glaces martiennes comportent des signatures spectrales univoques essentiellement dans le proche
infra-rouge. La résolution spatiale d’OMEGA, entre 350 m et 4 km, dépend fortement de 1’altitude de la
plateforme Mars Express qui gravite sur une orbite tres elliptique.

Base de données OMEGA Cette base de données est disponible pour les Co-Investigateurs mais aussi
publiquement sur le site internet de 1’archive du PSA (Planetary System Archive, ESA, ESAC). Il existe
plusieurs produits pour chacune des observations infra-rouges proche OMEGA. Pour chaque observa-
tion, un étalonnage est proposé, puis un assemblage des voies C et L. Tous ces produits sont indexés par
des noms du type ORBXXXX_Y.ZZZ avec : XXXX le numéro de I’orbite, Y I'index de la session sur
I’orbite, ZZZ le produit en question spatialement conforme a 1’ observation.

Exposons ici brievement les différents produits :

— CUB : cube hyperspectral en I/F (facteur de radiance sauf pour la partie d’émission thermique
dominante), noté L(A).

— GEO : cube de données auxiliaires contenant les informations géographiques déterminées grace a
la position et a I’orientation de Mars Express sur son orbite lors de I’acquisition (coordonnées géo-
graphiques des pixels, angles d’incidence et d’émergence, topographie MOLA rééchantillonnée,
...). Il existe des biais systématiques dans I’estimation de ces métadonnées.
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TABLE 1.3: Caractéristiques spectrales de I’'instrument CRISM a bord de Mars Reconnaissance Orbiter.

| Voie VNIR Voie IR
Domaine spectral (um) | 0,362 a 1,053 | 1,002 a 3,920
Nombre de spectels 96 ou 144 480
Pas spectral (um) 0,00655 0,00655

— REF : cube hyperspectral en réflectance, noté R(A4). On divise simplement le CUB par I’angle
d’incidence inclus dans le GEO. Si la position du satellite est mal connue et si la surface a une
pente, le facteur de réflectance REF est incorrect.

— ATM : cube hyperspectral de transmission atmosphérique calculé en utilisant un modele de trans-
fert radiatif uniquement pour les gaz. La méthodologie utilisée a 'IPAG (Grenoble) peut étre qua-
lifiée d’ab initio, c’est a dire qu’elle est basée uniquement sur des données d’état atmosphérique
issues du GCM Mars Climate Database [/4].

— RAC : cube hyperspectral de la réflectance au sol, corrigé des absorptions atmosphériques des gaz
du produit ATM.

— LRAC : cube hyperspectral de la réflectance au sol, corrigé des absorptions atmosphériques des
gaz grace a la méthode dite de “volcano-scan” [84} 177, 216].

1.1.2.2 CRISM

L’instrument CRISM a bord de la plateforme Mars Reconnaissance Orbiter (NASA) a été développé
par un consortium de laboratoires américains [235]].

Il contient deux voies distinctes, en mode push-broom : (i) VNIR (Visible and Near Infra-Red) dans
le visible et proche infra-rouge, basée sur une matrice de détecteurs photodiodes de Silicium dopé a
I’Indium et (ii) IR (Infra-Red) dans I’infrarouge, basée sur une matrice HgCdTe dopé a I’Indium. Les
caractéristiques spectrales des deux détecteurs sont détaillées dans le tableau [I.3] Ce type de détecteur
est sujet a des aberrations appelées “spectral smile” : di aux imperfections du réseau, la méme ligne
du détecteur n’enregistre pas a la méme longueur d’onde. Cependant, les spécifications techniques de
I’instrument prétendent un décalage inférieur a 1,3 pixels. Une méthode a été proposée pour corriger cet
artefact [|33]).

La résolution spatiale de CRISM est de 15 a 19 métres pour I’image centrale nadir en mode «targeted
observations» (voir chapitre suivant pour le mode “Emission Phase Function”). Le mode multispectral
comporte 72 longueurs d’onde choisies avec une dégradation de la résolution spatiale a 100 ou 200
m/pixel.

Base de données CRISM  Tous les produits CRISM sont indexés par des noms du type suivant :
FRT00007F49_07_IF163L_TRR2_???.IMG
— FRT : type d’observation
— FRT : Full Resolution Targeted Observation
— HRL : Half Resolution Large Targeted Observation
— HRS : Half Resolution short Targeted Observation
— 00007F49 : Numéro d’observation en 8-digit hexadecimal
— 07 : Compteur hexadecimal pour le numéro de I’'image :
— 00, 06, 08 et OE : 4 images du courant d’obscurité pour la calibration
— 012a05,09et0A a0D : 10 images a basses résolutions en mode EPF (Emission Phase Function :
configurations différentes)
— 07 : 1 image a haute résolution qui constitue ’image centrale en mode “targeted mode”
— IF163 : Index des commandes internes et mode de I’instrument
- IF:IF
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— RA :radiance

L : sensor ID

— S : VNIR - visible and near infrared

— L : IR - infrared

TRR2:

— TRR2 : Calibration (TRDR pour “Targered Reduced Data Record”) version 2

— TRR3 : Calibration (TRDR) version 3

— DDRI1 : Données géométriques additionnelles (DDR pour “Derived Data Record”) version 1
contenant les latitudes, longitudes, angles photométriques, ...

— 777 : correction atmosphérique

— néant : sans correction atmosphérique

— LRAC : cube hyperspectral de la réflectance au sol, corrigé des absorptions atmosphériques des
gaz griace a la méthode dite de “volcano-scan” 84, 177, [216].

IMG : extension du fichier

— IMG : image data

— LBL : PDS label

— TAB : table instrument housekeeping

1.1.3 Analyse de données

Des les débuts de AVIRIS [108]], les aspects d’analyse des images hyperspectrales ont été abordés :
simulation d’une observation, correction atmosphérique, algorithme de détection et de traitement.

Dans le domaine de la planétologie, la simulation d’observation hyperspectrale n’est pas tres utilisée.
Plusieurs modélisations analytiques [82]] ou numériques [[77, [73]] de la réflectance observée sont dispo-
nibles. Récemment, un effort a été fait pour intégrer les caractéristiques de 1’instrument CRISM afin de
créer une simulation d’observation réaliste [251]].

1.1.3.1 Correction atmosphérique

L’atmosphere martienne, bien que ténue, absorbe les photons solaires essentiellement a cause du gaz
de CO; et, dans une moindre mesure, de H,O, CO et OH. Aussi, I’atmosphere contient des aérosols en
suspension qui absorbent et diffusent le rayonnement.

Les méthodes de corrections atmosphériques les plus basiques consistent & ignorer les effets de diffu-
sion. Ces méthodes considerent uniquement la transmittance atmosphérique [18, 218 [238], et éventuel-
lement la composante de réflexion diffuse supposée de forme connue [56]]. Des méthodes de corrections
plus raffinées supposent que la couche d’aérosols est confinée proche de la surface, ce qui permet de
découpler la correction des gaz et des aérosols [74}329].

Correction des absorptions des gaz La méthode la plus utilisée est celle dite du “volcano-scan”
qui consiste a utiliser une observation de Olympus Mons pour estimer la transmittance atmosphérique
moyenne martienne, puis d’ajuster cette transmittance a chacun des spectres observés sur la base d’une
bande de CO, atmosphérique [84} [177, 216]. Cependant, cette méthode ne fonctionne pas en présence
de glace de CO, a la surface car les longueurs d’onde du CO, gazeux et solides se recouvrent.

Une autre solution consiste a utiliser les informations des simulations numériques du climat des Glo-
bal Climate Model (GCM), notamment la Mars Climate Database (MCD) [[191]], pour créer des spectres
de transmittance atmosphérique ab initio dépendant des conditions locales de prise de vue [218 [75]].
D’apres la structure horizontale en composition, pression et température des GCM, on estime la trans-
mittance atmosphérique avec un code de transfert radiatif ligne-par-ligne. Ce type d’approche est plus
lourd a mettre en place mais permet d’€tre utilis€é méme sur les terrains de glace de CO;. On note gé-
néralement un bon ajustement des données et du GCM a un facteur d’échelle pres (dii aux perturbations
météorologiques non modélisées par le GCM)
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Correction des aérosols La composante diffuse peut alors étre estimée par méthode Monte Carlo
[329]. Pour plus d’efficacité numérique [74], il est possible d’estimer la contribution de transmission
diffuse et de réflexion diffuse analytiquement [208]] et d’appliquer la méthode de Green [201], comme
développé dans la section

Ces approches nécessitent de connaitre les propriétés optiques des aérosols mais aussi leur contenu
Taero (Epaisseur optique). Les propriétés optiques des aérosols martiens ont été estimées lors des épisodes
de tempétes de poussieres globales, lorsque 1’épaisseur optique était tres grande [247, 329, 340} 239].

Au dela des estimations in situ de T,.,, par les rovers Spirit et Opportunity [[148}[147], il est possible
d’estimer la quantité d’aérosols d’apres les bandes de glace de CO, saturées [330] mais aussi en utilisant
les observations EPF [340, 76]].

1.1.3.2 Détection de composés

La détection de composés minéraux ou glace a la surface de Mars est une étape importante dans 1’in-
terprétation des images hyperspectrales. Plusieurs types d’approches ont été proposés dans la littérature
[283]].

Manuelle Les classifications manuelles s’operent sur un graphe en nuage de points (scatterplot) sur
des informations spectrales/spatiales en général faites apres une réduction de dimensionnalité de type
Analyse en Composante Principale [44]} 288]].

Un autre type d’approche concerne le calcul de dérivé du spectre pour estimer les bandes d’absorption
tres fines [212,[209]). Dans ce cas, il faut identifier manuellement chacune des bandes d’absorptions pour
réaliser une détection, puis éventuellement une opération de seuillage pour obtenir une carte de détection.

Profondeur de bande Les classifications automatiques peuvent s’opérer grace a des seuils sur des
ratios de profondeur de bande. Cette technique a été beaucoup employée dans la détection des minéraux
et glaces sur les instruments OMEGA [19] et CRISM [254]]. Voici par exemple un seuil de détection de
la glace d’eau [179] :

. R(1,5001m)
RH0 = (1 3857m)0 7 (R(1 7705 (1.1)
Bu,o(1,5um) =1— (Rp,0)

L’avantage de cette approche est I’extréme simplicité, le temps de calcul tres court et la sensibilité tres
importante. Cependant, si les longueurs d’ondes d’appui sont détériorées ou contiennent une information
non souhaitée (par exemple, une absorption d’un autre composé), les ratios ne sont plus utilisables. Aussi,
cette approche est tres sensible au bruit.

Dans le cadre de la détection de minéraux, certains auteurs proposent de réaliser une opération de
mise a I’échelle des spectres en réalisant un ratio entre la zone d’intérét et une zone interprétée comme
“neutre” [18} 32]]. Ceci permet de s’affranchir d’éventuels artefacts de calibration de I’instrument et
les non-linéarités, en supposant qu’ils soient identiques pour tous les spectres. En revanche, si la zone
neutre contient des informations spectrales, cette opération pourrait créer des structures artificielles sur
les données.

Plus récemment, des opérations de moyennage, de filtrage et de pré-traitement ont permis de repous-
ser les limites de détection [32].

Automatique supervisée Les méthodes automatiques supervisées nécessitent une base de données de
spectres de références, de laboratoire et/ou synthétiques. Il est aussi possible d’extraire des “endmem-
bers” de I'image grace a des algorithmes comme Pixel Purity Index [23]], N-FINDR [339], ou grace a une
segmentation sur un graphe [316]. Ces méthodes vont alors faire une comparaison avec les spectres réel-
lement observés, par exemple le coefficient de corrélation [176]] ou I’angle spectral [[160]]. II est possible
d’effectuer cette comparaison dans 1’espace usuel ou aussi dans un espace plus adéquat, comme dans
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I’espace des coefficients d’ondelette, comme I’algorithme WAVANGLET, développé durant ma these
(voir [I.2.T).

Les méthodes dites de “démélange linéaire” font 1’hypotheése que chaque spectre observé est un
mélange linéaire des spectres de références :

Ny
R(A) =) a.Ri(A)+e(A) (1.2)
i=1

Avec, R(A) : spectre de I’'image hyperspectrale (en général mesuré en facteur de réflectance).
@ : coefficient de mélange ou proportion de mélange de la source “i”

Ri(1) : spectre associé a la référence “i” (en général mesuré en facteur de réflectance)
N; : nombre de sources
€(A) : erreur 2 minimiser (bruits + incohérences du modele)

Il s’agit d’estimer ¢; en incorporant ou non plusieurs types de contraintes, comme la positivité ¢ > 0,
la somme a un )} o; = 1, la parcimonie. Une synthése concernant les méthodes de démélange a été faite
récemment [22].

La méthode la plus simple consiste a ajuster les o; tel que ||€(4)|| soit minimisé. Elle est utilisée
sur les données TES, sur Mars Global Surveyor/NASA [300, 12, 273]. Pour garantir la positivité, il est
possible d’éliminer itérativement les spectres ayant des coefficients négatifs [56]]. L’ affectation d’un co-
efficient négatif est improbable si le spectre de référence est présent dans le mélange. Cette hypothese
peut étre invalidée dans un mélange linéaire en cas de recouvrements.

La méthode “non negatively constrained least squares” suppose que les coefficients soient positifs ou
nuls. Elle est basée sur les multiplicateurs de Lagrange. Elle semble efficace dans I’estimation de 1’abon-
dance de certains composants chimiques par spectroscopie [174]].

En imposant a la fois la positivité de facon mathématique et la somme des proportions égale a un, le
probléme est connu sous le nom de “Fully Constrained Least Squares” (FCLS) [182] [123]]. Il est utilisé
dans le domaine de la télédétection [[107]] mais aussi dans mes travaux personnels de détection de glaces
sur les dark spots [158]]. Ce probléme peut aussi étre résolu de maniere géométrique, en approximant la
dimensionnalité, en considérant le simplex [130]. L’approche bayésienne permet une estimation robuste
des coefficients de mélanges, comme proposé par “Maximum A Posteriori” (MAP) [312]. Ces algo-
rithmes sont rapides, comportent des résultats parcimonieux mais aussi des problemes de convergence et
sont incompatibles avec des spectres de références fortement corrélés.

Grace a FCLS, j’ai pu montrer qu’il n’y avait pas de signature d’eau liquide dans les spectres CRISM
associés aux écoulements des “darks spots” [158] (voir sectiond.2.3 page 208).

Au cours d’une collaboration avec le groupe d’Athénes, nous avons pu montrer que 1’algorithme
MAP a les aptitudes pour la détection de glaces et de minéraux mafiques sur des images OMEGA [311]]
avec un temps de calcul tres intéressant.

J’ai continué a développer cette voie, en collaboration avec Said Moussaoui [46, 47, 45]], pour créer
un outil ayant les propriétés nécessaires a son utilisation dans le traitement des images hyperspectrales :
positivité, somme a une, rapidité, unicité de la solution, aptitude a traiter des spectres fortement corrélés
(voir section |1.4.3).

Automatique non-supervisée Les méthodes non-supervisées ne nécessitent pas de spectres de réfé-
rences et sont basées uniquement sur des considérations statistiques, c’est a dire les informations des
nombreux spectres contenus dans une image hyperspectrale.

En général, les méthodes non-supervisées sont basées sur 1’équation de mélange linéaire (eq[I.2), il
s agit d’estimer les coefficients de mélange o et les spectres extrémes R;(1).
La méthode la plus simple est I’ Analyse en Composante Principale (ACP) qui suppose une décorrélation
des sources. Cependant, cette hypothese n’est pas adaptée aux images hyperspectrales car il y a de fortes
corrélations spectrales entre composés chimiques et de forte corrélation spatiale entre classes [283]].
L’ Analyse en Composante Indépendante (ACI), [175,[137], recherche les sources les plus indépendantes
entre elles, avec un critere de non-gaussianité ou d’information mutuelle. Les algorithmes les plus connus
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sont Fast-ICA [136]] et JADE [29], utilisés en Planétologie [95. 233\ 83, [239]. Cependant, ces approches
autorisent des abondances ; et des spectres R;(A ) négatifs, ce qui est une aberration.

Une autre approche consiste a utiliser uniquement les informations de positivité et de somme a un.
C’est a dire I’équation [T.2] avec @; > 0 et }, a; = 1. Ce nouveau probleme est résolu soit avec des mé-
thodes d’optimisation (minimisation d’une fonction cofit) [184]], soit de maniere bayésienne [232]]. La
seconde approche comporte des problemes d’unicité de solutions, corrigés par des termes additionnels
de la fonction coit 2 minimiser [135]]. La troisieme, développée en partie par mes travaux, a pour limita-
tion le temps de calcul (voir section [I.4.2)).

1.2 Contributions

Au cours de mes recherches, j’ai développé trois types d’outils complémentaires pour la détection
et I’analyse des spectro-images : “WAVANGLET” basée sur les ondelettes pour limiter les effets géo-
métriques, “Séparation de sources en aveugle” basée sur I'inférence bayesienne pour une robustesse
d’estimation non supervisée, “LinMin” basée sur le démélange linéaire avec 1’algorithme en point inté-
rieur pour une efficacité de détection supervisée. Les trois prochains sous-chapitres décrivent ces outils,
leurs développements, leurs utilités et leurs complémentarités. Les articles scientifiques décrivant ces
méthodes sont disponibles dans les sous-chapitres suivant.

1.2.1 WAVANGLET

La présence de glaces autour des pdles de Mars, observées avec des conditions extrémes de géométrie
en incidence et parfois en émergence, rend nécessaire le développement d’outils spécifiques de détection
indépendants de la géométrie. Les outils de type rapports de bandes sont tres dépendants de la géométrie,
car la BRDF des glaces est trés anisotrope. J’ai développé au cours de ma these un outil de détection
supervisée (voir paragraphe[I.1.3.2) qui permet de s’affranchir des conditions d’illumination, en réalisant
la détection dans un sous-espace d’ondelettes. Les ondelettes sont particulierement adaptées aux spectres
en réflectance car quelques coefficients suffisent pour décrire une bande d’absorption spécifique.

Dans un premier temps, la phase d’apprentissage consiste en la détermination d’une base de coeffi-

cient d’ondelette spécifique aux spectres de références du probleme (choisi comme étant des spectres de
glace de CO,, d’eau et de minéraux dans notre cas). Nous déterminons ainsi un sous-espace d’ondelettes
utiles (voir figure [I.3).
Dans un second temps, on se place dans ce sous-espace utile pour les observations réelles (apreés une
transformée en ondelette) et on calcule un simple coefficient de corrélation entre les spectres de réfé-
rence et les spectres observés. Un seuillage du coefficient de corrélation permet de réaliser la classifica-
tion. Nous avons déterminé le seuil d’apres des tests synthétiques d’observations.

La simplicité de la méthode et le choix d’utiliser la transformée en ondelette de Daubechies, sont
a I’origine d’une grande efficacité numérique de la méthode. La relative indépendance aux conditions
d’illumination réside dans : (i) I’utilisation d’un coefficient de corrélation, indépendant de 1I’intensité, (ii)
le fait d’utiliser des coefficients d’ondelettes a échelles petite et moyenne, car les grandes échelles sont
les plus sensibles a la géométrie.

Tous les détails de cette méthode sont décrits dans 1’article, publié dans IEEE Transactions on Geos-
cience and Remote Sensing, disponible a la section[I.4.1]

Cette méthode a permis la détection de glace de CO,, et d’eau sur la base de données OMEGA,
sur deux années martiennes, représentant des milliers d’images et des centaines de milliards de spectres.
Ces cartes de détection sont la sources de deux articles d’interprétation des processus martiens (voir
section et section f.2.2 page 208). La détection de fortes signatures de glaces et de
minéraux est possible grice a WAVANGLET, mais la plupart des minéraux sur Mars ne peuvent pas étre
détectés avec cette approche car les signatures sont trop faibles [283]].
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FIGURE 1.3: Sélection des coefficients d’ondelettes utiles (sous-espace utile) pour la séparation des trois
spectres de références. (a)-(d) Représentation des coefficients d’ondelette des échelles 1 a 5 (voir article
pour le détail de la méthode de représentation), (e) spectre typique de poussiere et de contenu atmosphé-
rique (f) spectre synthétique de glace de CO; (g) spectre synthétique de glace d’eau. La figure est issue
de I’article de Schmidt et al. [284].
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FIGURE 1.4: Comparaison entre 1’estimation des sources d’apres la méthode BPSS avec pré-sélection
JADE. Les figures sont issues de I’article de Moussaoui et al. [233]].

1.2.2 Séparation de source en aveugle

La séparation de source en aveugle en mélange linéaire consiste a estimer a la fois les coefficients
de mélange (abondances) et les spectres pures (endmembers). Bien que tres difficile, cette estimation est
possible dans le cas linéaire grice aux approches méthodologiques récentes (voir paragraphe [I.1.3.2),
incluant la positivité et la somme a un.

En fin de theése, nous avions pu montrer que 1’approche bayésienne de 1’algorithme BPSS [232]]
comportait toutes les propriétés utiles pour réaliser une séparation de source dans les bonnes conditions :
positivité des spectres, positivité des abondances, robustesse. Une nouvelle version, notée BPSS2 [68]],
a été proposée incluant la positivité et la somme a un. Pour résoudre le probleéme du temps de calcul,
la solution présentée était de sélectionner des pixels les plus extrémes de I’image grace a 1’algorithme
JADE [233]] puis de calculer les sources avec BPSS sur un ensemble réduit de spectres (~ 100 au lieu de
100 000 sur une image). J’ai aussi contribué a la validation de cette approche sur des données réelles. La
méthode de séparation de source en aveugle, avec pré-sélection de pixels a été validée sur des données
OMEGA de la calotte permanente sud de Mars. Pour la premiere fois, nous avons pu montrer qu’une
approche de ce type permettait d’estimer des spectres réalistes de glaces pures de CO;, d’eau et de
minéraux, sans aucune information a priori, alors que les pixels de la scéne contiennent des mélanges
de ces trois composants (voir figure [[.4)). Cette solution n’est pourtant pas totalement satisfaisante d’un
point de vue méthodologique car le résultat est fortement dépendant de la sélection de pixels.

L’ objectif de mon travail de post-doc a été d’optimiser I’algorithme BPSS [232] et BPSS2 [68] pour
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CHAPITRE 1. IMAGERIE HYPERSPECTRALE

permettre un calcul sur la totalité des spectres d’une image typique OMEGA. Nous avons réalisé des
optimisations algorithmiques, des optimisations de gestion de mémoire de Matlab et des optimisations
numériques (calcul en simple précision) pour obtenir une nouvelle version de 1’algorithme.

Grice a cette version intégrale, nous avons pu montrer que 1’opération de sélection de pixel par la
méthode de I’enveloppe convexe était bénéfique dans des cas spécifiques : une distribution asymétrique
d’abondance parmi les pixels, c’est a dire la présence de certaines sources sur un faible nombre de pixels
seulement. Dans ce cas, la sélection de pixels permet de corriger I’effet du nombre et de produire un
jeu de données réduit avec un nombre de pixels identique pour chacune des sources. D’autre part, nous
avons démontré que la séparation de source en aveugle avec BPSS/BPSS2 était sensible au maximum
d’abondance d’une certaine source. Autrement dit, plus le spectre pur est présent dans la scéne, plus il
est facile de I’estimer. Aussi, un fort rapport signal sur bruit et une grand nombre de canaux spectraux
tendent a améliorer le résultat, tandis que respectivement un grand nombre total de sources donne de
moins bons résultats.

L article d’optimisation, publié dans IEEE Transactions on Geoscience and Remote Sensing, est
disponible a la section [I.4.2]

Depuis mon arrivée a IDES, j’ai appliqué cette méthode optimisée sur le cas de la dune de Russel
pour valider I’approche sur des données réelles planétologiques face a la “vérité terrain” [34]. Grace aux
images HiRISE a haute résolution spatiale (50 cm), nous avons pu observer un mélange de type “poivre
et sel” entre deux types de terrains a 1’échelle de 1’ordre de quelques metres. Sur les images hyperspec-
trales CRISM a résolution spatiale de 18 m, prises au méme moment que I’image HiRISE, ces deux
composants sont mélangés géographiquement de maniere linéaire. Nous sommes donc en présence d’un
cas de test pour les algorithmes de séparation de sources. Nous avons estimé la “vérité terrain” des abon-
dances relatives d’apres une classification des images HiRISE, dégradées a I’échelle CRISM. Nous avons
montré que les algorithmes de séparation de sources en aveugle sont capables d’estimer correctement les
abondances, validant ainsi la méthode et I’estimation des spectres source (voir figure [I.5)). Néanmoins,
la contribution des aérosols n’étant pas uniforme sur la scene, dii & des différences de géométrie, cha-
cune des sources est estimée en double avec une contribution forte/faible des aérosols. Cette validation
confirme que ce type de méthode ouvre la voie d’un traitement des mélanges géographiques sub-pixel
dans le cas d’un mélange géographique uniquement (pas de mélange intime, a 1’échelle granulaire).

Jusqu’a présent, la détection non-supervisée des glaces ayant des fortes signatures a été validée mais
ce type d’approche se révele insuffisant pour la détection de minéraux car les signatures spectrales sont
trop faibles par rapport au niveau de bruit et d’autre part, il n’y a souvent pas de spectres d’un composé
pur dans la scéne. L’approche supervisée de démélange linéaire développée dans ce chapitre tente de
réaliser la détection de minéraux.

1.2.3 Démélange linéaire

Le démélange linéaire supervisée (eq[I.2) est un outil intéressant pour la détection d’espece miné-
ralogique dii a la rapidité d’exécution (voir paragraphe [I.1.3.2). En revanche, la quantification est trés
difficile car les mélanges intimes (mélange granulaire) sont fortement non-linéaires et peuvent conduire
a des estimations équivalentes-linéaires erronées. Néanmoins, I’application a des données martiennes est
possible. Dans un soucis d’efficacité, il est possible d’appliquer 1’opération de démélange sans correction
atmosphérique, en utilisant des “spectres additionnels™ (plat, pente) pour simuler le comportement des
aérosols [56]. MELSUM a été le premier outil de démélange linéaire supervisé appliqué a OMEGA [50]
et consiste en 1’estimation des abondances sans contraintes de positivité, sur un jeu de spectres de réfé-
rence dont on retire les spectres d’abondances négatives. L’ algorithme MELSUM a convergé lorsque tous
les spectres ont une abondance positive. Bien que I’outil MELSUM parvienne a estimer des abondances,
le traitement des conditions de positivité, de somme a un, la convergence et ’efficacité numérique ne
sont pas optimales pour I’ utilisation sur des images hyperspectrales et j’ai alors cherché a améliorer cette
approche.

Depuis ma prise de poste a IDES, j’ai participé aux tests de la méthode MAP [312], plus robuste
que MELSUM car I’estimation se fait en une seule étape, avec un outil bayésien. J’ai appliqué MAP sur
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HIiRISE image PSP_002482_1255_RED CRISM frt000042aa channel at 1.1 um

'}E

Abundance map

Spatial-VCA 1

VCA

Method VCA BPSS MVC-NMF || spatial VCA

Indicator r € r € r € T €

1: All pixels || 0.68 | 0.08 || 0.57 | 0.10 || 0.69 | 0.09 | 0.50 | 0.14
2: Accurate registration || 0.73 | 0.08 || 0.59 | 0.09 || 0.72 | 0.08 || 0.56 | 0.13
3: Best registration || 0.81 | 0.19 || 0.80 | 0.13 || 0.83 | 0.14 | 0.77 | 0.33

FIGURE 1.5: Comparaison entre 1’estimation des méthodes de séparation de source en aveugle sur les
données CRISM (au milieu) et la carte de classification HiRISE (en haut). Le tableau représente la
corrélation r et ’erreur € entre les deux, pour les différentes méthodes. Les figures sont issues de I’ article
de Ceamanos et al. [34].
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des observations OMEGA des hautes latitudes sud mais aussi sur la zone de Syrtis Major comportant
des minéraux mafiques [311]]. Nous avons montré que cette méthode est plus rapide (~ 5s) que les outils
proposés (~ 30s) par défauts dans les logiciels commerciaux ENVI et Matlab. Par ailleurs, ses propriétés
de positivité, de somme a un et de robustesse, rendent 1’outil MAP intéressant pour une application a un
large jeux de données.

De récentes avancées dans le domaine du traitement du signal, utilisant une optimisation en point in-
térieur, ont permis de résoudre le probleéme de démélange supervisé sous contrainte, de maniere efficace,
grace a I’algorithme IPLS [46, 147, 43].

De plus, cet algorithme ne fait pas intervenir d’inversion de matrice de spectres observés et de ce fait,
permet d’utiliser de nombreux spectres additionnels “plats” et de “pente” fortement corrélés. Enfin, cet
algorithme a été implémenté pour utiliser les calculateurs Graphics Processing Units (GPU), qui sont des
cartes permettant d’accélérer le calcul parallele a un colit trés modeste. Notre laboratoire s’est doté d’un
tel outil informatique pour I’utilisation massive sur de grands jeux de données. Dans ce contexte, j’ai
proposé la stratégie LinMin, utilisant 1’agorithme IPLS, pour les détections de minéraux martiens. Lin-
Min repose sur 'utilisation de spectres additionnels (plats, pentes, sinus/cosinus) et sur des contraintes
de positivités/somme-a-un des abondances. LinMin permet d’altérer la base de données de maniére li-
néaire pour accommoder les effets a grandes échelles sur le continuum (effet des aérosols, des tailles
de grains, ...). La puissance de I’algorithme IPLS permet de résoudre ce nouveau probleme de maniere
non-dégénérée avec une solution unique. J’ai effectué des tests de LinMin sur des situations synthétiques
d’un réalisme sans précédent (effet des aérosols calculé par transfert radiatif, effet des tailles de grains,
bruit corrélé) pour montrer I’intérét de cette approche (voir figure[1.6 page suivante).

Larticle, publié dans la revue ICARUS, est disponible a la section [1.4.3

1.3 Perspectives

1.3.1 Perspectives méthodologiques

Les méthodologies d’analyse des images hyperspectrales se classent en général en deux grandes
catégories : les méthodes rapides de détection, et les méthodes d’estimation quantitative, plus longues
et basées sur I'inversion du transfert radiatif. Ce premier chapitre traite essentiellement de la premiere
catégorie.

Les outils utilisant les ondelettes, comme WAVANGLET, sont treés intéressants car les ondelettes
forment I’espace naturel d’analyse. Il serait intéressant de développer des outils non-supervisés pour dé-
tecter et caractériser la présence statistique de toutes les bandes d’absorption de I’'image.

Les outils de type séparation de sources en aveugle sont trés intéressants en présence de glace mais le dé-
veloppement de méthodes pouvant étre appliquées aux minéraux serait tres pertinent. Une amélioration
serait de limiter la dépendance au niveau global.

Les outils de type démélange linéaire supervisé sont bien adaptés a la détection de minéraux mais
souffrent d’une limitation concernant ’effet de la taille de grain. La perspective de limiter cet effet,
par exemple en utilisant un sous espace non-linéaire particulier, rendrait ce type d’approche encore plus
attrayant. D’autre part I’incorporation d’une contrainte de parcimonie pourrait se révéler judicieuse pour
utiliser une base de spectre de référence plus grande.

Concernant les méthodes d’inversion quantitative, je souhaite développer des outils performants nu-
mériquement pour permettre 1’inversion massive de spectres et estimer des parametres de surfaces de
manieres quantitatives (taille de grain, proportion, rugosité, compacité, ...). Ce travail a commencé avec
la these de Francois Andrieu, durant laquelle nous développons une méthode d’inversion bayésienne ba-
sée sur une table de référence pour accélérer le calcul. Ce travail a déja été effectué avec une méthode
bayesienne dans la dimension angulaire durant la thése de Jennifer Fernando, voir section

Enfin, la perspective d’une application massive de ces outils a grande échelle sur I’ensemble des jeux
de données hyperspectraux OMEGA, CRISM, M?, ... souléve des problématiques d’implémentation des
algorithmes mais aussi des questions de visualisation. A plus long terme, je souhaite développer ces
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FIGURE 1.6: Précision de la détection pour plusieurs algorithmes sur un jeu de données de 1000 spectres
synthétiques simulant Mars pour différentes valeurs de contenu en aérosols. Les ronds représentent les
bonnes détections, les carrés les fausses détections. “slope” signifie avec 1’ajout des spectres additionnels
de la stratégie LinMin (en haut, a gauche) algorithme IPLS (en haut, a droite) algorithme BIICE (en bas
a gauche) détection des 71 spectres contenant de 1’olivine forsterite uniquement en utilisant IPLS et le
rapport de bande (en bas a gauche). Détection des 59 spectres d’olivine fayalite uniquement en utilisant

IPLS et le rapport de bande (voir Iarticle disponible a la section [1.4.3 page 45)).

19



CHAPITRE 1. IMAGERIE HYPERSPECTRALE

thématiques pour extraire 1’information tres riche contenue dans ces jeux de données. Cette perspective
permettrait aussi ’intégration dans un Systeme d’Information Géographique pour une analyse multi-
instrument.

1.3.2 Perspectives planétologiques

Les perspectives planétologiques se déclinent aux divers contextes géologiques des surfaces plané-
taires. Dans un premier temps, je souhaite appliquer ces outils aux problématiques des glaces Martiennes
mais aussi contribuer a analyser surfaces lunaires et des autres corps, grace a des collaboration au sein
de la communauté scientifique.

1.4 Publications

Co-encadrement de theses de Doctorat :

— M. Legendre

— F. Andrieu

— J. Fernando

Publications scientifiques :

— Schmidt F. ; Douté S. and Schmitt B., “WAVANGLET : an efficient supervised classifier for hy-
perspectral images” ; IEEE Transactions on Geoscience and Remote Sensing, 2007, 45, 1374-1385
(voir section[I.4.1).

— Moussaoui, S.; Hauksdéttir, H. ; Schmidt, F. ; Jutten, C.; Chanussot, J.; Brie, D.; Douté, S. &
Benediktsson, J., “On the Decomposition of Mars Hyperspectral data by ICA and Bayesian po-
sitive source separation” ; Neurocomputing, Neurocomputing for Vision Research ; Advances in
Blind Signal Processing, 2008, 71, 2194-2208

— Schmidt, F.; Schmidt, A.; Tréguier, E. ; Guiheneuf, M. and Moussaoui, S. & Dobigeon, N., Im-
plementation strategies for hyperspectral unmixing using Bayesian source separation, IEEE Tran-
saction on Geoscience and Remote Sensing, 2010, 48, 4003-4013 (voir section[I.4.2 page 33).

— Ceamanos, X. ; Douté;, S. ; Luo, B. ; Schmidt, F. ; Jouannic, G. & Chanussot, J., “Intercomparison
and Validation of Techniques for Spectral Unmixing of Hyperspectral Images : A Planetary Case
Study”, IEEE Transaction on Geoscience and Remote Sensing, 2011, 49, 4341-4358

— Themelis, K. E. ; Schmidt, F. ; Sykioti, O. ; Rontogiannis, A. A.; Koutroumbas, K. D. & Daglis, 1.
A., “On the unmixing of MEx/OMEGA hyperspectral data”, Planetary and Space Science, 2012,
68, 34-41

— Schmidt, F.; Legendre, M., and et Le Mouelic, S., Minerals detection for hyperspectral images,
LinMin, en révision a ICARUS 2013 (voir section[I.4.3 page 49).

Abstracts :
— F. Andrieu et al., EPSC 2013

1.4.1 WAVANGLET

Cette section contient I’article suivant :
Schmidt F.; Douté S. and Schmitt B., “WAVANGLET : an efficient supervised classifier for hyper-
spectral images” ; IEEE Transactions on Geoscience and Remote Sensing, 2007, 45, 1374-1385
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WAVANGLET: An Efficient Supervised
Classifier for Hyperspectral Images

Frédéric Schmidt, Sylvain Douté, and Bernard Schmitt

Abstract—The new generation of imaging spectrometers
onboard planetary missions usually produce hundreds to thou-
sands of images a year, each made up of a thousand to a million
spectra with typically several hundred wavelengths. Such huge
datasets must be analyzed by efficient yet accurate algorithms.
A supervised automatic classification method (hereafter called
“wavanglet”) is proposed to identify spectral features and classify
images in spectrally homogeneous units. It uses four steps: 1) selec-
tion of a library composed of reference spectra; 2) application of
a Daubechies wavelet transform to referenced spectra and deter-
mination of the wavelet subspace that best separates all referenced
spectra; and 3) in this selected subspace, determination of the best
threshold on the spectral angle to produce detection masks. This
application is focused on the Martian polar regions that present
three main types of terrains: HoO ice, CO- ice, and dust. The
wavanglet method is implemented to detect these major com-
pounds on near-infrared hyperspectral images acquired by the
OMEGA instrument onboard the Mars Express spacecraft. With
an overall accuracy of 89%, wavanglet outperforms two generic
methods: band ratio (57% accuracy) and spectral feature fitting
(83% accuracy). The quantitative detection limits of wavanglet are
also evaluated in terms of abundance for H>O and CO; ices in
order to improve the interpretation of the masks.

Index Terms—Automatic detection, automatic supervised clas-
sification, hyperspectral images, mass treatment, pattern recogni-
tion, remote sensing, spectral feature recognition and extraction,
wavelet filtering.

I. INTRODUCTION

N ORDER to understand the current climate on Mars, it

is necessary to detect, characterize, and monitor CO2 and
H>O ices at its surface (permanent and seasonal deposits) and
in its atmosphere (vapor, clouds). The series of images acquired
above medium latitudes and the poles by the OMEGA [1]
imaging spectrometer onboard the Mars Express (MEX) mis-
sion [European Space Agency (ESA)] represents a unique
opportunity to achieve these objectives. Currently, it contains
more than a hundred visible and near-infrared hyperspectral
images taken during different seasons above the north and south
polar regions with usually ~100 000 spectra for each image.

Manuscript received May 12, 2006; revised September 23, 2006. This
work was supported in part by a Ph.D. Grant from the “Ministére délégué a
I’Enseignement supérieur et a la Recherche” and in part by a contract with
CNES through its “Groupe Systéme Solaire” programs.

The authors are with the Laboratoire de Planétologie de Grenoble—
CNRS/UJF, Batiment D de Physique, 38041 Grenoble Cedex 09, France.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TGRS.2006.890577

We aim to do the following:

1) evaluate the relevance of each image for volatile molecule
studies in terms of fractions covered by CO2 and H2O
ices;

generate CO4 and H»O ice distribution maps;
automatically determine the seasonal condensation and
defrost lines and their temporal evolution;

define spectrally homogeneous units of terrain as detec-
tion masks, each undergoing a specific physical mod-
eling of the spectra in order to evaluate their surface
properties.

2)
3)

4)

Because of the huge volume of data, we need an automatic
and efficient algorithm to achieve these goals in a reason-
ably short calculation time. In supervised classification, the
usual way to compare each spectra X of a hyperspectral im-
age and a well-known reference spectrum E is to calculate
their spectral angle (SA) [2] in the n-dimensional base (n =
the number of channels) which is equivalent to the correlation
coefficient. However, this method is not robust enough to
classify the polar terrains because of the slightly degraded
signal-to-noise ratio of the spectra mostly acquired at high
incidence angles. Furthermore, gaseous CO2 and H2O present
in the atmosphere add absorption features that sometimes partly
overlap their solid counterparts. Finally, variations of the phys-
ical properties of the ices (e.g., grain size) and variations of
geometrical illumination conditions induce nonlinear variations
of the absorption band intensity across the studied scene that
are impossible to unravel using a linear SA method. Therefore,
we propose a supervised classification method called wavan-
glet. It defines a more effective way of measuring the SA
between the image spectrum X and the reference spectrum F
in a wavelet transform (WT) domain. The reference is usually
an image endmember or a synthetic spectrum that nonambigu-
ously characterizes the compound to be detected, e.g., CO4 or
H3O ice owing to their distinctive absorption bands. Similar
methods have already been evaluated in remote sensing. The
use of wavelets for pattern recognition was already proposed by
[3] and [4], and their efficiency is better than that provided by
other techniques such as principal component analysis (PCA)
and Fourier transforms [5]. Experimental studies have shown
that the performance of wavelets in classification is very good
for vegetation detection with Airborne Visible/Infrared Imag-
ing Spectrometer data [6] and hyperspectral data collected at
ground level [7].

The use of unsupervised classification methods like PCA [8]
or hierarchical clustering [9] is limited when processing large

0196-2892/$25.00 © 2007 IEEE
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SCHMIDT et al.: WAVANGLET: AN EFFICIENT SUPERVISED CLASSIFIER

TABLE 1
BASIC SPECTRAL CHARACTERISTICS OF THE
OMEGA INSTRUMENT ONBOARD MEX

[ [ Vchannel | C channel | L channel ]
Spectral Range (um) 0.38 to 1.05 0.93 t0 2.73 | 2.55 to 5.1
Number of Samples 96 or 144 128 128

Spectral Resolution (um) | 0.007 or 0.0045 0.013 0.020

datasets because such methods are computer intensive. Further-
more, they do not take advantage of the a priori knowledge
we may have concerning planetary surfaces and atmospheres.
Finally, they classify an image according to multiple chem-
ical, physical, and structural information that are combined.
Thus, the classification can be difficult to interpret in terms of
chemical composition only, a problem that we do not encounter
with wavanglet.

This paper is divided into four sections. In the first, we
provide background information necessary to introduce the wa-
vanglet method and the OMEGA dataset on which we will base
our classification experiments. We also describe comparable
standard methods that already exist: band ratio (BR) [10], [11],
Spectral Angle Mapper (SAM) [2], and spectral feature fitting
(SFF) [12]. The second section presents the different steps
followed by our method. Next, we will perform a compara-
tive experiment between wavanglet and two standard methods
based on performance (overall accuracy, separability between
classes, multiple endmembers and possible overlapping signa-
tures, mass processing feasibility, and calculation time). Finally,
in the particular case of the OMEGA polar images, we evaluate
quantitative detection limits in terms of abundance for H,O and
CO,, ices. We also determine how these limits vary with the
coexistence mode of the ices, their main physical parameters
(e.g., granularity) and the incidence angle of the observation.
For this, we use synthetic data.

II. BACKGROUND INFORMATION
A. OMEGA Instrument

The OMEGA instrument [1] is an imaging spectrometer
onboard the MEX—ESA. Its spatial resolution varies from
350 m up to 4 km depending on the observation altitude. The
instrument has three distinct spectral channels designated V, C,
and L. Table I summarizes the spectral range, number of spec-
tels, and spectral resolution for each. Unlike the V channel, the
C and L channels are particularly relevant to our studies since
they sample numerous absorption bands distinctive of CO, and
H>0 in their solid state. After calibration, the dimensionless
physical unit used to express the spectra is the reflectance: the
irradiance leaving each pixel toward the sensor divided by the
solar irradiance at the ground. Each pixel is characterized by
a spectrum of 256 spectels organized according to increasing
wavelength, the corresponding index going from 0 to 255. The
name of each observation is coded as ORBXXXX_Y where
XXXX is the orbit number and Y the observation number.

B. Wavelet Transform

Our signals are modeled by finite energy functions of the H
Hilbert space with the usual norm of the L?(R) Banach space
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and the usual inner product (;). As the Fourier transform is
a projection on an orthogonal base made of orthogonal sine
and cosine functions, the WT is a projection into a new base
made of orthogonal wavelets. Each wavelet is built by scaling
and shifting a single “mother” wavelet [13]. Consequently,
a wavelet is defined by a mother pattern, a scale “s,” and a
position “p.”
The mother wavelet is as follows:

1) afunction

¥ e L3(R) o))
2) with a zero average
+oo
/ U(z)de =0 @)
3) centered in the neighborhood of t = 0
4) normalized such that
] = 1. (©)

It is used to generate a family of functions: U, ,(z) =
(1/Vs)¥((x —p)/s)

1) which could be a base of L2(R);

2) which could have the orthonormal property: V(s,p, s',p'),

(Us,ps Vst pr) = 0,50 Op -

The originality of wavelets compared to the usual sine and
cosine functions is that each base function is localized. A cosine
function, instead, is defined by its period and its phase, and is
present throughout the entire signal.

The WT of the signal-vector E(x) is:

+o00

WE(s,p) = (B, U, ) = /E(x)%\l/* <x;p> dz. (4)

—00

This transformation is linear and can be written by the usual
convolution product:

S

+o0
WE(s,p) = /E(x)%xp*(zfﬁ de=f+U, (5

with Uy = (1/4/3)0*(—z/s).

In signal processing, several classes of mother wavelets
exist, each with different properties (including nonbase and
nonorthogonality). We build our wavanglet method on an or-
thonormal base made using the Daubechies wavelet family. The
corresponding transform algorithm was specially developed for
fast numerical calculation [14]. Faster than the usual WTs [4],
this particular WT is particularly suitable for the detection
and classification of spectral features on large datasets. The
morphology of the Daubechies mother wavelet can be tuned by
a parameter—with 4, 16, or 20 as possible values—that depends
on the regularity of the signal. If the latter is undersampled, the
regularity is low and the best suited mother wavelet must be
highly irregular and as short as possible (value 4). If sampling
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Fig. 1. (a) Daubechies wavelet representation. Wavelet No 28 (Scale 5 Posi-

tion 13) and (b) its representation. (c) Wavelet No 73 (Scale 7 Position 10) and
(d) its representation.

is sufficient, the mother wavelet must be smooth and long
(value 20). The OMEGA data correspond to the first case. The
discrete WT algorithm transforms a 2% element vector into
a vector of the same length. The counterpart of the spectel
index in the wavelet domain will be called the wavelet index.
The length 2% of the vector determines the number of scales
k, 8 for OMEGA, due to a spectral dimension of 256. The
scale s and position p are not explicitly specified in the output
vector but can be easily reconstructed. Each wavelet index
corresponds to a unique wavelet with scale s and position
p. Different representations of the vector can be used in the
wavelet space: for instance the primary output vector or a
scale/position scheme. We will use a convenient representation
with each scale represented by a 2F element vector resulting
from the superposition of gate functions, one for each wavelet,
with a width equal to the scale s, a localization equal to position
p, and a depth equal to the projection coefficient (see Fig. 1).

WTs can be used in spectral pattern recognition as proposed
several years ago [3], [4]. The idea is that the wavelet lo-
calization and scale, respectively, correspond to the position
and width of a particular spectral feature. Furthermore, the
projection coefficient is linked to feature depth. In the case of
a hyperspectral planetary image, each absorption band can be
represented by the sum of a limited number of wavelets. In
an ideal case, only the projection coefficients for this group of
wavelets would differ from zero.

C. Usual Classification Methods

Many different methods of detection and classification are
used in the domain of planetary sciences. We will only summa-
rize three among the most popular.

1) BR Method: A ratio between two channels of interest
can be calculated for all the spectra of an image. For instance,
one channel can be chosen in the middle of an absorption
band and the other on its far wing (local continuum). In this
case, the ratio is straightforwardly linked to the relative band
depth. a detection mask can be computed by applying a fixed
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TABLE 1I
WAVELENGTHS USED IN THE BR METHOD

[ Spectelindex [ 35 [ 40 | 60 [ 75 ]
[ Wavelength (um) [ 1.4286 [ 1.5004 [ 1.7860 [ 1.9973 |

Endmembers
Wmlengl;l (microns}

0.8

-
e ai!
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Reflectance
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Fig. 2. Spectral endmembers. (a) Dust 4+ atmosphere spectrum, (b) synthetic
spectrum of H2O ice, and (c) synthetic spectrum of COx ice.

threshold on the image ratio, above which we consider that
the band exists. The threshold can be calibrated by a visual
inspection of representative spectra. Sometimes the definition
of the BR is slightly more refined, e.g., the area sustained by the
absorption band divided by its continuum. The main advantage
of the ratio method is its simplicity. Nevertheless, this method
is only used for preliminary investigations because of a number
of limitations: dependence of hot spectels and sensitivity to
nonmultiplicative noise, instrumental artifacts, and frequent
superposition of different absorption bands. This method has
already been applied to MEX OMEGA data [10], [11].

The BR we used for our classification experiments (see
Section IV-B) is (5(40)/5(35))(1 — (S(75)/5(60))) with the
associated wavelengths listed in Table II. Spectel index 35 cor-
responds to a CO4 solid absorption band and spectel index 40 to
a water ice absorption. Spectel index 60 is the continuum, and
spectel index 75 corresponds to both CO, and HyO absorption
bands (see Fig. 2 for the reference spectra). Terrains with a
minimum value of the ratio are composed of dust. CO-ice-
rich terrains are represented by pixels with a high ratio. In
between, water-ice-rich terrains have intermediate values (see
Fig. 4 for the BR distribution in one OMEGA observation).
An overview of the properties of this method and the results
from experiments are reported (later) in Table IX.

2) SA: A collection of spectra produced by a given instru-
ment can be represented by a series of vectors each anchored
at the origin of an n-dimensional space (n being the number
of channels of the instrument). In a usual 3-D Euclidean space,
the SA corresponds to the real angle between the two direc-
tions defined by two vectors [2]. In a general n — d space,
the SA is a coefficient o between 0 and 7 radians which
determines the proximity of the directions of two vectors F
and X.
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The SA:

(E; X)

a(E; X)=arccos (7
LI - 11X

) =arccos(cor(E; X))

The SA is not sensitive to a multiplication factor because it is
normalized. This method is often used in remote sensing analy-
sis to compare two spectra (vectors) because the photometric
effect is not taken into account. Another way to introduce the
SA is to present it as a correlation coefficient between two
random vectors (the spectra) combined with an arc-cosine. As
the arc-cosine is a monotonically declining function in the
[0, 1] interval, the SA decreases as the normalized correlation
increases. In the extreme case, when the two directions are
similar, SA tends to O and the normalized correlation tends
to 1. When the two vectors are anticorrelated, the correlation
coefficient is close to —1, and thus the SA is close to 7 radians.
The intermediary situation is when the angle is 7/2 and the
correlation is null.

The value of the SA does not depend on the base used for the
vector representation if the new base is orthogonal for the usual
scalar product. This means that if the scalar product between
two vectors is preserved, the SA is also preserved.

If ® is a self-adjoint linear operator such as WT, e.g., the
projection into an orthonormal base of the H Hilbert space, we
can write the following:

The Parseval formula

(@(E); 2(X)) = (E; X) (6)
and the Plancherel formula
[2(X)]| = (2(X); (X)) = (X; X) = || X]| @

and thus

. - [ (@(E); ®(X))
a{®(E); ®(X)} = arccos (W) ®

a{®(E); ®(X)} = arccos (%) "

a{®(E); ®(X)} =a(E; X). (10)

SA is an algorithm already implemented in the environment
for visualizing images (ENVI) environment [15].

3) Spectral Feature Fitting: SFF is a method that compares
the spectrum of an image X to a selected reference spectrum E
in a least-squares sense [12]. The reference spectrum is scaled
to match the image spectrum after continuum removal for both
spectra and the root mean square (rms) error is determined.
We choose to express the similarity between X and E by
calculating the combined ratio: scale/rms. The scale and the rms
are, respectively, an estimation of the strength of the searched
absorption features and of the quality of the fit. A simple
threshold can be applied to the ratio to decide if the observed
spectrum belongs to the class of the reference spectrum or not.

An overview of the properties of this method and the results
from experiments are also reported in Table IX. SFF is also an
algorithm included in the ENVI environment [15].
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III. PROPOSED METHOD: WAVANGLET, SA
CLASSIFICATION IN A WAVELET FILTERED SPACE

The proposed wavanglet method is a succession of four steps.
Step A is the determination of significant reference spectra
E characteristic of the different types of terrains present in
the scene (the set is called the “reference base”). Step B is
the choice of the most discriminating wavelet subspace for
SA classification of the observed spectra X. Step C is the
determination of the best threshold for the SA to produce
detection masks (0 = nondetection; 1 = detection). Step D is
the automatic mass classification for the complete dataset.

A. Step A: Choice of Relevant Reference Spectra

This first step is crucial in the process because it will strongly
affect the validity of the detection. If some species are not
represented in the reference base, they will be misclassified
in the dataset. If other species are represented in the base but
are not present in the observation, the classification will not
be optimized. This method is supervised because the a priori
knowledge used to perform the classification is strong: number
of present compounds in the image, nature of the compounds,
etc. The user must supply a reference base that can be a
set of endmembers extracted from the hyperspectral images
and/or a set of synthetic spectra generated by a physical model.
Endmembers can be extracted manually or automatically, for
instance by a pixel purity index routine [16], after a dimension
reduction performed by different techniques such as PCA or
minimum noise fraction [17]. The synthetic spectra can be
calculated with a bidirectional reflectance model adapted to
the type of planetary surfaces observed [18]. A single chemi-
cal species with homogeneous physical properties (grain size,
roughness, etc.) or a geographical/granular mixture of different
chemical species with different surface properties may be used
under certain circumstances. We will denote the ith spectra of
the reference base as E;. Our algorithm will detect a reference
spectrum FE; in an observed spectrum X when the signatures
of the former are found in the latter with similar position,
width, and relative depth. However, this method will neither be
sensitive to the general level of the spectra nor to the absolute
depth of bands for a particular species.

B. Step B: Determination of the Best Subspace

Several methods have been proposed to reduce the dimen-
sion, such as band selection on a well-documented learning
dataset using discriminant analysis [19], or directly on the
hyperspectral image avoiding correlation [20]. We will use the
discrete WT, which is already used to increase the classification
accuracy [21], in a alternative way.

1) Step BI—Continuum Removal: Real observed spectra
commonly result from the superposition of multiple absorption
bands due to several pure compounds mixed at different spatial
scales. Such absorption bands undergo nonlinear variations
when the physical properties of the materials present in the
scene change [22]. Moreover, these bands appear on a con-
tinuum that is highly variable due to changes of illumination
and global albedo. These are the main limiting effects when
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comparing the observed spectra with the image or synthetic
endmembers. In order to reduce the sensitivity of our algorithm
to such variations—which cannot be taken into account by our
fixed reference endmembers—we perform the comparison only
at medium and small wavelet scales (s € [5 — 8] for OMEGA
classification). In this first filtered space, all wavelet coefficients
mainly depend on the absorption band positions, widths, and
relative depths. They are only moderately affected by noise
in the spectra as shown by the experiments we carried out
(see Section IV-C). One specific absorption band is usually
represented by several wavelets.

2) Step B2—Best Discrimination: Additionally, we have to
select the ideal subspace that allows the best discrimination
among the different endmembers. It is possible to separate
overlapping signatures during the decomposition process if they
have different positions or widths, i.e., if we can find one
wavelet at medium or small scale, specific to one absorption
band but not polluted by another absorption band.

Qualitatively speaking, this subspace is composed of
wavelets on which the reference spectra show the greatest
differences. We propose three simple methods to carry out the
selection.

WE, (s, p) denotes the projection of the ith spectrum of the
reference base on the wavelet ¥, , at scale s and position p.

1) Threshold for only one single reference spectra in the

base:
Keep ¥, ,, if 3i such that

|[WE; (s, p)|| > thres(s). (11)
2) Threshold for an extended spectral base:
Keep VU, ,, if 3(i, j) such that
IWEi(s,p) — WE; (s, p)|| > thres(s,i,5)  (12)
with
thres(s, 4, j) = const. (13)

3) Automatic threshold method, same as method 2) above
with

thres(s, ¢, j) = mean, ; {||WE;(s,p) —WE;(s,p)| }

+ ¢ stdyj {[[WEi(s,p) =WE; (s, p)[|} . (14)

Both mean mean; ; and standard deviation std; ; are
calculated for combinations of ¢ and j for a given s. The
coefficient c is determined by the user.

The norm || || can be L', L2, or any other norm definition.
We choose L2 to be consistent with previous considerations
concerning WTs in a H Hilbert space (see Section II-B).
Methods 1) and 2) cannot easily be carried out if the number
of reference spectra is high because the number of thresholds
becomes excessive. An alternative is method 3) which auto-
matically determines the threshold. Other more complicated
automatic methods have already been proposed in the literature,
for example selection of the maximum by scale instead of a
threshold criterion [3] or the best basis algorithm [23], [24].

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 5, MAY 2007

3) Step B3—Circularity, Noise, and Dead Channels: The
first problem that arises when analyzing numerical data by
a WT is the edge effect. The circularity of the sampling
creates false information symmetrically before and after the
measured signal. All wavelets near the edge are polluted by
this construction. To solve such a problem, we eliminate all
wavelets containing information inherited from the first or last
instrument spectels. For the OMEGA images, this method is
valid because no features of interest are located near the edge
of the signal.

Also, wavelets corresponding to spectels affected by in-
strumental defects or noise can reduce the accuracy of the
classification algorithm. These wavelets are determined by the
following method. First, we built a null-vector with a length
equal to the number of spectels in an OMEGA spectrum.
Second, we change the value of the vector from zero to one only
at the rank of a defective spectel in order to simulate the defect
with a normalized energy of one. The base of the modeled
defect is denoted D;. Then, we perform a WT on this signal
D; and eliminate all wavelets with a coefficient higher than a
threshold, i.e., the wavelets most affected by the defect. If we
choose a typical value of D;(s,p) > 0.5, we eliminate only the
wavelets that receive more than 50% of the defect energy. This
operation should be performed for all potential defects .

C. Step C: SA Thresholds

The calculation of the SA between the reference spectrum
E and the observation spectrum X gives the correlation coef-
ficient between these two spectra in a determined space. The
characteristics of an appropriate subspace are the following.
The belonging wavelets must be corrected from continuum
effect (Step B1), form a part of an absorption band and be
discriminating for at least one reference spectrum (Step B2),
and be almost free of noise and numerical problems (Step B3).
The SA in this subspace can be interpreted as a measurement
of the agreement between distinctive spectral features of a
reference spectrum and those of an observed spectrum. A small
value indicates a good match of spectral features whereas a
value close to 7 indicates total disagreement. Some analysis
procedures we use subsequently in wavanglet require that we
decide from the SA if a given compound, characterized by its
associated reference spectrum, is present or absent in a pixel. In
this case, after processing the whole image, we obtain detection
masks for the compounds that indicate if a given treatment is to
be applied or not for a given pixel.

To declare positive detection, the correlation coefficient must
be higher than a certain threshold, or in an analogous manner,
the SA must be lower than a limiting angle. Ideally, to build
our detection algorithm, a unique limiting angle, one per com-
pound, must be detected and valid for all observations. This lim-
iting angle can be interpreted as a limiting condition adapting
the mathematical problem to a physical one. Two methods can
be performed to determine the series of thresholds: calibration
using a controlled database of synthetic spectra—modeling
approach [Cl]—and/or an empirical approach based on an
already analyzed subset of real data [C2]. The choice of the
threshold must maximize the detection limit of each pure
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compound in the image, regardless of its physical properties,
and and must minimize false detections.

As the SA calculation is invariant with any linear ortho-
normal transformation, such as the Daubechies WT, we have
the choice to perform the SA mapping of all the pixels in the
filtered wavelet base or in the filtered spectral space. The latter
is reconstructed by the inverse transform of the filtered wavelet
base. The calculation of the SA is faster in the filtered wavelet
base than in the complete spectral space because the dimensions
of the former are lower. We therefore choose to perform the
calculation in the filtered wavelet base.

D. Step D: Automatic Mass Classification With SAs in
This Subspace

All the parameters are now adjusted to perform the auto-
mated classification. For each image and each spectrum of the
reference base, a detection mask will be created. For datasets
spanning a long time range (several months to years), many pa-
rameters can vary. For instance, the bad channel list can change
with time thus affecting Steps B2 and B3. If this happens, then
Step C should be adapted according to the former steps.

IV. EXPERIMENTS

We will now apply this general wavanglet method to a
series of OMEGA/MEX hyperspectral images and compare
the obtained classifications with the ones produced by two
alternative methods: BR and SFF (Section II-C1 and -C3). We
also evaluate quantitative detection limits for H,O and CO, ices
in terms of abundance. We use synthetic spectra for this. This
paper consists of five tests: classification accuracy, separability
between classes, multiple endmembers and possible overlap-
ping signatures, mass processing feasibility, and calculation
time.

A. Application of the Wavanglet Method to the Omega Dataset

We follow the four steps described in Section III to apply the
method to a collection of OMEGA/MEX images covering the
polar regions of Mars.

1) Step A—Choice of Relevant “Endmembers” (Reference
Spectra): The OMEGA spectra display signatures characteris-
tic of both the atmosphere and the surface. The atmospheric
contribution is due to gaseous CO4 and, depending on weather
conditions, to clouds of dust, CO2, and HO ices. The spectral
effect of the clouds can often be neglected for a first-order
approximation. The surface contribution is due to a mixture
of HyO ice, CO; ice, and dust in various proportions. In the
images, we try to detect the last three compounds to which
we attribute reference spectra (see Fig. 2). Pure H,O and CO,
are represented by synthetic spectra computed by a reflectance
model [18] using the physical parameters listed in Table III and
an optical constant measured in the laboratory [25]—[27]. These
parameters have been chosen to be compatible with recent
studies of both south and north Martian polar regions [10], [11],
[28], [29]. On the other hand, the third reference spectrum rep-
resenting polar dust is extracted from a single OMEGA image
covering the southern high latitudes by averaging all spectra
within a relatively homogeneous region near 70° longitude
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TABLE 1II
SYNTHETIC ENDMEMBER PARAMETERS

[ [ pure H2O ice | pure COz ice |

Grain size (um) 10 100 000
Incidence angle (°) 85 85
Emergence Angle (°) 0 0
TABLE IV

LIST OF ELIMINATED WAVELETS

[ Spectel indexes of dead spectels | 34 [ 78 ] 188 ]
[ Wavelet indexes of eliminated wavelets [ 35, 71, 144 [ 82, 166 [ 102, 206 |

Wavelet Subspace
T

T T T

I
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R

C 1 L 1 1
0 50 100 150
Spectel index

'_a
[ b
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Fig. 3. Representation of the selected subspace of (upper part) wavelets that
best discriminate the endmembers (lower part). (a)—(d) Wavelets selected in
scales 5 to 8. (e) Observed dust and atmosphere spectra, (f) synthetic CO> ice,
and (g) synthetic H2O ice. See Section II-B for wavelet representation.

and —77° latitude. Note that this spectrum is almost featureless
in the near-infrared range except for the 3-um band due to
the hydration of the minerals and the absorption bands of
atmospheric COs. Globally, the dust spectrum does not display
much spatial variation in this spectral range. Indeed, it is well
mixed by winds and spread over wide areas. Thus, we can as-
sume that our reference spectrum is representative of most areas
of both polar regions. Our Martian studies focus mainly on the
two first endmembers while the third endmember represents
spectral features that appear in the data but which are not of
interest to us.

2) Step B—Determination of the Best Subspace:

Step BI—Continuum removal: We use only the last four
scales (from 5 to 8) in order to remove the contribution of the
continuum.

Step B2—Best discrimination: We prefer the automatic
threshold method [method 3)], with norm L2 and the value
c = 2.5 to select the best subspace. This threshold criterion
optimizes the classification.

Step B3—Circularity, noise, and dead spectels: We elim-
inate all wavelets containing a nonzero contribution from the
last spectel number 255.

We eliminate wavelets polluted by damaged spectels (num-
ber 34, 78, and 158) with an energy criterion (D = 0.45).
Table IV lists the indexes of the eliminated wavelets.

Finally, the selected subspace is formed by the 12 wavelets
shown in Fig. 3 and summarized in Table V.
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TABLE V
LIST OF SELECTED WAVELETS
[ Scale | Indexes of selected wavelets |

5 28
6 36, 58
7 73, 80, 95, 118
8 145, 148, 149, 160, 161, 163, 164, 165, 175, 192, 202, 239

3) Step C—Threshold Determination: We use two different
procedures to constrain the SA threshold: numerical calibration
[C1] and image calibration [C2]

CI—Numerical calibration: The idea is to generate a
database of synthetic spectra that simulates the OMEGA dataset
by varying the relative abundances of ices and dust as well
as other physical parameters over realistic ranges of values.
Then, we can apply the wavanglet method on this controlled
data and adjust the angle threshold so as to maximize the
detection sensitivity for HoO and COs ices while minimizing
false detections.

The synthetic spectra are calculated by SPECTRIMAG, a
bidirectional reflectance model that solves the radiative trans-
fer of solar light through granular icy media [18]. The input
data are the spectral optical constants of ice crystals and dust
measured in the laboratory [25]-[27]. Each compound is also
characterized by parameters such as grain size and porosity.
A real OMEGA spectrum measures the surface reflectance
of a geographical and/or granular mixture of HoO ice, CO9
ice, and dust at, or under, the pixel scale. In the first case,
the resulting spectrum is a linear combination of the spectral
reflectance signatures of the individual compounds. In the sec-
ond case, the spectrum results from nonlinear physics aspects
implemented in the model. In order to simulate as realistically
as possible a Martian spectrum acquired by OMEGA, we also
take into account the atmosphere and the instrumental noise
contributions. The first contribution is introduced by multiply-
ing each simulated spectrum by a constant atmospheric trans-
mission spectrum calculated for an altitude of —4800 m and
typical Martian weather conditions by a line-by-line radiative
transfer model [30]. We simulate the instrumental noise by
a Gaussian process using statistics coming from dark current
measurements of OMEGA observation 41_1 acquired during
orbit 41.

C2—Image calibration: We carry out the training phase
of the wavanglet and SFF methods using observation 41_1
that covers the south polar region during local summer
(Ls = 337.9°).

A careful visual interpretation of observation 41_1 was car-
ried out in order to select samples of pixels that we can define
as “ground truth” regions of interest (GTROI). Dust, H,O, and
COx, ices are identified on the basis of their distinct absorption
bands. Nevertheless, this operation is very time consuming, and
we need as many GTROIs as possible to carry out the training
and subsequent testing (see Section IV-B) of the classification
methods evaluated in this paper. Furthermore, the sensitivity
of the brain/eye system is sometimes insufficient to recognize
relevant spectral features in circumstances such as a very small
amount of water ice mixed with solid COs. As a consequence
we use the limited (=30) manually obtained set of GTROIs for
41_1 in order to train the BR method, which is always more
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sensitive than the human eye. We obtain two detection thresh-
olds that, respectively, separate the COz class from the HoO
class and the latter from the dust class. These thresholds are
optimized for observation 41_1 or any other visually interpreted
image. Then, we consider that the classification maps obtained
with this optimized BR method (hereafter named BR_opt)
constitute a reference for the training (observation 41_1) and
testing (observation 231_1, see Section IV-B) of wavanglet as
well as other classification methods.

Since our detection classes can overlap because both CO,
and H,O ices as well as dust can be detected in the same
pixel, the training and testing are performed separately for the
three compounds. In each case, we consider two classes: pixels
with positive detection and pixels with negative detection. For a
range of proposed SA thresholds (see Table VII), we calculate
the overall accuracy and the kappa statistics [31] given by wa-
vanglet by comparing its classification map with the reference
map (BR_opt). The production and user accuracies are also
calculated. We retain the threshold that maximizes the kappa
factor. The training of SFF is performed in the same manner.

Both numerical and image calibrations converge on threshold
angles of 1.54 rad for HO ice, 1.48 rad for COs ice, and 0.34
for dust. Note that the threshold value is close to 7/2 for the
ices whereas it is much lower for dust. Our reference spectra
for H,O and CO4 do not contain any atmospheric contribution
as opposed to the dust reference and to the images we classify.
As a consequence, the observed spectra over icy terrains differ
more from their reference spectra than those observed over the
dusty terrains. In Section IV-C, we present the detection limits
we achieve on the synthetic spectra in more detail.

4) Step D—Classification Using the Complete Dataset: The
presentation and discussion of the results obtained by applying
the wavanglet method to the complete OMEGA dataset are not
the subject of this paper. We only discuss the ability of our
algorithm to analyze a selection of representative observations.
For that purpose, we carry out a comparative study with the BR,
SAM, and SFF methods (see Section II-C).

B. Comparison With Other Methods

In this paper, we illustrate our tests with observation 231_1 of
the north polar region recorded during local springtime (Mars
solar longitude, Ls = 8.6°). This observation presents different
H30 and CO; ice properties than observation 41_1, such as
grain size and dust content [10], [11], [28].

All the results are summarized in Table IX.

1) Classification Accuracy: We admit that the optimized
BR method (BR_opt for 231_1) is the best classification
method and thus constitutes a reference (see Section IV-A3b).
Yet, we cannot use it to classify the whole OMEGA dataset
since it requires the manual constitution of GTROIs and sub-
sequent manual training. As a consequence we only test and
compare classification methods that could be used to process a
large number of images automatically:

1) non-optimized BR method (hereafter called BR_fix);
2) SFF method;
3) “Wavanglet” method.

27



CHAPITRE 1. IMAGERIE HYPERSPECTRALE

SCHMIDT et al.: WAVANGLET: AN EFFICIENT SUPERVISED CLASSIFIER

1381

TABLE VI
CLASSIFICATION ACCURACY FOR A POLAR OBSERVATION (231_1) ACQUIRED BY OMEGA. THE REFERENCE METHOD IS THE BR METHOD OPTIMIZED
FOR 231_1. THE DEFINITION OF THE KAPPA PARAMETER AND THE OVERALL AND USER ACCURACY CAN BE FOUND IN [31]

Method Threshold ‘ Kappa | Overall accuracy | user accuracy ‘ user accuracy
(%) (%) detection (%) no detection
BR_fix - HoO 0.36 - 0.664 | 0.071 35.6 16.8 97.0
SFFTM_ H,0 5.534 0.583 36.0 493 99.9
Wavanglet - H20 1.54 0.538 83.7 453 100.0
BR_fix - CO2 0.467 0.576 80.2 54.6 100.0
SFFTM._ CO, 3.716 0.572 80.0 54.4 99.9
‘Wavanglet - CO2 1.48 0.793 93.2 100 92.0
All three methods use fixed detection thresholds to classify the BR Histogram
dataset. For BR_fix, the thresholds equal those of BR_opt for %1 o ' S
observation 41_1. al £ &)
Table VI shows the overall accuracy of the classifications §
achieved by wavanglet, SFF, and BR_fix using the optimized (]
thresholds listed in Section IV-A3. In Table VI, note that for the E
detection of water ice terrains, SFF and wavanglet show similar
detection capabilities with an overall accuracy of 86% and ;
84%, respectively. On the other hand, BR_fix misclassifies 64% 040 BRofglue 120

of the pixels spectrally dominated by H2O. For COs terrains,
wavanglet clearly outperforms SFF and BR_fix with an overall
accuracy of 93% versus 80%.

2) Separability Between Classes: Class separability must
be considered to evaluate the robustness of a classification
algorithm. In our case, each class corresponds to the positive
detection of H>O ice, COs ice, and dust. First, we must consider
a space in which the data can be represented. For wavanglet,
this space is the SA in the wavelet filtered subspace, one for
each endmember F;. For the BR method, this space is the ratio,
unique for all endmembers. In these representation spaces, a
hyperspectral image is a collection of values, each representing
one spectrum. The classification consists in defining a threshold
in the distribution of SAs or a ratio for the whole population
of spectra of a hyperspectral image. The distribution may have
three types of groups: first with a dominant presence of the
reference material corresponding to E; (group #1), second with
the presence of the same material mixed with other components
(group #2), third without the presence of the selected material
corresponding to E; (group #3). In the distribution, each group
can be identified, and usually multiple peaks correspond to a
single group. In our case, the intersection between materials are
non-null: for instance, we can find materials with both H,O ice
and COx ice (group #2).

The less the intersection between group #2 and group #3
contains pixels, the more the classification will be reliable. One
way to estimate the class separability is to evaluate the range of
thresholds that give reasonably accurate detections. Robustness
is ensured when the range of possible values is relatively wide
compared to the width of the groups. This corresponds to a
large distance between pixels from groups #2 and #3 in the
representative space.

For the BR method (Fig. 4), the HyO, COs, and dust groups
strongly overlap, and thus the range of possible thresholds is
very limited. On the other hand, for the wavanglet method
(Fig. 5), the SA distribution plots of the different materials,
measured in their relative representing space, display well-
separated groups.

Fig. 4. BR value distribution for the 231_1 image. The gray boxes represent
the range of thresholds possible for Dust/H20O detection on the right and
H20/COx2 detection on the left.

(a)H0

frequency
Positive detection
No detection

1 .;10
angle (radian)

T | (o,

B0 2.00

Positive detection
No detection

1 .;10
angle (radian)

B0 2.00

(c)Dust

frequency
Positive detection
No detection

1 .60
angle (radian)

0.00 2.00

Fig. 5. SA distributions from the wavanglet method applied to the 231_1
image for (a) H2O ice, (b) CO2 ice, and (c) dust endmembers. The gray box
represents the range of acceptable thresholds for reliable detection.

3) Multiple Endmembers and Possible Overlapping Signa-
tures: When an increasing number of endmembers is required
to classify a large dataset, it must still be possible to separate
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TABLE VII
THRESHOLD RANGE OF POSITIVE DETECTION FOR THE BR AND WAVANGLET METHODS BASED ON 41_1 AND 231_1 OBSERVATIONS
[ Threshold [ HO ice [ CO ice [ dust |
BR_opt on 41_1 <0.360 (<0.398) to >0.467 (>0.664) | >0.467 to >0.664 | <0.360 to <0.398
BR_opt on 231_1 <0.507 (<0.532) to >0.651 (>0.695) | >0.651 to >0.695 | <0.507 to <0.532
wavanglet opt. on 41_1 <1.5 to <1.56 <1.4 to <1.53 <0.3 to <0.6
wavanglet opt. on 231_1 <1.45 to <1.57 <1.43 to <1.52 <0.32 to <0.58
operational wavanglet <1.54 <1.48 <0.34
TABLE VIII

classes. The BR method, as presented above, does not work for
the detection of more than a few species because it becomes
impossible to find a ratio that ensures class separability, es-
pecially when the spectral signatures overlaps. On the other
hand, the SFF and wavanglet methods are more suitable for
the classification of large spectral datasets with multiple end-
members because they perform the classification based on an
automatically defined spectral subspace. The user only needs to
define the endmember collection.

4) Mass Processing Feasibility: Application of a classifica-
tion method with a threshold (like wavanglet, BR, SFF) to a
huge dataset requires a constant threshold from one image to
the other. Table VII shows the acceptable range of thresholds
for the BR and wavanglet methods based on observations 41_1
and 231_1. For BR, the threshold range between dust and H,O
is strongly variable, and automation is therefore not possible.
For the wavanglet method, the threshold range for a given
compound varies only slightly, and a single constant value
can be selected for optimized detection. The final thresholds
determined in Section IV-A3 for H,O, CO», and dust are also
reported in Table VIIL.

5) Calculation Time: We measured the computation time
necessary to complete the classification of observation 41_1
(111616 spectra of 256 spectels) with the BR, SFF, and
wavanglet methods. A complete process consists of opening
files, running the classification algorithm, creating regions of
interest, and saving product files. Each type of processing was
performed in the ENVI environment on a LINUX worksta-
tion with the following characteristics: Intel Xeon 2.40-GHz
biprocessor with a 512-KB cache memory for each processor,
hyperthreading active technology, 6 GB of RAM, OS Linux
with kernel 2.6 SMP. Results of the tests are given in Table [X.
Wavanglet is the slowest method, but its run-time is comparable
to SFF.

C. Evaluating Detection Limits With Synthetic Data

We now evaluate the sensitivity of wavanglet for the detec-
tion of HoO and COs ices using synthetic data. For this, we
consider that solid H,O, COs, and dust form a granular mixture
with different mass proportions and grain sizes. For given
observation conditions, we calculate the reflectance spectra that
OMEGA would measure including the atmosphere contribution
and the instrument noise (as explained in Section IV-A3-C1).
We use different sets of parameters in the simulation. We span
the whole range of mass proportions in a relatively continuous
manner and use a limited set of values for the other parameters:
atmospheric path, grain sizes, and incidence angle. The latter
values, listed in Table VIII, are characteristics of polar ices
[10], [11], [28], [29]. For each combination of parameters,

SET OF PHYSICAL AND OBSERVATION PARAMETER VALUES USED
TO GENERATE THE TERNARY COMPOSITION DIAGRAMS

[ [Figure 6 and 7] Figure 8 [ Figure 9 |
Grain size H2O ice (um) 100 100 1000
Grain size CO2 ice (um) 45 000 45 000 45 000

Grain size dust (um) 30 30 30

Incidence angle (°) 85 and 15 85 and 15 85 and 15

Emergence angle (°) 0 0 0
Atmosphere South North (deeper) South

we perform automatic detection of the ices using wavanglet.
The reference base is composed of the three spectra described
in Section IV-A1 (see Fig. 2). The results are represented in
ternary diagrams with the three poles (H2O, CO., and dust)
at the edges of the triangle, one point inside the triangle
corresponding to a triplet of mass proportions (their sum being
always equal to unity). Each symbol represents a positive detec-
tion for a triplet. The absence of a symbol means no detection.
At one triplet location two symbols can be superimposed on
the triangular diagram: the inner and outer symbols correspond
to incidence angles of 85° and 15°, respectively. We can thus
assess the effect of changing the atmospheric path, grain size,
and incidence angle on the detection limits.

1) General Result: The detection limit for physical parame-
ters of the typical surface (see Table VIII) of the permanent
south polar cap is plotted in Fig. 6 and zoomed in Fig. 7. First,
note that the general detection of HoO ice is good until near
the dust corner and near the CO, corner. Second, the detection
of CO; ice is only present near the pure CO; ice pole. The
difference between these two situations is related to the grain
size effect. The grain size of COj ice is almost 500 times greater
than the grain size of HyO ice and 1000 times greater than
that of dust. In our case of granular mix, the mean free path is
smaller inside CO, ice than inside H>O ice or dust. The result is
that even with a similar proportion of HyO, COs, and dust, the
CO, absorption bands will be smaller than the HoO and dust
absorption bands. The presence of significant COy absorption
bands in the spectra requires a high relative weight proportion
of COs in order to balance this grain size effect.

2) Atmospheric Path: We generate two ternary diagrams for
an atmosphere extending from space to an altitude of, respec-
tively, +4800 m (a situation typical of south polar region of
Mars, Fig. 6) and —4800 m (a situation typical of the northern
lowland region, Fig. 8). We see in the figures that, despite a
large atmosphere thickness difference, the atmospheric path has
only a minor effect on our detection limits. The detection of ice
with the wavanglet method is thus only slightly disturbed by the
atmosphere contribution.

3) Grain Size Effect: Two ternary diagrams are calculated,
one with a water ice grain size of 100 ym (Fig. 6), a value
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Fig. 6. Detection limits for HoO and COx2 for physical parameters of the typ-
ical surface (see Table VIII) of the permanent south polar cap. The atmosphere
is typical for these conditions. The type of mixing is granular. Each symbol
corresponds to positive detection of HaO ice (square and cross) and COz ice
(circle and dot).
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Fig. 7. Zoom on the lower right corner (pure CO2) of Fig. 6. Each symbol
corresponds to positive detection of HaO ice (square and cross) and COz ice
(circle and dot).

characteristics of the permanent south polar cap [10], [28],
[29], and a second with a much higher value (1000 pm, north
polar cap [11], Fig. 9). Comparison of the two figures shows
that the detection capacity strongly decreases as the grain size
departs from the one used to generate the reference spectrum
(10 pm). This effect is due to the high nonlinear dependence
of the HoO and CO» spectral signatures with grain size that
wavanglet cannot handle. In conclusion, for efficient detection,
the real grain size on the site must not be too different from
the value used for the endmember reference. Otherwise, we
must modify or complete our reference base with more relevant
spectra (simulated, measured, or observed) in order to improve
the detection limit.

4) Incidence Angle: For a first approximation, the obser-
vation parameters (incidence, emergence, and azimuth angles)
only influence the absolute band depth of the spectral features.
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Fig. 8. Same conditions as in Fig. 6 except for a larger atmospheric path.

Each symbol correspond to a positive detection of H2O ice (square and cross)
and COz ice (circle and dot). Table VIII summarizes all parameters.

Positive detection

<> H,0 incidence 15°
X Hz0 incidence 85°
(O CO;incidence 15°
e CO;incidence 85°

pure Dust

04
CO; (mass fraction)
05

N 07

ﬁ’@@@@@@@@% X

ﬁ@@%@@@&@@@@@@@@
%%@@@%% ®®®® MX

. |
ure HO
B 2 Hzo (mass fractlon) pure CO,

Fig. 9. Same conditions as in Fig. 6 except for a larger water grain size
(1000 pm) compared to the reference on the detection limits (100 pm). Each
symbol corresponds to positive detection of H20 ice (square and cross) and
COz ice (circle and dot). Table VIII summarizes all parameters.

Since the wavanglet classification method is mostly sensitive to
relative band depth, it may be fairly independent with respect
to the illumination and observation conditions. The effect of
the incidence angle has been tested for two extreme values: 85°
(inner symbols) and 15° (outer symbols) for all the previous
parameter sets (Figs. 6-9). The relative positioning of the inner
and outer symbols for H,O and CO; in all figures shows a
very slightly better detection limit for 15° incidence. Other
calculations on the emergence angle near the nadir support
the same conclusion. The wavanglet method appears to be
independent of the geometrical conditions of the observation.

V. DISCUSSION AND CONCLUSION

We have conducted a comparative study between two
generic methods—the BR method and SFF—and wavanglet,
our wavelet-based procedure. For this, we have considered
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TABLE IX
COMPARISON OF BR, SFF, AND WAVANGLET METHODS

[ [ Band Ratio (BR_fix) [ Spectral Feature Fitting | Wavanglet |

Overall accuracy 57% 83% 89%
(mean for HoO and CO2)
Class separability Low Overlap High
Large end-member dataset Difficult Possible Possibl
Mass processing Yes (No for BR_opt) - Yes
Calculation time (s) 11 41 54
Noise dependence High and localized - Low

five criteria pertaining to automatic compound detection and
classification of spectra: overall accuracy, separability between
classes, multiple endmembers and possible overlapping
signatures, mass processing feasibility, and calculation time.
Table IX shows that only wavanglet possesses all the desired
properties. Furthermore, it has the highest overall accuracy,
outperforming SFF for the CO» terrains. The BR_fix method
usually misclassified a large fraction of the OMEGA images,
and unfortunately BR_opt is not suitable for mass processing of
complete datasets because a unique single detection threshold
cannot be determined and applied to all OMEGA images. Also,
BR is potentially very sensitive to noise for some spectels.
Furthermore, wavanglet has two interesting properties for
classifying our dataset: a reasonable calculation time and
possible multidetections with a large endmember dataset. We
demonstrated that the wavanglet method is able to discriminate
between various spectral patterns that sometimes differ
insufficiently and strongly overlap. We have also evaluated the
sensitivity of wavanglet for the detection of HoO and COy ices
as a function of certain physical as well as geometrical para-
meters using synthetic data. Thanks to the selection of medium
and small-scale wavelets, the sensitivity of wavanglet is not
hampered by variations of the incidence and emergence angles
or by noise. Furthermore, the presence of atmospheric CO9
bands has a minor influence on detection. On the other hand,
the nonlinear effect of grain size variability on the spectral sig-
natures is difficult to handle with only one reference spectrum
per material. To improve detectability over a wide range of
surface textures, we propose selection of one endmember per
terrain and per characteristic grain size in the reference base.
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Implementation Strategies for Hyperspectral
Unmixing Using Bayesian Source Separation

Frédéric Schmidt, Albrecht Schmidt, Erwan Tréguier, Magl Guiheneuf,
Said Moussaoui, and Nicolas Dobigeon, Member;, IEEE

Abstract—Bayesian positive source separation (BPSS) is a
useful unsupervised approach for hyperspectral data unmixing,
where numerical nonnegativity of spectra and abundances has to
be ensured, such as in remote sensing. Moreover, it is sensible to
impose a sum-to-one (full additivity) constraint to the estimated
source abundances in each pixel. Even though nonnegativity and
full additivity are two necessary properties to get physically in-
terpretable results, the use of BPSS algorithms has so far been
limited by high computation time and large memory requirements
due to the Markov chain Monte Carlo calculations. An imple-
mentation strategy that allows one to apply these algorithms on
a full hyperspectral image, as it is typical in earth and planetary
science, is introduced. The effects of pixel selection and the impact
of such sampling on the relevance of the estimated component
spectra and abundance maps, as well as on the computation times,
are discussed. For that purpose, two different data sets have been
used: a synthetic one and a real hyperspectral image from Mars.

Index Terms—Bayesian estimation, computation time, hyper-
spectral imaging, implementation strategy, source separation.

I. INTRODUCTION

N VISIBLE and near-infrared hyperspectral imaging, each

image recorded by the sensor is the solar light reflected and
diffused back from the observed planet surface and atmosphere
at a particular spectral band. Under some assumptions re-
lated to surface and atmosphere properties—e.g., Lambertian
surface, no intimate mixture, no diffusion terms in the at-
mosphere, and homogeneous geometry in the scene—each
measured spectrum—i.e., each pixel of the observed image
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for several spectral bands—is modeled as a linear mixture of
the scene component spectra (endmembers) [1]-[3]. In this
model, the weight of each component spectrum is linked to
its abundance in the surface area, which corresponds to the
underlying pixel. The main goal of hyperspectral unmixing is to
identify the components of the imaged surface and to estimate
their respective abundances [4], [5].

By considering P pixels of a hyperspectral image acquired in
L frequency bands, the observed spectra are gathered in a P X
L data matrix X, potentially ignoring spatiality. Each row of
this matrix contains a measured spectrum at a pixel with spatial
index p = 1,..., P. According to the linear mixing model, the
pth spectrum, i.e., 1 < p < P, can be expressed as a linear
combination of R pure spectra of the surface components.
Using matrix notations, this linear spectral mixing model can
be written as

X ~ AS (1)
where nonnegative matrices A € RY*® and S € REXL ap-
proximate X € RP*" in the sense that 1/2[|AS — X|? is
minimized (R} denotes the space of matrices with only non-
negative entries of respective dimensions). The rows of matrix
S now contain the pure surface spectra of the R components,
and each element a,,. of matrix A corresponds to the abundance
of the rth component in pixel with spatial index p. For the
qualitative and quantitative descriptions of the observed scene
composition, the estimation problem consists of finding matri-
ces S and A that allow one to explain the data matrix X and
have a coherent physical interpretation. This approach casts the
hyperspectral unmixing as a source separation problem under
a linear instantaneous mixing model [6]. Source separation is a
statistical multivariate data processing problem whose aim is to
recover unknown signals (called sources) from noisy and mixed
observations of these sources [7], [8].

This problem has been studied in-depth in recent years,
starting with pioneer work more than 15 years ago [9], [10].
From a statistical point of view, the problem is also related
to principal component analysis (PCA) and k-means clustering
(see [11] for an overview). Also note that the factorization AS
is not uniquely defined. For instance, for any matrices Z €
RI* such that ZZ™' =1, then AZZ 'S = (AZ)(Z'S) =
A’S’ is a solution as well; this holds even if the minimization
is able to find a global minimum. However, when solving this
separation problem with hyperspectral data, several constraints
can be considered to reduce the set of admissible solutions. A
first hard constraint is the nonnegativity of the elements of both

0196-2892/$26.00 © 2010 IEEE
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matrices S and A since they correspond to pure spectra and
abundances of the surface components, respectively. A second
constraint that may be imposed is the sum-to-one (additivity)
constraint of the abundances. Indeed, the abundance weights
correspond to proportions and should therefore sum to unity.
Several algorithms have been proposed in the literature to
solve fully constrained unmixing problems, i.e., handling both
of the constraints imposed on the spectra and abundances.
Specifically, an iterative algorithm called iterated constrained
endmembers (ICE) has been proposed in [12] to minimize
the size of the simplex formed by the estimated endmembers.
However, as noted in [13], results provided by ICE strongly de-
pend on the choice of the algorithm parameters. More recently,
Jia and Qian have developed in [14] complexity-based BSS
algorithms that exploit pixel correlations to recover endmember
signatures. In [15], Miao and Qi have introduced a nonnegative
matrix factorization (NMF) algorithm with an additivity penalty
on the abundance coefficients. Similarly, other constrained
NMF approaches exploiting smoothness and sparseness fea-
tures have been considered in [16]. Note that all the strategies
described earlier are based on an optimization scheme to min-
imize a penalty criterion. Consequently, they may suffer from
convergence issues, e.g., due to the presence of local maxima
and the large number of parameters to be estimated.
Alternatively, the constrained separation problem can be con-
veniently addressed in a Bayesian framework. Two algorithms
that perform unsupervised separation under positivity and sum-
to-one constraints have been recently proposed [17], [18].
These algorithms are based on hierarchical Bayesian modeling
to encode prior information regarding the observation process
the parameters of interest and include the positivity and full
additivity constraints. The complexity of the inference from the
posterior distribution of the parameters of interest is tackled
using Markov chain Monte Carlo (MCMC) methods [19], [20],
which has been proposed to analyze hyperspectral images [21].
The algorithmic details are not described here. The reader is
invited to read the pseudocodes summarized in algorithms 1
and 2 and to consult [17] and [18] for further details. The only
difference between the two Bayesian positive source separation
(BPSS) algorithms is the sampling of the abundance vectors
a, (p=1,...,P). However, since these algorithms rely on
MCMC methods, the computation time drastically increases
with the image size, and these algorithms have not been applied
for large-scale data processing in spite of their high effectiveness.
The aim of this paper is to discuss some implementation
strategies that allow one to apply these algorithms to real
hyperspectral data even if images are large. Previous works
about blind source separation of hyperspectral images have
been proposed [22]-[24], but only few use positivity/sum-
to-unity constraints [25]. To overcome this difficulty, a first
approach has been proposed in [25] to combine independent
component analysis (ICA) and BPSS. First, applying an ICA
algorithm (such as JADE [26] or FastICA [27]) to hyperspectral
images is applied to get a rough spatial classification of the
scene and to sample relevant pixels (i.e., from each class, the
pixels whose spectra are mostly uncorrelated are selected).
Second, the spectra associated to these pixels will serve in
the Bayesian separation algorithm to estimate the endmember
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spectra. Finally, the abundances can then be estimated on the
whole image using the estimated spectra. However, this strategy
presents a limitation related to the difficulty to determine the
number of pixels to retain from each independent component
class. In this paper, another pixel selection strategy based on
the computation of the convex hull of the hyperspectral data
is introduced. Its influence on separation performances is also
discussed. The issue of estimating the number of sources, or
“Intrinsic dimension” [28], will not be addressed in this paper.
Several methods have been proposed in the literature [29], [30].

This paper is organized as follows. Section II describes
the proposed implementation strategies adopted for this paper.
Section III summarizes the improvements related to the tech-
nical aspects of memory storage and computation issues.
Section IV discusses the performances of the resulting algo-
rithms when the pixel selection preprocessing step is introduced.

Algorithm 1 BPSS algorithm

for i = 17 ey NMch
% sampling the abundance hyperparameters
forp=1,...,Pdo
Draw A, from the pdf

Ap
P

F(Aplap:, 1p) o H |:F’Z/\p)

end for
% sampling the abundance hyperparameters
forp=1,..., Pdo

Draw 7y, from the gamma distribution

a;\f)ri| e 1r+ (Ap)-

R

> o+ ) |

r=1

Vol Aps ap: ~ G (1 + RAp + ¢,

end for

% sampling the abundance vectors

forp=1,...,Pandr=1,..., Rdo
Draw ay, . from the pdf

F(apr Ao, S, 02, X)

- (ap,r — Npm)2

x a;j;11R+ (ap,-) exp { 552 — 'ypawv]
P

end for

% sampling the noise hyperparameters
Draw 1), from the inverse-gamma distribution

P
1 1
’5202

p=1 P

)

P e
Velo2. pe ~ 1G ( z

% sampling the noise variances
forp=1,..., Pdo
Draw o7, from the inverse-gamma distribution

pPe+ L e+ HXP: - Sap:HZ
2 2

0-82,p|1/}07ap:7s7xp: ~1IG ( ) N
end for

% sampling the source hyperparameters
forr=1,..., Rdo
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Draw a. from the pdf

/B’I(TYT Qe — €
f(aT‘ST‘HBT) X H |:7F(ar) srfl e rlRJr(ar).
end for
% sampling the source hyperparameters
forr=1,..., Rdo

Draw (3, from the gamma distribution

L
BT‘arys'r: ~ g (1 + Lar + 67287“,1 + 5) .

=1

end for

% sampling the source spectra

forr=1,...,Randl=1,..., Ldo
Draw s,.; from the pdf

f (sr,l‘arv ﬁT7 A7 0.27 X)

(sr,l - )u'r,l)2
262

T

- Brsr,l

oc 897 py (s00) exp | —

end for
end for

Algorithm 2 Fully constrained BPSS algorithm (BPSS2)

for i = 1, ey NMcdo
% sampling the abundance vectors
forp=1,..., Pdo
Draw a,,. from the pdf

f (ap; |A, o2, X) o exp[— % (ay: —up)TA;I(ap; — y,p)]lg(ap:)

with

S = {ap:apm >0,Vr=1,...,R,

R
Z%’T = 1}.

r=1

end for
% sampling the noise hyperparameters
Draw ), from the inverse-gamma distribution

P
Pp. 1
2 e
¢e|Umpe~IQ< B) 1521
p=

% sampling the noise variances
forp=1,..., Pdo
Draw o7 , from the inverse-gamma distribution

1
2
9ep

2
Te,p

wcvapzvs7xp: NIg ( 2 2

end for
% sampling the source hyperparameters
forr=1,...,Rdo

Draw «,. from the pdf

L .
f (aTISr:vﬂT) X H |:F/((9; )SS;:| 676&7'1R+ (Oz,‘).
=1 "

end for

pet L the+|%p — Sap;l\g)

4005

% sampling the source hyperparameters
forr=1,..., Rdo

Draw (3, from the gamma distribution

L
Brlawn, s, ~ G (1 +Lap ey st e) :
1=1

end for
% sampling the source spectra
forr=1,...,Randl=1,...,Ldo

Draw s,.; from the pdf

f (Sr,l |CE7., ﬂr'v A7 027 X)
2
g — Sp,l — 7,1
o s,y "+ (s00) exp 7% — BrSri

r

end for
end for

II. OPTIMIZATION STRATEGIES

The optimization consists of two independent parts, which
will be referred to as follows: 1) technical optimization (TO)
to reduce the memory footprint, lower the average cost of
algorithmic operations, and make smarter reuse of memory,
and 2) convex hull optimization (CHO) to reduce the number
of spectra to be processed.

Both parts enabled us to analyze hyperspectral images that
so far were not open to analysis. The authors stress that the
techniques applied in 1) do not alter the results of the original
algorithm (see Section III). On the other hand, the optimization
strategy 2) only selects a subset of the original input and may
therefore change the results. The impact of the strategy 2) needs
to be evaluated, which will be presented in Section I'V.

A. TO

The algorithms introduced in [17] and [18] and referred
to as BPSS and BPSS2, respectively, could be successfully
launched on an image of a restricted size, typically of a few
thousand pixels. The main goal of this paper is to optimize the
memory requirement of these algorithms to process a whole
hyperspectral image of 100 000 spectra, as it typically occurs in
earth and planetary science. Since the time requirements of the
computation increase drastically for a larger number of pixels
and a larger number of sources, another challenging objective
is to reduce as much as possible the computation time. In that
respect, our proposal is to discuss the memory storage, the data
representation, the operating system (OS) architecture, and the
computing parallelization. These algorithms have been imple-
mented in MATLAB for this paper, but future implementations
will be done in other languages as well.

1) Memory: Thanks to the MATLAB profiler, it can be
noticed that the main limitation of the BPSS implementation
is the contiguous memory. Fragmentation may occur when
variables are resized after memory allocation. In this case, the
memory management might not be able to allocate a chunk
of memory that is large enough to hold the new variable.
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TABLE 1
SUMMARY OF MEMORY LIMITATION, DEPENDING ON THE OS

[ Operating System [ Memory Limitation |

32-bit Microsoft Windows XP 2GB
Windows Vista

32-bit Windows XP with 3 GB boot.ini switch 3GB

32-bit Windows Vista with increaseuserva set
32-bit LINUX 3GB

64-bit Windows XP, Linux,
Apple Macintosh OS X 4GB
or SunSolaris running 32-bit MATLAB®

64-bit Windows XP, Windows Vista, 8GB

Linux, or Solaris running 64-bit MATLAB®

TABLE 1I
COMPUTATION TIMES (AFTER TO) IN SECONDS, FOR A SYNTHETIC DATA
SET WITH THREE ENDMEMBERS (NO CUTOFF, NO NOISE), FOR BOTH
BPSS AND BPSS2, WITH AND WITHOUT CHO. IN THIS EXAMPLE,
944 PIXELS WERE SELECTED FORTHE CHO AMONG A TOTAL OF
100 000. THE NAME OFTHE RUN OF TABLE III AND
TABLE IV 1S NOTED IN PARENTHESIS

[ Algorithm [ Without CHO [ With CHO [ Time ratio |
[ BPSS | 71463 (BPSS2) | 2205 (BPSS-) | 3241 |
| BPSS2 [ 530654 (BPSS2-2) | 7133 (BPSS2-1) | 7439 |

Significant garbage collection may set in, which may have
a significant performance impact. In our case, to reduce the
impact of garbage collection, preallocating the matrices and
work with global variables has been found to be useful.

2) Precision: MATLAB, by default, computes on double
precision. However, computing with single data type saves a
lot of computation time while providing sufficient arithmetic
precision. It has been estimated to win up to 60% computation
time on an x86 processor architecture, while the changes to the
code have been minimal. Furthermore, most data sets come as
single precision.

3) OS Architecture: 1t is interesting to note that MATLAB
is limited in terms of memory usage (regardless of the size of
physical memory). This depends on the OS and the MATLAB
version (see Table I).

Therefore, a 32-bit LINUX architecture has been chosen.

4) Parallelization: MATLAB contains libraries dedicated to
automatically parallelize parts of the algorithms on a single
computer. BPSS has been run on a four-core machine. The
underlying matrix libraries already provide a certain level of
parallelism, depending on the number of available cores. How-
ever, in the future, parts of the code could be parallelized, and
the jobs could be submitted to a grid in order to speed up the
calculation process.

B. CHO

The proposed pixel selection strategy is based on the convex
hull of the data matrix projection into the subspace spanned
by the principal components. The convex hull of a point set is
the smallest convex set that includes all the points [31]. The
pixels associated to the vertices of the convex hull are selected
[32] and are expected, despite their limited number, to exhibit
the main spectral features of the whole data set. In terms of
abundances, this sample of points should contain the pixels with
the highest abundances of the components that contribute to the
investigated hyperspectral image (i.e., the purest pixels or most
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extreme pixels). It can be used as a concise representation of
the data set that still features the strongest spectral signatures
available in the original image. This strategy is also used as
a first step in endmember extraction algorithms for dimension
reduction and purest pixel determination [32]—[37]. Pixel selec-
tion has the advantage to reduce the number of mixture spectra
to unmix and to enforce the sparsity of the mixing coefficients
to be estimated. Note that the spectral dimension of the selected
spectra is not changed; only the spatial dimension is reduced
since only a few pixels are selected.

The convex hull selection has been implemented after seven
spectral components have been selected through PCA, which
turned out to be a good compromise between resource con-
sumption and accuracy.

III. PERFORMANCE AND ACCURACY OF TO

All the following runs are performed on a Quad-Core AMD
Opteron Processor 8384 at 2.7 GHz with 2 GB of memory.

1) Performance: Computation times between the previous
version of BPSS and the TO version have been compared when
processing a synthetic data set of 1052 spectra of 128 bands and
3 sources. For a run attempting at estimating three sources, the
computation time has decreased from 1106 s (previous version)
to 724 s (TO version), i.e., by a factor of about 1.5. In addition,
the total memory consumption is nearly half for the TO version
of the algorithm.

2) Accuracy: Due to the stochastic nature of the BPSS
algorithms, it is difficult to demonstrate that two algorithms are
semantically identical. In order to check that no significant loss
of accuracy has been induced by TO and, in particular, by the
change from double to single precision, several tests have been
performed with different random seeds x; and y2, which are
used for the initialization step of the MCMC. The sources S, 1
and S, estimated with and without TO have been compared.

The average correlations between S, 1 and S, are 0.9816 &
0.0315 and 0.9818 + 0.0255 without and with TO, respectively.
These correlations are due to the stochastic approach in the
Bayesian framework. Correlation values are similar, indicating
that the stochastic variance has not been affected by TO.

The average cross correlation between S, ; and S, with and
without TO is 0.9760 + 0.0388. This value is similar to the
correlation due to the stochastic process, demonstrating that the
TO version is equivalent to the original version of BPSS.

No significant differences have been observed, confirming
that the TO version is equivalent to the original version of
BPSS.

IV. PERFORMANCE AND ACCURACY OF CHO

The impact of the convex hull pixel selection preprocessing
step has been evaluated on two data sets: 1) synthetic data
generated from linear mixtures of known materials and 2) an
Observatoire pour la Minéralogie, 1’Eau, les Glaces et I’ Activité
(OMEGA) hyperspectral image of the south polar cap of Mars
as an example from planetology. Since the BPSS with TO
has been shown to be semantically equivalent to the previous
version, the TO approach is used in the rest of this paper.
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TABLE 1II
RESULTS OBTAINED FOR DIFFERENT SYNTHETIC DATA SETS WITH THE BPSS ALGORITHM. THE CHARACTERISTICS OF EACH DATA SET ARE SHOWN:
NUMBER OF ENDMEMBERS, CUTOFF, AND NOISE. EACH DATA SET HAS BEEN ANALYZED WITH A NUMBER OF SOURCES TO BE ESTIMATED
EQUAL TO THE NUMBER OF ENDMEMBERS USED TO GENERATE THE ARTIFICIAL DATA SET, WITH AND WITHOUT PIXEL SELECTION.
THE QUALITY OF THE ESTIMATION IS EXPRESSED THROUGH THE NUMBER OF WELL-ESTIMATED SOURCES AND THE
MEAN ABSOLUTE EXPRESSION, AS EXPLAINED IN THE TEXT

[ Runld | Cutoff (%) [ Nb of endmembers | Noise | Pixel selection | Nb of well-estimated sources | Mean correlation (%) |
BPSS-1 100% 3 no yes 2/3 99.9441
BPSS-2 100% 3 no no 2/3 99.9963
BPSS-3 80% 3 no yes 2/3 98.5826
BPSS-4 80% 3 no no 2/3 99.9286
BPSS-5 60% 3 no yes 2/3 98.2135
BPSS-6 60% 3 no no 2/3 99.2499
BPSS-7 100% 5 no yes 2/5 92.0689
BPSS-8 100% 5 no no 3/5 92.5181
BPSS-9 100% 10 no yes 5/10 88.3081
BPSS-10 100% 10 no no 6/10 94.2996
BPSS-11 100% 3 OMEGA yes 2/3 99.9067
BPSS-12 100% 3 OMEGA no 2/3 99.9961
BPSS-13 100% 3 10xOMEGA yes 2/3 99.8927
BPSS-14 100% 3 10xOMEGA no 2/3 99.9976
BPSS-15 100% 3 100xOMEGA yes 2/3 98.8182
BPSS-16 100% 3 100xOMEGA no 2/3 98.2574
BPSS-17 | ices: 100%, alb.: 35% 3 no yes 2/3 99.9811
BPSS-18 | ices: 100%, alb.: 35% 3 no no 2/3 98.9855
A. Synthetic Data tral library containing the pure endmembers used to produce

1) Description: Several synthetic data sets have been gen-
erated by mixing a known number of endmembers, with abun-
dances simulated with uniform distribution. The generated data
sets are of size 200 x 500 pixels, which is a spatial size
similar to the one of a typical hyperspectral image. For the
endmembers, the following spectra have been used: H,O and
COy, ice spectra [38], [39] and mineral spectra from the U.S.
Geological Survey Digital Spectral Library splibO6a [40], re-
sampled to match the 128 wavelengths of OMEGA C Channel
[41]. To ensure the sum-to-one constraint on the R endmember
abundances, a uniform distribution on the simplex has been
used following a well-established scheme [42]. Synthetic data
sets have been generated with three, five, and ten endmem-
bers. Based on this method, data sets for which the maximum
abundance of each single endmember was limited to certain
values (100%, 80%, and 60%) have also been considered. These
latter data, which are called “cutoff” in the sequel, allow one to
test the method efficiency face to various conditions in terms
of purity of the samples (in cases where pure—to a certain
degree—components occur in the data set or not). In addition,
a three-component asymmetric data set has been investigated,
with one of the component abundances (albite) being limited to
a cutoff of 35% and the abundances of the two others (ices) not
being limited. In addition, data sets with some added OMEGA-
like Gaussian noise, amplified or not, have also been generated
and investigated. The noise estimation on the dark currents of
the OMEGA instruments for observation 41_1 has been used
[39]. Note that, for all the considered simulation scenarios, the
number of sources to be estimated has been tuned to the actual
number of endmembers used to produce the artificial data set.

2) Performance: Computation times are about 50 times
shorter when pixel selection by convex hull (CHO) is performed
as a preprocessing step (see Table II).

3) Accuracy:

a) Analysis of the results: The spectrum of each esti-
mated source has been compared to the spectra from the spec-

the synthetic data set. The absolute value of the correlation has
been used as a similarity measurement (thus as a criterion for
the determination of the best spectral match). In Fig. 1, each
source is represented along with its best match, according to
the aforementioned criterion. Table III (resp. Table IV) shows
the results for BPSS (resp. BPSS2).

A source is considered a good estimation of a certain end-
member if both spectrally match each other best and if their
absolute correlation is greater than 80%. For each run, the
number of well-estimated sources is mentioned in Tables III
and IV. Note that endmembers matched by several sources, in
case it happens, are only counted once. Along with the number
of well-estimated sources, the mean value of the correlations
between (only) the well-estimated sources and their best spec-
tral match also helps for the assessment of the accuracy for
the estimation of the whole set of sources for each run. Simple
distance could not be used here because the scale in usual blind
source separation is undetermined [8].

b) BPSS versus BPSS2: In most of the tested cases, the
quality of estimation is unambiguously better with BPSS2 than
that with BPSS (see Tables III and IV). The improvement
appears to be even more significant when the number of end-
members is increasing. Our three-endmember test data set is
a mixture of two endmembers with strong spectral signatures
(CO42 and H2O ices) and a third one with weaker signatures
(albite), as often with minerals. Interestingly, while using BPSS
allows one to correctly estimate the ice spectra but not albite,
BPSS2 is actually able to correctly estimate the three endmem-
bers. This confirms that adding the sum-to-one constraint is
necessary when dealing with such a data set, which is important
regarding the analysis of other data set.

c) Effect of the pixel selection (CHO): With the exception
of the asymmetric data set (see in the following), the endmem-
bers are less well estimated when a pixel selection has been
performed, with the loss appearing to be less significant when
the number of endmembers is low.
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Fig. 1. (Blue lines) Sources estimated by BPSS2 and (red dotted lines) their spectral matches for an artificial data set with ten endmembers (no cutoff, no noise).

TABLE IV
RESULTS OBTAINED FOR DIFFERENT SYNTHETIC DATA SET WITH THE BPSS2 ALGORITHM. THE CHARACTERISTICS OF EACH DATA SET ARE SHOWN:
NUMBER OF ENDMEMBERS, CUTOFF, AND NOISE. EACH DATA SET HAS BEEN ANALYZED WITH A NUMBER OF SOURCES TO BE ESTIMATED
EQUAL TO THE NUMBER OF ENDMEMBERS USED TO GENERATE THE ARTIFICIAL DATA SET, WITH AND WITHOUT PIXEL SELECTION.
THE QUALITY OF THE ESTIMATION IS EXPRESSED THROUGH THE NUMBER OF WELL-ESTIMATED SOURCES AND THE
MEAN ABSOLUTE EXPRESSION, AS EXPLAINED IN THE TEXT

[ Runld ] Cutoff (%) | Nb of endmembers | Noise | Pixel selection [ Nb of well estimated sources | Mean correlation (%) |
BPSS2-1 100% 3 no yes 3/3 99.8923
BPSS2-2 100% 3 no no 3/3 99.9222
BPSS2-3 80% 3 no yes 2/3 95.8934
BPSS2-4 80% 3 no no 3/3 99.9200
BPSS2-5 60% 3 no yes 2/3 95.2965
BPSS2-6 60% 3 no no 3/3 97.5408
BPSS2-7 100% 5 no yes 3/5 99.2821
BPSS2-8 100% 5 no no 5/5 99.9174
BPSS2-9 100% 10 no yes 5110 98.9439
BPSS2-10 100% 10 no no 10/10 99.9535
BPSS2-11 100% 3 OMEGA yes 3/3 99.8726
BPSS2-12 100% 3 OMEGA no 3/3 99.9955
BPSS2-13 100% 3 10xOMEGA yes 3/3 99.7298
BPSS2-14 100% 3 10xOMEGA no 3/3 99.9962
BPSS2-15 100% 3 100xOMEGA yes 2/3 95.4706
BPSS2-16 100% 3 100xOMEGA no 3/3 98.5647
BPSS2-17 | ices: 100%, alb.: 35% 3 no yes 3/3 95.9402
BPSS2-18 | ices: 100%, alb.: 35% 3 no no 2/3 99.7202

Also note that the results with pixel selection do not appear  similar for cutoffs of 60%, 80%, and 100%, which can be
to be very sensitive to the cutoff variations: The loss of quality —explained by the pixel selection’s ability to extract the purest
(between runs performed with and without pixel selection) is  available pixels.
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Fig. 2. (Blue lines) Sources estimated by BPSS2 and (red dotted lines) their

spectral matches for an artificial data set with three endmembers and 100-times
amplified OMEGA-like noise (no cutoff).

d) Effect of the number of endmembers: Due to the curse
of dimensionality, the higher the number of endmembers to be
estimated with a fixed number of wavelengths, the more diffi-
cult the estimation becomes [43], [44]. Still, BPSS2 gives ex-
cellent results even for ten sources, as all spectra are estimated
with a correlation coefficient higher than 99% (see Fig. 1).

e) Effect of the maximum abundance cutoff: The cutoff
affects the quality of estimation, which is clearly better, for
BPSS and BPSS2, when pure components occur in the data set.
This has to be remembered when dealing with real data sets.

f) Effect of noise: The results clearly show that the
method is very robust to noise, as the estimation of the sources
does not appear to be significantly affected by the addition
of a Gaussian OMEGA-like noise to the synthetic data set.
BPSS2 (without pixel selection) even manages to successfully
overcome the addition of a 100-times amplified OMEGA-like
noise (see Table II and Fig. 2).

g) Effect of asymmetry in maximum abundance cutoff: In
this case, the results are better with pixel selection rather than
without. BPSS2 with pixel selection is the only run (performed
on this synthetic data set) that allows one to successfully
estimate the three endmembers that have been used to generate
the data set, including albite, whose abundances have been
limited to a cutoff of 35% and whose spectral signature is
weaker than the ones of the other endmembers (ices). This
result can be explained by the fact that pixel selection is able to
extract the pixels with the strongest available albite signature,
and consequently overcomes the blinding effect of the ices
occurring in the whole data set, which has affected the results
when no pixel selection has been performed.

B. OMEGA Data

1) Presentation: The OMEGA instrument is a spectrometer
onboard Mars Express (European Space Agency), which pro-
vides hyperspectral images of the Mars surface, with a spatial
resolution from 300 m to 4 km, 96 channels in the visible
range, and 256 wavelength channels in the near infrared [45].
In this paper, 184 spectral bands have been selected according
to the best signal-to-noise ratio. Conversely, spectral bands that
contain thermal emission have been removed.
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Fig. 3. Reference spectra of the OMEGA hyperspectral image 41_1: (i) in
blue: synthetic H2O ice with a grain size of 100 pm, (ii) in red: synthetic CO2
ice with a grain size of 10 cms, and (iii) in black: OMEGA typical dust materials
with atmosphere absorption.

TABLE V
COMPUTATION TIMES IN SECONDS, FOR THE OMEGA 41_1 IMAGE WITH
THREE ENDMEMBERS, FOR BOTH BPSS AND BPSS2, WITH AND WITHOUT
CHO. IN THIS EXAMPLE, 670 PIXELS HAVE BEEN SELECTED WITH THE
CHO, AMONG A TOTAL OF 111488. THE NAME OF THE RUN OF
TABLE VI IS NOTED IN PARENTHESES

[ Algorithm | Without CHO [ With CHO | Time ratio |
[ BPSS [ 166 400 (OMEGA-5) | 1468 (OMEGA-7) [ 11328 |
[ BPSS2 | 332 680 (OMEGA6) | 3 176 (OMEGA8) | 10471 |

TABLE VI
RESULTS ON ALGORITHMS BPSS AND BPSS2 ON A PORTION OF THE
OMEGA IMAGE (41_1.CUT) AND ON THE ENTIRE IMAGE (41_1). FOR
41_1.CUT, THE PROPORTION OF PIXELS WITH DETECTED COx IS 48.72%,
AND IT IS 63.48% FOR H20 [39]. FOR 41_1, THE PROPORTIONS OF PIXELS
FOR CO2 AND H2O ARE 16.76% AND 21.84%, RESPECTIVELY. THE
COLUMNS H50, CO2, AND DUST INDICATE THE CORRELATIONS
COEFFICIENT BETWEEN THE ESTIMATED SOURCES AND THE REFERENCE
SPECTRA. (—) INDICATES NO IDENTIFICATION OF HoO NEITHER FROM
SPECTRAL NOR SPATIAL RESULTS. THIS SOURCE HAS BEEN DETECTED
TO BE CO2 ICE (CORRELATION OF 0.911)

‘ Run Id ‘ Image ‘ Algo selljelzfilon H20 ‘ CO2 ‘ dust ‘
OMEGA-1 | 41_1.CUT | BPSS no 0.883 | 0.955 | 0.542
OMEGA-2 | 41_1.CUT | BPSS2 no 0.823 | 0.958 | 0.980
OMEGA-3 | 41_1.CUT | BPSS yes 0.956 | 0.951 | 0.766
OMEGA-4 | 41_1.CUT | BPSS2 yes 0.894 | 0.910 | 0.975
OMEGA-5 41_1 BPSS no 0.773 | 0.957 | 0.555
OMEGA-6 41_1 BPSS2 no - 0.953 | 0.512
OMEGA-7 41_1 BPSS yes 0.940 | 0.953 | 0.372
OMEGA-8 41_1 BPSS2 yes 0.450 | 0.954 | 0.982

Blind source separation on this data set has been initiated by
using the JADE algorithm [46]. In particular, the 41_1 image
of the permanent south polar region has been used for the
supervised classification approach with WAVANGLET [39],
unsupervised classification approach [47], and unsupervised
blind source separation using BPSS [25]. Since no ground
truth is available, the results from physical nonlinear inversion
have been considered as a reference [39], [48], [49]. In this
image, the surface is dominated by dust, and some spectra
contain CO5 and water ices (see Fig. 3). This reference data
set for hyperspectral classification is available online.! The
Luo et al. method introduced in [30] has estimated two sources

Uhttp://sites.google.com/site/fredericschmidtplanets/Home/hyperspectral-
reference
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Fig. 4. Estimation of three sources of the entire OMEGA image 41_1 with BPSS using a preprocessing step of pixel selection employing the convex hull method.
The first and third sources are clearly identified as CO2 and H2O ices (see Fig. 3) with correlation coefficients of 0.953 and 0.940, respectively (see run OMEGA-7
of Table VI). The spatial abundances are well estimated regarding the WAVANGLET classification method [39], [25]. The second source is identified as dust with

a lower correlation coefficient (0.372).

for both 41_1 and 41_1.CUT images. From previous work
using band ratio detection [41], physical inversion of the radia-
tive transfer [48], [49], supervised classification approach using
WAVANGLET [39], and unsupervised classification [47], three
endmembers have been detected: dust, CO», and water ice. The
number of sources has been tuned to three in our study.

The proportions of pixels containing COy and H2O ices
on the 41_1 image are estimated to be 16.76% and 21.84%,
respectively [39]. The first 300 lines of the 41_1 image (subset
named 41_1.CUT) contain all spectra having ices. For this
subset, the proportions of pixels with detected CO2 and HoO
are 48.72% and 63.48%, respectively.

2) Performance: Computation times are about 100 times
shorter when pixel selection by convex hull (CHO) has been
performed as a preprocessing step (see Table V).

3) Accuracy: Table VI reports the results from different
tests; each run is defined by a number. To estimate the quality
of estimation, the correlation between the reference spectra and
the estimated sources has been computed. The attribution of
each source has been done ad hoc using both spectral source
and spatial abundances.

a) Asymmetric abundances of the sources: The quality of
estimation with both BPSS and BPSS2 is significantly lower for
data set 41_1 (runs OMEGA-5 to OMEGA-8) in comparison
with 41_1.CUT (runs OMEGA-1 to OMEGA-4). This result
suggests that both BPSS and BPSS2 are less efficient in a case
of an asymmetric distribution of the sources.

b) BPSS versus BPSS2: The BPSS algorithm gives sig-
nificantly better results than the BPSS2 one (for instance, run

OMEGA-3 versus OMEGA-4). This is due to nonlinearity in
the radiative transfer and noise in the data set in contradiction
with the full additivity constraint.

¢) Effect of pixel selection: When convex hull selection
has been used as a preprocessing step to BPSS/BPSS2, the
estimation is significantly better (see Fig. 4 for run OMEGA-5
and Fig. 5 for run OMEGA-7). These results show that pixel
selection is a way to better take into account the occurrence of
rare endmembers and is thus an interesting method to provide
better results.

V. DISCUSSION AND CONCLUSION

For the first time, an MCMC-based blind source separation
strategy with positivity and sum-to-one constraints has been
effectively applied on a complete hyperspectral image with a
typical size frequently encountered in earth and planetary sci-
ence. The optimization of BPSS [17] and BPSS2 [18] presented
in this paper consists of two independent parts: 1) 7O reduces
the memory footprint, lowers the average cost of algorithmic
operations, and makes smart reuse of memory, and 2) CHO
reduces the number of spectra to process.

Fig. 6 summarizes the following results in a schematic form.

1) TO, for both BPSS and BPSS2, allows one to decrease

the computation times by a factor of 1.5, without altering
the accuracy of the results. Memory consumption has also
been reduced by a significant factor. With such unambigu-
ous advantages, the TO versions of BPSS and BPSS2 can
be rather used than the original implementations.
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Fig. 6. Schematic of source separation estimation and usefulness of convex
hull pixel selection for hyperspectral images.

2)

3)

Trivially, the results obtained for linear artificial data set
(with uniform abundance distributions identical for each
endmember with abundances until 100%) have demon-
strated that the sources estimated by the TO strategy are
equivalent to that by the CHO strategy (for instance, runs
BPSS-1 to BPSS-2 in Table III and runs BPSS2-1 to
BPSS2-2 in Table IV). In this case, pixel selection is
still relevant to reduce the computation time by about
50 times (Table II).

The results obtained for the artificial data set with uniform
abundance distributions and identical cutoffs for all end-
members have shown that the estimation of the sources
is less accurate when a pixel selection (CHO) has been

4)

5)

6)

7)

performed (runs BPSS-3 to BPSS-6 in Table III and runs
BPSS2-3 to BPSS2-6 in Table IV). In this case, despite
50-times shorter computation times, using pixel selection
as a preprocessing step seems to be inadequate.

For OMEGA data, the computation time reduction due
to CHO has been around 100 (Table V). Abundance
distributions can be significantly imbalanced (some end-
members are significantly less present in the scene). In
that case, pixel selection by convex hull (CHO) is a way to
overcome the bias caused by the overwhelming endmem-
bers. This has been supported by the results obtained for
the synthetic data set of linear mixture using imbalanced
uniform distribution.

BPSS2 seems to better estimate the sources in the artifi-
cial data set but not in the real case. This is probably due
to nonlinearity or the non-Gaussian noise effect.

The method BPSS2 appears to be very robust to Gaussian
noise, as shown by the results obtained on the synthetic
data set, even with 100-times actual OMEGA noise.
Sometimes, some sources have been well estimated but
anticorrelated with the real spectra. This behavior has
been interpreted to be due to the linearly dependent
endmembers. In that case, spectra built by a linear combi-
nation of all sources except the considered source already
contain spectral signatures of the considered source. The
last source is then anticorrelated with the corresponding
endmember to decrease his contribution. This behavior
has to be studied in further detail because it is clearly a
limitation of blind source separation.
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In the future, the choice of the number of sources, which is
an input in the current implementation, should be automated
to allow one batch processing without human intervention. A
methodology of pixel selection for use across data sets should
also be established to enable integration of source separation
techniques into larger systems and aim at the generation of
catalogs and maps.
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1.4.3 LinMin

Cette section contient 1’article suivant :
Schmidt, F. ; Legendre, M., and Le Mouelic, S., Minerals detection for hyperspectral images, LinMin,
submitted to ICARUS 2013.
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Minerals detection for hyperspectral images using
adapted linear unmixing : LinMin

Schmidt Frédéric!'2, Maxime Legendre®, Stéphane Le Mouélic?

1 Univ Paris-Sud, Laboratoire IDES, UMRS8148, Orsay, F-91405;
(frederic.schmidt@u-psud.fr) 2 CNRS, Orsay, F-91405. Université Paris Sud 3 IRCCyN
(CNRS UMR 6597), Ecole Centrale Nantes, France, * LPGN, CNRS UMR 6112,
Université de Nantes, France

Abstract

Minerals detection over large volume of spectra is the challenge addressed by
current hyperspectral imaging spectrometer in Planetary Science. Instruments
such OMEGA (Mars Express), CRISM (Mars Reconnaissance Orbiter), M3
(Chandrayaan-1), VIRTIS (Rosetta) and many more, have been producing very
large datasets since one decade. We propose here a fast supervised detection
algorithm called LinMin, in the framework of linear unmixing, with innovative
arrangement in order to treat non-linear cases due to radiative transfer in both
atmosphere and surface. We use reference laboratory and synthetic spectral
library. Additional spectra are used in order to mimic the effect of Martian
aerosols, grain size, and observation geometry discrepancies between reference
and observed spectra. The proposed algorithm estimates the uncertainty on
“mixing coefficient” from the uncertainty of observed spectra. Both numeri-
cal and observational tests validate the approach. Fast parallel implementation
of the best algorithm (IPLS) on Graphics Processing Units (GPU) allows to
significantly reduce the computation cost by a factor of “40.

Key words: spectroscopy, hyperspectral, supervised detection, linear
unmixing under constraint, sum to one, positivity, GPU, LinMin

1. Introduction

Various methods have been proposed to detect surface chemical species (min-
erals, ice) on large dataset of hyperspectral images. Supervised methods (know-
ing the spectra of the chemical species you want to detect) are widely used,
for instance : band ratio techniques (Poulet et al., 2007; Ehlmann et al., 2011;
Carter et al., 2013), linear unmixing (Combe et al., 2008; Themelis et al., 2012b),
wavelet based detection (Schmidt et al., 2007; Gendrin et al., 2006), correlation
based detection - Spectral Angle Mapper (Kruse et al., 1993). Other linear
non-supervised techniques (estimating the spectra directly from the scene) have
been proposed, using Independent Component Analysis ICA (Forni et al., 2005;
Erard et al., 2009) or Bayesian methods under constrained (Moussaoui et al.,

Preprint submitted to Icarus October 4, 2013
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2008; Schmidt et al., 2010). Also some algorithms only extract the endmember
spectra such: Pixel Purity Index (Boardman et al., 1995), N-FINDR (Winter,
1999), or graph-based segmentation (Gilmore et al., 2011) .

The linear mixture is still valid in non-linear intimate mixture, but with sig-
nificant difference between retrieved “mixing coefficient” and actual abundance
(Mustard and Pieters, 1989; Mustard et al., 1998). Nevertheless, linear unmix-
ing is satisfactory for mineral detection (Combe et al., 2008; Themelis et al.,
2012b). It has the significant advantage to deal with complex mixture of a large
variety of candidate minerals (see fig. 2), whereas band ratio methods fails,
due to the lack of defined reference “continuum” wavelength channel. In such
situation each wavelength may sample an absorption band of a particular min-
eral and no reference wavelength can be found. If band ratio’s are adapted to
detect minerals over flat spectra, methods using the entire wavelength channels
(such linear unmixing) are adapted to detect minerals over a complex variety of
background. Specifically, we draw attention that the band ratio’s of the CRISM
summary products are only relevant in case of a pure mineral detection but may
be irrelevant in case of a mixture.

Linear unmixing is relatively simple enough to provide a fast implementa-
tion. Furthermore supervised linear unmixing has the advantage that its in-
terpretation is directly and automatically provided in terms of mineralogical
class on the bulk hyperspectral image. Dimensionality reduction methods, such
unsupervised algorithms or endmember extractions are not required in linear
unmixing. Also linear unmixing does not require manual interpretation and
identification of spectra.

Previous linear unmixing algorithms have proposed to optimize the reference
spectral library in order to solve positivity (Combe et al., 2008), forcing for sum-
to-one constraints on the mixing coefficients (Roberts et al., 1998). Roberts
et al., 1998 discusses the benefits of constraining the number of endmembers
from the spectral library. They have shown that the solutions with a mixture of
two endmembers have less overlap that three endmembers mixtures, probably
due to the dimension space. In our article, we focus on the interest of both
positivity and sum-to-one constraints, that allow to estimate the optimum of
all possibility of mixtures. Without positivity and sum-to-one constraints, sin-
gularities may arise due “linear dependance” of endmember spectra (Roberts
et al., 1998; Dalton et al., 2013). We show that most recent algorithms, in-
cluding both positivity and sum-to-one constraints, handle this difficulty, thus
simplifying tremendously the treatment.

Our aim is to show that additional spectra (flat, slope) minimize the dif-
ferences between reference laboratory spectra and actually observed spectra,
by reducing the effect of grain size and continuum level (photometry, surface
roughness, compaction). Some differences between observations and reference
endmembers may still be present due to variations in composition, texture,...
The selection of the reference spectra database requires always special care and
depends on the scientific questions addressed, but at least this database is ex-
plicitly known.

Once detection has been performed, time consuming inversions must be
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applied in order to retrieve quantitative estimate of surface properties (exact
mineralogy, abundances, grain size, porosity, ...) as proposed by different tech-
niques such MGM (Sunshine and Pieters, 1993; Kanner et al., 2007) or radiative
transfer inversion (Douté et al., 2007; Poulet et al., 2009a). Also the particular
mineral type, for instance Al/Fe or Mg/Fe phyllosilicate, must be addressed by
additional work using specific spectral library.

We propose here to extend the linear supervised detection technique using a
new set of constraint (positivity and sum to unity) and a new set of additional
spectra in order to improve the “mixing coefficient” estimation. We also intro-
duce a new renormalization with the goal to fit the signal, even in the case of
very low signal to noise ratio.

We propose to call LinMin our strategy of using:

1. linear unmixing technique under constraints (positivity, sum to unity/sum

lower than unity)

2. additional spectra made of flat and slope (also possibly cosine functions)

3. renormalization by the variance/covariance noise matrix

4. estimation of the error on the “mixing coefficient

In order to validate the LinMin approach, we test the detection limits on syn-
thetic data simulating a regolith mixture, the grain size effect and the Martian
aerosols effect. We also validate the method on actual hyperspectral dataset
of OMEGA, CRISM and M?. Quantitative estimate of the detection limits are
computed.

2. Method

2.1. Linear unmizing
The linear mixing model of hyperspectral reflectance is usually written as:

X=AS+F (1)
with the collection of observed spectra X (M x N, matrix), the reference
spectra S (IV x Ny matrix), the unknown mixing coefficients A (M x N matrix)
and the additive noise error E (M x N, matrix), assumed to be gaussian with
zero mean. Ny is the number of wavelength, N the number of reference spectra,
M the number of observed spectra.
The unmixing problem then consists in the estimation of the mixing co-
efficients A that minimize the error E. Considering the least squares error
minimization, it is written:

(Xmx = (A.S)ma)? (2)

)=

M
in F(A) with F(A) =
Juin F(A) with F(4) mz::l

>
I

1

The unconstrained solution A = X.S7T. (S.ST)_1 has been used the in pre-
vious detection methods (Boardman et al., 1995; Combe et al., 2008) but the
retrieved mixing coefficient A may be negative. One solution is to test all combi-
nation of reference spectra S in order to keep only positive case (Roberts et al.,
1998; Combe et al., 2008), but the computation cost is very high.
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2.2. Linear unmizing under constraint
The previous formulation is not sufficient to describe physical constraints
on the mixing coefficients. Indeed, the mixing coefficients must satisfy non-
negativity :
vme{l,....M}vVne{l,...,N} App >0 (3)

and sum-to-one constraints:
N
Vme{l,...,M}ZAmnzl (4)
n=1

Non-Negative Least Squares (NNLS) algorithms(Lawson and Hanson, 1995;
Bro and De Jong, 1997) aim at solving the problem 2 subject to constraint 3.
Sum-to-one Constrained Least Squares (SCLS) methods Settle and Drake, 1993
solve the same problem with constraint 4. Eventually, Fully Constrained Least
Squares (FCLS) algorithms (Heinz and Chein-I-Chang, 2001; Dobigeon et al.,
2008) solve the problem 2 subject to both constraints 3 and 4. In this article,
two FCLS methods are considered: (i) IPLS based on primal dual interior point
optimization (Chouzenoux et al., 2011) that benefits from GPU implementation
(Chouzenoux et al., 2013), (ii) BI-ICE in the bayesian framework (Themelis
et al., 2012a).

As stated in Chouzenoux et al., 2013, the convexity of the criterion F is
sufficient to establish the convergence of IPLS when constraints 3 and 4 are
considered. Hence, the unmixing estimation can be performed even with corre-
lated reference spectra, such in fig. 1. Next sections will describe the results on
actual data.

2.3. Measurement uncertainty consideration

In some cases, the level of uncertainty is known and can be modeled by
a gaussian probability density function with zero mean and the covariance C
(N x Ny matrix). C~! being a symmetric positive definite matrix, it can be
factorized using the Cholesky decomposition:

ct=rr" (5)

with L lower triangular. Thus, noting X = [X1,..., Xp]T and A = [A4, ..., Ay]T,
the least squares criterion becomes:

(X! — Apn.S) (X!, — An.SHT (6)

m m

M=

min  F(A4) with F(A)=
AEERAIXN 1

3
I

with X/ = X.L and S’ = S.L. Thereby, the measurement uncertainty is handled
by modifying the observation matrix X and the reference spectra S before the
unmixing process.

An estimation of the error on the mixing coefficient A is directly provided
by the Hessian (Chouzenoux et al., 2013).
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2.4. Reference spectra database

As stated in introduction, the reference spectra database depends on the
scientific goal of the detection. The total number of spectra is limited to the
number of wavelength. In the following, we used 32 spectra of the main min-
erals type proposed to be present at the surface of Mars and the Moon (see
fig. 2). More endmembers can be used but with increasing computation time
(Chouzenoux et al., 2013).

2.5. Benefits of additional spectra

In order to model the effect of shading, grain size and aerosols, Combe
et al., 2008 propose to add a positive and a negative linear slope, and also a flat
spectrum in order to correct for the Mie scattering of the aerosols particles (see
fig. 2 in Combe et al., 2008).

This strategy can be extended in the case of linear unmixing under con-
straints. Since mixing coefficients are positive and constrained to one, the flat
spectra split in two : flat near zero level and also near 1 level (see fig. 1). Those
4 additional spectra allows to model the difference of level and slope between
X and S.

In order to model more complex continuum shape such aerosols, we could
also add cosine function with periods x2 and x4 of the spectral domain (Schmidt
et al., 2011, 2012). Similarly to Fourier transform, those cosine functions are
orthogonal and linearly independent, allowing unique mixing coefficient. In the
framework of linear unmixing under positivity and sum to one constraint, 12
additional spectra are required. Those 12 additional spectra allow to model
the large scale difference between X and S, similar to Fourier filtering. In
particular the aerosols contribution that peak at the wavelength similar to the
grain size may be fitted by large scale cosine. Figure 4 (b) show a pure aerosol
spectra (aot=100), that could be modeled by level/slope/sine/cosine functions.
Since the aerosols grain size may change, leading to an unknown peak over the
wavelength, our approach will be able to fit it.

Since those 4 (or 12) additional spectra are highly correlated, from algo-
rithmic point of view it may hard to estimate the mixing coefficient. To our
knowledge, the only algorithms that are able to estimate the unmixing under
constraints and high correlated reference spectra are IPLS (Chouzenoux et al.,
2011) and BI-ICE (Themelis et al., 2012a). Next section will describe the results
on actual data.

3. Synthetic tests

In order to test the effect of various discrepancies between observation and
reference spectra on detection accuracy, we propose to simulate 3 cases: linear
random mixture at the surface without atmosphere, linear random mixture at
the surface observed trough a diffusive atmosphere, grain size change.
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Figure 1: thick color lines : 4 additional spectra to fit difference of level and slope between X
and S. thin black lines : 8 cosine/sine function to model the large scale difference between X
and S.

3.1. Surface mizture

In order to simulate a realistic set of spectra, we create a random set of
1000 binary mixture spectra from our 32 reference spectra database (see fig. 2)
from USGS catalog (Clark et al., 2003), the CRISM Analysis Tool (CAT), syn-
thetic spectra from radiative transfer model (Douté and Schmitt, 1998). Each
simulated spectra are composed of:

e 90% is a flat component at reflectance 0.35 in agreement with OMEGA
studies Vincendon, 2013 in order to reproduce the low level and flatness
of actual Martian spectra. The flatness is also representative of the Moon
or other planetary surface.

e 10% of a random mixture of two over 32 reference spectra with random
uniform mixing coefficients, noted as Ag. For each endmember i, there
is “30 spectral mixture with non-null mixing coefficient (noted APositive)
and ~970 with null mixing coefficient (Afls¢).

We add synthetic noise, simulating the noise level of a typical OMEGA
observation after gas correction. We estimate the noise covariance matrix from
dark current noise of ORB41_1, transferred into the gas corrected calibrated
observation space. The noise has a wavelength-average standard deviation of
1.3 x 103, Other noise statistics can be used, such MNF shift difference from
ENVI software, but we point the fact that OMEGA dark current is archived,
estimating the minimum noise statistics (excluding spike and other non-linear
effects).
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Figure 2: 32 Reference spectra of minerals, ice and atmospheric gas representing major classes
of contributions of surface spectra. See Appendix for the names.

100 The estimated mixing coefficients are noted A;prs, Apr—rcr and Arprs cov
11 for the renormalized problem.

192 Examples of fits are shown in fig. 4 on left with AOT=0.

103 Figure 3 compares estimated A;prs.cor and actual Ay mixing coefficients,
104 for the IPLS algorithm using 32 and the 4 additional spectra, on the 1000 binary
s mixture, with the renormalized unmixing problem. Usually, A;prs con for actu-

ws  ally present endmember (Aﬁ’opsztg;v in green), are well separated from the absent

17 endmember (A{;l)lzg cop 10 T€d), showing that a simple threshold can be used to

ws detect the endmember. Endmember No 18 (Magnetite) is not detectable be-
199 cause there is no difference between A??figf;v and A}c;lzg’mv . Please note that
w0 APOSIEYE and ABPS"U° are very close, the mean absolute difference is 0.0142,
a1 one order of magnitude lower than the mixing coefficients (up to 10%), showing
22 that when linear mixing is true, the estimated mixing coefficients are validated
23 as real abundances. Also, the root-mean-square (RMS) error is compatible with
2 the level of noise (1.2 x 1073).

205 In order to estimate the best threshold C¢p LS,cops @voiding the maximum
206 number of false detection but keeping the maximum positive detection, we pro-

207 pose the following formulation, for each endmember i:

. 1 L L
Chprscon = 5 (mean(ATZE,,) = 2std(ATFEL,) + mean(AFE}S ) + 6.5t AT o))

(7)
28 Figure 3 shows these threshold for all endmembers. It confirms that some end-
200 members can be detected with a larger detection limits than other, depending
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Figure 3: Mixing coefficient for 32 spectra (see fig. 2) for the IPLS algorithm on 1000 binary
mixture, solving the renormalized unmixing problem (eq. 6), using 36 endmembers (32 spectra
and the 4 additional spectra). black points: actual mixing coefficient Ag, generated randomly.
green points: estimated mixing coefficient A’;OPSEZT’;U in the case of positive detection. red

points: estimated mixing coefficient A;;lzg cop 1D the case of false detection. black line: best

threshold C}.PLS cop 0 detect the endmember. Please note that artificial dispersion around
the endmember No has been added in order to increase the clarity of the figure.
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on their relative similarities. Endmember No 18 (Magnetite) is not detectable
because its spectral shape is too close to a combination of the 4 artificial spectra,
because its spectra is featureless.

Actual positive detection and false detection rates without atmosphere are
shown in figure 6 at the AOT=10"3 for IPLS with/without renormalization,
for IPLS and BI-ICE, for 32 or 36 or 44 endmembers. For all algorithms the 4
additional spectra (called slope), clearly improve the classification over the 32
endmembers case (called no slope). Without renormalization, IPLS shows the
best results (> 70% of positive detection, < 20% of false detection) over BI-
ICE. With renormalization, the detection rates is improved (> 85% of positive
detection, < 5% of false detection) for IPLS. For non-renormalized IPLS, the
sum-to-one (sto) seems slightly better than sum-lower-than-one (slo).

The use of 12 additional spectra (including the sine/cosine), seems to be
less efficient that 4 additional spectra (83 % of positive detection, 5% of false
detection). It appears that the accuracy of detection slightly decreases for some
minerals with large scale feature such olivines or pyroxenes. Since, those phases
are major ones, we decide to focus on the 4 additional spectra.

As a summary, the best algorithm to detect linear mixture is clearly IPLS
with renormalization and 4 additional spectra. Please note that a different
threshold may change the positive/false detection rates but not change the rela-
tive accuracy of the classification. Estimating the threshold for real case images
is more difficult due to the possible differences between observation and refer-
ence spectra. Please note that our test uses the same spectra in the spectral
library and in the mixture.

3.2. Aerosols

In order to test if our methodology is able to reduce the effect of the non
linear surface-atmosphere coupling due to aerosols, we modified the previous
surface spectra by non linear radiative transfer using aerosol properties from
Vincendon et al., 2007. These authors propose a parameterization of the dust
aerosol properties in form of a single scattering albedo and a shape of optical
thickness as a function of wavelength, rescaled to a Aerosols Optical Thickness
at 1 micron (AOT). The reflectance of a semi-infinite aerosol media is plot-
ted in figure 4 b, for AOT=100. The simulation uses the DISORT algorithm
(Stamnes et al., 1988) with the bottom condition as lambertian surface with
the previous surface mixture spectra. We took into account the reflection and
absorption of the aerosols but also the multiple reflection between surface and
atmosphere. We used the following geometry, typical of hyperspectral observa-
tion: emergence angle 0°, incidence angle 76°, azimuth angle 60°. Other optical
properties and/or geometries may be used but we assume that the chosen prop-
erties are reasonable to simulate aerosols effects. We sample 104 values of AOT
(Aerosols Optical Thickness):

e The value 0 for no aerosols, identical to surface only (noted 1072 in the
log scale graphs)

54



1.4. PUBLICATIONS

253 e 99 value in a logarithm from 0.01 to 4.6 using — log(%@).
254 e Four values : 5, 10, 20 and 100 to sample the optically thick cases.

s We obtain a set of 104 000 spectra simulating the space-borne Martian obser-
6 vation from the top of the atmosphere. We also add the synthetic OMEGA
»7  noise in order to simulate a realistic observation using the same approach that
»s  previously described.

250 On a desktop with Dual Core at 2.53 Ghz with 4Go RAM memory, the
%0 typical computation time to solve the non-normalized problem of eq. 2 on
s M = 104000 spectra with Ny = 110, N = 36 are : 3.3 h for BI-ICE, 4.5 min
22 for IPLS. The estimated mixing coefficients are noted Arprs, Apr—rcg. Since
%3 IPLS is the fastest algorithm, we also tried the solve the harder renormalized
x4 problem of eq. 6 and found a computation time of 1.2h. We also use IPLS
25 to solve the renormalized problem using 12 additional spectra. The estimated
»s mixing coefficients are noted A;prs con. Also GPU implementation on a TESLA
s C 2050 (448 core at 1.15 GHz) may solve the problem with a computation time of
ss  several 10s. The GPU implementation efficiency dependance on spectral /spatial
%9 size and number of endmember is discussed in Chouzenoux et al., 2013.

210 In order to illustrate the effect of AOT on the detection limits, figure 5

an shows the same than figure 3 but for AOT=1. The positive detection mixing

2 coefficients endmembers (A73;'¢"  in green) are well separated from the ab-
false

o sent endmember (A75r ., in red), showing again that a simple threshold can
o be used to detect the endmember. Endmember No 18 (Magnetite) is still not
a5 detectable. Please note that AY%re’s —and A" are getting far, the mean
o absolute difference is 0.0310, showiﬁg that when linear mixing is not true, the
o estimated mixing coefficient may differ from the true abundances. The esti-

xs  mated mixing coefficients A}, s are systematically lower than the “true”
:

wo APOSUC because of the effect of aerosols, removing the minerals signature ( see
280 ﬁg. 4).

281 Results on actual positive detection and false detection rates are shown in
2 figure 6 as a function of AOT. The positive detection rates of all algorithms drop
2 for AOT> 107! . For IPLS with renormalization, the positive detection rates
2 is 70 % at AOT=10° and 10 % at AOT=10", showing again that it is the best
25 algorithm. IPLS with renormalization is also the only providing a constant low
2 false detection rate (<5 %), independent of the AOT. The RMS error for IPLS
27 with renormalization and additional spectra is still very low and compatible
a8 with the actual level of noise (at maximum 1.7 x 1073 for AOT=10?), showing
20 that the non-linearity of the radiative transfer due aerosols can be fitted with
20 our model. Examples of fits are shown in fig. 4 b) demonstrating the effect of
20 decreasing mixing coefficient as a function of increasing AOT.

202 Figures 4 ¢) and d) show the effect of 4 additional spectra (level and slope)
23 or 12 additional spectra (level, slope, cosine) on the detection of pure diopside.
2s  In the case of AOT=1 using 12 additional spectra, the mixing coefficient is
25 estimated to be 0.7 + 2%, showing a non-probable detection in spite of the
26 actual 10% abundance. In the same case using 4 additional spectra, the mixing
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Figure 4: Examples of results using the IPLS algorithm: a) and b) with renormalization
and 12 additional spectra (flat and slope) in the case of a pure gypsum spectra (10% in
abundance). a) with different grain size factor, from x1000 to x1/1000, b) with different
atmospheric load from AOT=0 to AOT=100. ; c) and d) with renormalization in the case of
diopside (clinopyroxene). ¢) using 4 additional spectra (flat and slope), d) using 12 additional
spectra (flat, slope and cosine).

coefficient is estimated to 5.5 &+ 0.2%, showing a clear positive good detection.
We argue that all endmember with large scale absorption bands could have
the same behavior and thus, we prefer to use 4 additional spectra to detect
them. Users focused on spectra endmember with small scale features only, such
phyllosilicate, could use the 12 additional spectra.

As a summary, the best algorithm to detect non-linear coupling of a lin-
ear mixture under increasing aerosols content is IPLS with renormalization and
additional spectra. Please note that a different threshold may change the posi-
tive/false detection rates but not change the relative accuracy of the classifica-
tion. Estimating the threshold for real case images is more difficult due to the
possible differences between observation and reference spectra. Please note that
our test uses the same spectra in the spectral library and in the mixture.
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Figure 5: Same fig. as 3 but with AOT=1 instead of AOT=0.

3.8. Grain size

We choose the first 26 minerals spectra (see Appendix) with following pa-
rameter to retrieve the optical index of the grain material using the inverse
Shkuratov theory (Shkuratov et al., 1999): real optical constant=1.7, volume
fraction filled by particles=0.8, grain size=100 microns. This approach has been
widely used in hyperspectral data analysis (Poulet et al., 2002; Douté et al.,
2007; Poulet et al., 2009b).

We then regenerate the reflectance spectra using the direct Shkuratov theory
but with 9 different grain size factor x1000, x100, x10, x5, x1, X%, Xll—o, Xﬁoo’
xﬁ of the original 100 microns. We obtain a set of 234 synthetic spectra.

In order to simulate a realistic observation we use the same approach that
previously described for the surface mixture using flattening of the spectra and
OMEGA noise addition (see section 3.1).

We do not claim that all reference spectra have been recorded at a grain
size of 100 microns so that the generated dataset has a determined accurate
grain size. Nevertheless, this manner allows us to generate synthetic spectra
simulating a grain size factor change.

Since IPLS with renormalization is obviously the best algorithm, we only
tested this approach for the grain size. We used again the same threshold
strategy explained earlier in eq. 7. Here positivity constraint only may be
relevant in the case of higher grain size than the endmember, since the signature
are stronger and may imply mixing coefficient larger than 1.
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Figure 6: Positive detection rate (circle) and
threshold as a function of AOT for (a) IPLS with renormalization and 36 endmembers (b)
IPLS with renormalization and 44 endmembers (c), IPLS without renormalization and 36
endmembers (d) BI-ICE without renormalization and 36 endmembers. For each algorithm,
the positive/false detection rates are computed using 32 endmember spectra only (no slope),
or 36/44 endmember spectra (slope). IPLS has an option of sum-lower-than-one (slo) or sum-

to-one (sto) that is not relevant for other algorithms. The case without aerosols is plotted at
AOT=10"3.
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Positive and negative detection rates are plotted in fig. 7 for 36 or 32 spectra,
for three constraints of IPLS : sum-lower-than-one (slo), sum-to-one (sto) and
positivity only (pos). First of all, the detection is nearly perfect (>90%) for
the grain size factor of x1, x5 and x1/5 using additional 4 spectra. The false
detection rate is very low (<2%). For 32 spectra, the positive detection is
around 60% for factor x1 to x10, and false detection is around 20%. Using the 4
additional spectra clearly improves the detection rates but slo, sto and pos are
equivalent in this case. For a factor of X% to x10, the detection rate is higher
than 65%. It then decreases, moving away from factor x1. The detection rates
are quiet symmetrical in respect to increasing and decreasing grain size, with a
slightly lower detection rates for the increasing grain size. Examples of fits are
shown in fig. 4 demonstrating the effect of decreasing mixing coefficient as a
function of increasing/decreasing grain size factor. This plot clearly shows that
increasing grain sizes are more difficult to handle with our strategy because the
error between estimated spectra and true one is higher. The main solution is to
provide the endmembers with grain size higher than expected.

The RMS error is still very low and compatible with the actual level of noise
(at maximum 2.1 x 1073), showing that the main non-linearity effects due grain
size factor can be fitted with our model.

As a summary, the best endmembers to detect mineral species in case of
a non-linear grain size effect again with the 4 additional spectra. Please note
that a different threshold may change the positive/false detection rates but
not change the relative accuracy of the classification. Estimating the threshold
for real case images is more difficult due to the possible differences between
observation and reference spectra. Please note that our test uses the same
spectra in the spectral library and in the mixture. Intimate mixture may be
generated from the Shkuratov theory but the detection limits may be forecast
from this discussion, knowing that the largest grain size species is spectrally
dominant (as computed for ices in Schmidt et al., 2007 for instance).

4. Real case

We propose to test our automatic algorithm to three different real case from
OMEGA, CRISM and M? instrument. For all cases, we will compare our results
with other detection from the literature, mainly based on band ratio followed
by ratio of the region of interest spectra over a manually selected “flat” spectra.
For all cases, we do not test that the exact minerals types could be detected
since many equivalent spectra can be identified (clays, olivine, pyroxene, ...).
The names are the names of the material from laboratory spectra. For instance
“goethite” is an example of iron oxide. Since all mineral inside a class are
spectrally close (like for iron-oxides), it may be not possible to distinguish the
precise mineral. We decided to keep magnetite since it has been detected on
Mars (Chevrier and Mathe, 2007) but estimated mixing coefficients are not
relevant due to the featureless spectra. More accurate detections are possible by
adapting and improving the endmember spectra database. All maps, spectral
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Figure 7: Positive detection rate (circle) and false detection rates (square) with optimized
threshold as a function of grain size factor for IPLS with renormalization: (a) using 36 end-
member spectra (using additional flat and slope endmember), (b) using 32 endmember spectra
only (no slope). IPLS has options of constraints: sum-lower-than-one (slo), sum-to-one (sto)
and positivity only (pos).

fits of the maximum mixing coefficient and average of each compounds are
available in supplementary material.
From previous section, IPLS seems the best algorithm to solve the LinMin
problem so that we will exclusively use it on the real case hyperspectral images.
The detection of minerals requires different conditions of good behavior of
the solution:

e The maximum mixing coefficient of the mineral should be higher than a
certain threshold. This condition permits to focus on the main spectral
component but component with smaller contribution can be present.

e The error on mixing coefficient should be lower than the mixing coefficient,
in order to have a significant detection.

e The RMS should be lower than the noise, basically estimated at 10 times
the dark current noise.

4.1. OMEGA

We select the observation ORB422_4 of Observatoire pour la Minéralogie,
I'Eau, les Glaces et I’ Activité (OMEGA) onboard Mars Express (MEx) (Bibring
et al., 2004) of Syrtis Major as a test case because this single cube contains
well identified areas with very strong signatures of mafic minerals (pyroxenes,
olivines) and phyllosilicates (Mustard et al., 2005; Combe et al., 2008; Ehlmann
and Mustard, 2012). The data cube has been radiometrically calibrated and the
atmospheric gas transmission has been empirically corrected using the volcano
scan method (Erard and Calvin, 1997; Langevin et al., 2005). We estimated the
noise covariance matrix on the calibrated and atmosphere corrected cube from
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Figure 8: Detection of 8 minerals over 36 spectra on OMEGA image ORB422_4 of Syrtis Major
using IPLS in the hue-saturation-value color system. The hue (color) represents the mixing
coefficient. The saturation (color or b/w) represents the error. The value (intensity of color or
b/w) represents the rms. Spectral mixing coefficient map are shown with following conditions
: (i) maximum mixing coefficient > 5% , (ii) error on mixing coefficient < mixing coefficient,
and (iii) RMS < 10x the dark current noise (see text). Pyroxenes, olivines, phyllosilicates and
oxides are detected and the corresponding “mixing coefficient “ are mapped (color refer to the
online version of the article).

the dark current. We then applied the renormalized IPLS algorithm using 36
spectra and sum-lower-than-one constraint.

The mixing coefficient results, plotted in figure 8, shows that orthopyroxene,
clinopyroxene, olivine, goethite, clays and maghemite are detected, in agreement
with previous detection (Mustard et al., 2005; Combe et al., 2008; Ehlmann
and Mustard, 2012). The fit of the spectra with highest mixing coefficient are
available in supplementary material. The estimated noise standard deviation
is 3.3 x 10~ from dark current but 5.0 x 10~% using the MNF shift difference
from ENVI software. The lack of fit estimated by the RMS error is 2.1 x
1073 |, in agreement with the previous two extreme values. Using the fast
GPU implementation, the computation time is only 4 minutes for the complete
OMEGA image of M =128x366 pixels, Ny = 110 bands. The computation
time can can be reduced to 0.3 min without any significant change in case of a
recalibration with C' x 100.
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4.2. CRISM

We propose to use the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) onboard Mars Reconnaissance Orbiter (MRO) image frt0000A09C
(Murchie et al., 2007) of Nili Fossae where carbonate has been detected using
manual band ratio’s technique on stacked denoise spectra, divided by a spec-
trally flat component (Ehlmann et al., 2009). We estimate the SNR=400 from
the calibration at the ground (Murchie et al., 2007). We did not correct for
spectral smile (Murchie et al., 2007) unless this artifact can be corrected (Cea-
manos and Doute, 2010). Since the algorithm is comparing observed spectra to
a single reference spectra that cannot be shifted in wavelength, results may be
affected by the smile artifact. Nevertheless, the absorption bands of minerals
are often large and very insensitive to spectral smile, which is not the case for
gas and ices.

The results in fig. 9 and 10 confirm the detection of carbonate. We stress
the fact that our approach has been applied on raw image, without stacking,
neither dividing by a spectrally flat component, in contrary to published de-
tection.The algorithm also detects monohydrated sulfate kieserite, than has not
been described in Ehlmann et al., 2009 (see fig. 11). The broad absorption
band at 2 microns, and the small absorption band at 2.3 microns are present in
the CRISM image. Nevertheless the large absorption band at 1.5 microns that
should be seen is absent in the CRISM spectra. Our algorithm proposes that a
mixture with olivine could erase significantly this absorption band. All spectra
are polluted by an artifact at 2.1 microns. As a summary, the clear detection of
kieserite is not established but at least, the kieserite map in fig. 9Fig6 should
be interpreted as a map of the maximum probability of kieserite in the scene.

The estimated noise standard deviation is 3.5x 10™4 from SNR but 3.4x 1073
using the MNF shift difference from ENVI software. The lack of fit estimated by
the RMS error is 1.0 x 103, in agreement with the previous two extreme values.
Using the fast GPU implementation, the computation time is 20 minutes for
M =600x478 pixels, Ny = 56 bands. The computation time can can be reduced
to 2.7 min without any significant change in case of a recalibration with C'x 100.

4.3. M3

We propose to use the Moon Mineralogy Mapper (M?) onboard Chandrayaan-
1 image G20090209T054031 (Pieters et al., 2009) of Aristarchus, where peculiar
olivines has been detected (Le Mouélic et al., 1999; Chevrel et al., 2009; Mustard
et al., 2011).

We estimate the SNR=400 from the calibration at the ground (Green et al.,
2011),

The results in fig. 12 also confirms that the South East of Aristarchus is
olivine rich but without any spectral signature of pyroxene (Le Mouélic et al.,
1999; Chevrel et al., 2009; Mustard et al., 2011).

The estimated noise standard deviation is 5.4 x 1075 from SNR but 1.6x 1073
using the MNF shift difference from ENVI software. The lack of fit estimated by
the RMS error is 2.1 x 1074, in agreement with the previous two extreme values.
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Figure 9: Detection of 8 minerals over 36 spectra on CRISM image frt0000A09C of Nili
Fossae (21.3°N, 78.5°E) using IPLS in the hue-saturation-value color system. The hue (color)
represents the mixing coefficient. The saturation (color or b/w) represents the error. The value
(intensity of color or b/w) represents the rms. Spectral mixing coefficient map are shown with
following conditions : (i) maximum mixing coefficient > 2% , (ii) error on mixing coefficient <
mixing coefficient, and(iii) RMS < 10x the dark current noise (see text). Pyroxenes, olivines,
phyllosilicates, sulfate and carbonate are detected and the corresponding “mixing coefficient”
are mapped (color refer to the online version of the article ).
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Figure 10: Example of spectra fit for the carbonate component (siderite in our spectral
database). All spectral endmember with significant mixing coefficients (>2%) are plotted
but the other component are retrieved by the algorithm (spectra called “Other”), mainly due
to atmospheric transmission and water ice most probably in form of clouds. a) maximum
mixing coefficients spectra (pixel coordinates is line No 108, row No 23), b) average value of
2896 spectra of the CRISM observation frt0000A09C.
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Figure 11: Example of spectra fit for the monohydrate sulfate (kieserite) component. All
spectral endmember with significant mixing coefficients (>2%) are plotted but the other com-
ponent are retrieved by the algorithm (spectra called “Other”), mainly due to atmospheric
transmission and water ice most probably in form of clouds. a) maximum mixing coefficient
spectra (pixel coordinates is line No 358, row No 481), b) average value of 16 spectra of the
CRISM observation frt0000A09C.

Using the fast GPU implementation, the computation time is 13 minutes for
M =304x500 pixels, Ny = 56 bands due to the very small noise level expected
from the SNR (5.4 x 107° ). The computation time can can be reduced to 1.6
min without any significant change in case of a recalibration with C' x 100.

5. Conclusion

We propose to incorporate additional spectra (constant, slope, and cosine
functions) to build a new supervised algorithm, called LinMin, based on linear
unmixing under positivity and sum-to-one constraints in the goal to detect min-
erals at the planetary surfaces. The main novelty of this approach is to treat
“linearly dependent spectra” (such constant, slope and cosine functions) that
create degeneracies in usual unconstraints unmixing algorithms, because under
our constraints, they are not linearly dependent anymore.

We validated the usefulness of LinMin to estimate mixing coefficients in the
case of linear mixture on synthetic examples. We also tested numerically the
most important non-linear effects on the detection limits : aerosols content and
grain size change. Both cases are well treated with our modeling. Some minerals
with large scale feature, such olivines and pyroxenes, cannot be detected in the
case of additional cosine function because their spectral signature can be also
fitted with a mixture of cosine. Nevertheless, the use of additional spectra
made of constant and slope components improve the detection of all minerals,
including olivines and pyroxenes in comparison with no additional spectra Our
approach permits to save the continuum fitting step since it is incorporated in
the linear unmixing. We also showed that the knowledge of the noise covariance
matrix, that can be estimated from dark current or using other techniques is

19

64



1.4. PUBLICATIONS

M3 G20090209T054031

Hypersthene OPX Diopside CPX Olivine Fayalite
(%) CRISM (%) CRISM (%)
6 ) .
25°N 25°N
35
24°N 5 24N
1.2
23°N 23°N|
47°W
o
Olivine Forsterite
CRISM (%) RMS (10-3) Sum (%)
25°N| !
60
24°N 40

| | Vs AP 0 | : ‘»20
23°N 7 23N Lo N

Figure 12: Detection of 4 minerals over 36 spectra on M3 image G20090209T054031 of
Aristarchus using IPLS in the hue-saturation-value color system. The hue (color) represents
the mixing coefficient. The saturation (color or b/w) represents the error. The value (intensity
of color or b/w) represents the rms. Spectral mixing coefficient map are shown with following
conditions : (i) maximum mixing coefficient > 2% , (ii) error on mixing coefficient < mixing
coefficient, and (iii) RMS < 10x the dark current noise (see text). Pyroxenes and olivines
are detected and the corresponding “mixing coefficient “ are mapped (color refer to the online
version of the article ).
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important to assess the detection limits, and in particular the error on mixing
coeflicients.

We also tested LinMin on three real cases of hyperspectral images from
OMEGA, CRISM and M? instruments. All three cases show detections in agree-
ment with previous analysis, validating the LinMin with approach. The main
difficulty of this approach, that is also present in band ratio and other detection
method, is to optimize the threshold for detection. Nevertheless, this problem
is partly tackled by the estimation of the error on the mixing coefficients. A
combination of threshold on RMS residues, error on mixing coefficients, and
maximum mixing coeflicients seems to be the best compromise to ensure auto-
matic detection. This strategy has to be fully validated on large dataset.

IPLS is shown to be the best numerical algorithm to solve the LinMin
problem. Its fast GPU implementation is particularly relevant for the treat-
ment of large dataset of hyperspectral images. In the future, this methodology
should be applied in various planetary cases in order to study the surface ge-
ology, especially in more challenging detection situation such complex mafics
and anorthosites assemblage on the Moon (Ohtake et al., 2009), or mixture of
hydrous sulfates, hydrated acid and water ice on Europa (McCord et al., 2010;
Dalton et al., 2013). Also a significant improvement of the mineral detection
may be addressed by using spectral database adapted to the context.
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Appendix
Name of the 32 spectra:

21

1 Inosilicate (Hypersthene OPX PYX02.h >250u) 12 Sulfate; Gypsum 23 Carbonate; Siderite
2 Inosilicate (Diopside CPX CRISM) 13 Sulfate; Jarosite 24 Phyllosilicate (Chlorite)
3 Olivine Fayalite CRISM 14 Sulfate; Kieserite 25 Muscovite GDS116 Tanzania
4 Olivine Forsterite CRISM 15 Epsomite USGS GDS149 26 Alunite GDS83 Na63
5 Phyllosilicate (Clay Montmorillonite Bentonite) 16 Oxide; Goethite 27 Atmospheric Transmission
6 Phyllosilicate (Clay Illite Smectite) 17 Oxide; Hematite 28 H20 grain 1
7 Phyllosilicate (Serpentine Chrysotile Clinochry.) 18 Oxide; Magnetite 29 H20 grain 100
8 Phyllosilicate (Serpentine Lizardite) 19 Ferrihydrite USGS GDS75 Sy F6 30 H20 grain 1000
9 Phyllosilicate (Clay Illite) 20 Maghemite USGS GDS81 Sy (M-3) 31 CO2 grain 100
10 Phyllosilicate (Clay Kaolinite) 21 Carbonate; Calcite 32 CO2 grain 10 000
11 Phyllosilicate (Nontronite) 22 Carbonate; Dolomite
Name of the 12 additional spectra:
33 Flat 1 37 cos 1/4 | 41 cos 1/2
34 Flat 0.0001 38sin1/4 | 42sin 1/2
35 Slope Increasing | 39 -cos 1/4 | 43 -cos 1/2
36 Slope Decreasing | 40 -sin 1/4 | 44 -sin 1/2
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Chapitre

Imagerie spectro-photométrique

V=300
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Figure 5

Réflectance de la région claire “Amazonis” de Mars en fonction de V I’angle de phase Soleil-Mars-
Terre (changeant au fil des mois) et de 8 1’angle de position par rapport au centre du disque martien
observé (changeant au fil de la journée) (D’apres “Propriétés photométriques des contrées désertiques
sur la planéte Mars.” d’ Audouin Dollfus en 1957 [69])
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CHAPITRE 2. IMAGERIE SPECTRO-PHOTOMETRIQUE

La photométrie concerne I’étude du comportement de la réflectance d’une surface en fonction de la
géométrie d’observation. En général, les angles sont notés comme la figure [2.1]

Le cosinus des angles d’incidence/émergence est noté 1 = cos(6) and p’ = cos(6').

La maniere dont I’énergie réfléchie est distribuée, est décrite par la réflectance bi-directionnelle p,
c’est a dire le rapport des radiances incidentes / et émergentes I’ en W.m™2.sr™!, dépendant 2 la fois de la
direction d’incidence s et d’émergence s’. Cette quantité est notée BRDF pour “Bidirectional Reflectance
Distribution Function” :

( ’)—L 2.1
p(s,s _nlu .

FIGURE 2.1: Définition des angles en photométrie : angle solide d’incidence d® dans la direction s,
angle solide d’émergence d’ dans la direction s/, direction normale 2 la surface z, angle d’incidence
0, angle d’émergence 0’, angle de phase g, angle d’azimut d’incidence @ par rapport 2 la direction du
Nord, angle d’azimut d’émergence @’ par rapport a la direction du Nord, angle d’azimut relatif ¢ (figure
d’apres [[77]]).

Les propriétés physiques de la surface comme la rugosité, la compacité, la taille et la forme des
grains déterminent la BRDF. De ce fait, I’étude de la BRDF permet d’estimer les propriétés des régolites
planétaires et les processus qui les faconnent.

Le premier sous-chapitre décrit le contexte des observations de BRDF martiennes, sans atmosphere
(voir section [2.1.T)), puis avec atmosphere (voir section[2.1.2). Dans un second temps, je décrierai mes
contributions personnelles, essentiellement développées au cours de la thése de Jennifer Fernando (voir
section [2.2)). Enfin, les perspectives de ces travaux seront dressées dans la section

2.1 Contexte

Les observations photométriques d’une méme surface, vues sous différents angles sont tres récentes
dans I’exploration martienne et font 1’objet de mes investigations personnelles. Historiquement, les
études photométriques ont toujours considéré 1’observation une étendue supposée homogene (la planete
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2.1. CONTEXTE

enticre ou une portion de terrain vu des rovers) géométriques. L’observation la plus facilement acces-
sible depuis un télescope ou depuis une sonde en orbite, est I’assombrissement centre-bord de la plancte
entiere. Les premiéres mesures photométriques télescopiques de Mars datent des années 1950 [69]] (voir
illustration page [73)). Pour Mars, les 7300 observations de la sonde Mariner 9 ont permis une estimation
de la réflectance de surface en utilisant un modele de Minnaert, et une modélisation de 1’atténuation par
les aérosols [317]]. En utilisant 9000 images Viking, les études suivantes ont découvert que 1’effet d’op-
position est omniprésent, plus marqué et de largeur angulaire plus faible pour les terrains brillants [318]].
Des études photo-polarimétriques au sol [[70], mais aussi grice a I’instrument VPM de Mars-5 [71]] ont
permis de déterminer des tailles de grains tres faibles (<50 microns) sur Mars.

Plus récemment, de nombreux travaux théoriques ont permis d’établir, puis de résoudre, 1’équation
du transfert radiatif dans le cadre d’un régolite granulaire compact [[119} [115, [116, (117, 118} 121} [122}
297, [73]).

Grace aux rovers, I’acces a la photométrie locale est possible, méme si en général 1’étude se fait
sur des zones spatialement étendues, supposées homogenes mais ayant des conditions d’observations
différentes, par exemple Viking [7] et Pathfinder [146]]. L’analyse, in situ des rovers MER Spirit [148]
et Opportunity [147]], ont montré des terrains globalement rétrodiffusants dii a la présence de poussiere
atmosphérique. Ces études ont montré une diversité photométrique plutdt diffusante vers 1’avant (roche
grise sur Spirit) ou rétrodiffusante (sphérules formés de couches concentriques sur Opportunity [[106]).

% 6: h 11th

lst v

FIGURE 2.2: Géométrie d’observation de I'instrument CRISM en mode FRT (figure d’apres [33])).

Des instruments spatiaux en mode “Emission Phase Function” (EPF) ont permis pour la premiére
fois d’enregistrer la réflectance de la méme zone, vue sous des conditions d’illumination identique, mais
avec des directions d’observations différentes. A partir des observations en orbite griace a I’instrument
TES dans I’infrarouge thermique, a bord de Mars Global Surveyor en mode EPF une étude couplée
surface et atmosphere a été réalisée [48] [51]. Aussi, I'instrument HRSC dans le visible a montré que
la surface de Mars avait des comportements photométriques spatialement hétérogenes [145]]. Dans 1’in-
frarouge proche, I’instrument OMEGA a fonctionné ponctuellement en mode EPF [257]. Des analyses
plus récentes, compilant un grand jeux de données OMEGA avec des observations essentiellement au
nadir, corrigées des aérosols ont estimé la BRDF moyenne de Mars, 1égerement rétrodiffusante [331].
Cependant, cette approche est incohérente car la correction atmosphérique se fait sous I’hypothese d’une
surface lambertienne. Entre Octobre 2006 et Septembre 2010, I’instrument CRISM a fonctionné de ma-
niere nominale en mode EPF, nommé FRT, avec 11 géométries d’observation pour chaque séquence, 5
observations en avant d’émergence ~70° a ~30° a 180 m/pixel, puis une observation centrale a 18 m/pixel
d’incidence £30°, puis 5 observations en arriere de ~30° a ~70° a 180 m/pixel (voir figure 2.2)). Depuis
Septembre 2010, un probléme technique de rotation du cardan du miroir empéche 1’acquisition dans ce
mode FRT mais plusieurs milliers d’images ont été acquises.

De précédentes études suggerent que les corrections atmosphériques ne sont pas nécessaires dans
le cas d’un faible contenu d’aérosols, ou qu’au moins, 1’effet de 1’atmosphere est mineur de maniere a
identifier les changements de propriétés photométriques en surface [257, [145]. Néanmoins, nous avons
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développé une méthode pour corriger les effets des aérosols basés sur le formalisme de Green et une
inversion bayesienne (voir chapitre [2.2). D’autres études d’inversion couplées surface-atmosphere des
images CRISM ont abouti a la BRDF de surface [293]] en utilisant le code de transfert radiatif DISORT,
avec une version simplifiée de la BRDF de Hapke sans rugosité et un modele a 15 couches atmosphé-
riques. Cette étude a utilisé une stratégie d’inversion de type moindre carré de Levenberg-Marquardt. Ce
travail sur le site d’Opportunity a montré que les éjectas du cratere sont plus rétrodiffusants, bien qu’une
comparaison avec les données in situ soit difficile a cause de 1’absence de rugosité.

Les deux prochaines sections décrivent les différents modeles analytiques de la BRDF et la formula-
tion analytique de Green qui nous ont amené a établir notre méthode d’analyse des images CRISM.

2.1.1 Modele de BRDF de régolite
2.1.1.1 Lambert

Le modele de BRDF le plus simple est le modele de Lambert, supposant 1’isotropie totale :

pls.s) = P& 22)

Dans ce cas, le terme py, est noté albédo lambertien.

2.1.1.2 Minnaert

L’approximation de Minnaert [224], [82]] dépend de deux parametres : la réflectance normale py, et
I’exposant k :

p(S,S/) _ p%“k‘u/kfl (23)

Bien que plus précise que le modele lambertien, la limitation majeure de I’approximation de Minnaert
concerne le manque de réalisme des effets de surface, comme la rugosité. Par ailleurs, I’exposant k£ n’a
pas de signification physique.

2.1.1.3 Noyaux

Pour faciliter I’inversion des parametres photométriques [[199], la BRDF peut étre décomposée dans
une somme semi-empirique de termes connus : les noyaux. Par exemple, la forme de la BRDF, dévelop-
pée initialement pour des zones de végétation [275]], peut s’écrire de la maniere suivante :

P(S, sl) = Piso + Pvot Kot (S, S/) + pgeo-ngo (S, sl) (2.4)

avec un terme isotrope, un terme de diffusion en volume K,,; et un terme géométrique de rugosité de
surface Ky, tous trois pondérés par des facteurs pjs,, Pyor €t Pgeo » dépendants de la nature de la surface.
Le noyau de diffusion en volume K, le plus utilisé est le modele de “RossThick” [274) 275] :

4 1 n . 1
Kvol(s,sl)zgm |:<§—g) COSg—i-Slng} —g (25)

Le noyau de surface K, peut étre écrit de la maniére suivante dans le modele “Li-Sparse™ :

1 1
Koeo(s,s') = o [(m—¢)cos¢ +sing]| — p (tan6 + tan 6")
1
- tan? @ + tan? ' — 2tan 6 tan 6’ cos D' P (2.6)

Dans le modele “LiSparse-R” [192,333], le noyau K, est défini de manicre non-analytique par son
expression inverse.
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2.1.1.4 Modele de Hapke pour les matériaux granulaires

La forme analytique de BRDF la plus utilisée est la théorie phénoménologique de Hapke, basée sur
la théorie du transfert radiatif, adaptée pour les matériaux granulaires compacts [117] :

[0)
47tu+u

p(s,s) =

(8) p(g)+M(s,s', @)} S(s,s',©) 2.7)

Dans le cadre de Hapke, le matériau granulaire est décrit par des parametres dépendants de la longueur
d’onde (au travers de leur dépendance dans les parties réelles n et imaginaires des k des indices de
réfractions des matériaux spécifiques) et de la géométrie des grains (taille, forme, irrégularités) : le co-
efficient de diffusion Qys, le coefficient d’extinction Qf et la fonction de phase p(g). Aussi, la surface
du matériau granulaire est décrite par deux quantités : 1’angle moyen des pentes ® indiquant la rugosité,
et le parametre de compacité de 1’effet d’opposition 4. On note qu’en absence de diffusion multiple,
de masquage des ombres et d’effet d’opposition, ce modele est équivalent a celui de Lommel-Seeliger

pls.s) = & {p(g)} [290).

2.1.1.4.1 Fonction de phase La fonction de diffusion moyenne des grains, ou fonction de phase,
décrit la fraction d’énergie diffusée dans la direction g par rapport a un flux incident. La fonction de
Henyey-Greenstein a double lobe semble le meilleur compromis entre complexité et adéquation avec les
observations des grains naturels [[124] :

1—f 1—d? 1+f 1-d?
p(g) = + (2.8)
2 Q1 —&—az—i—Zcosg)y2 2 (1 +a2—2cosg)*?

Le parametre f décrit la diffusion, vers I’avant ou I’arriére. Le parametre a, décrit la largeur du lobe.

2.1.1.4.2 Diffusion multiple La fonction de diffusion multiple M(s,s’, ®) peut étre évaluée numéri-
quement pour des matériaux isotropes [30] et anisotropes [117]]. Une expression analytique a été proposée
dans le cadre isotrope [119] :

M(s,s',0) =H(u)H(u')—1 (2.9)

avec H(x) = %

Plus récemment, Hapke a proposé une forme plus précise pour des diffuseurs non isotropes [118] :

M(s,s',@) = PY(u)[H (u')-1]+ P (W) [H (w)—1] + PT[H (u")-1][H (u)-1] (2.10)

avec H (x) = [1 — ox <r0+#1n1xﬂ>]

2.1.1.4.3 Masquage des ombres dii a la rugosité macroscopique Selon le modele de Hapke [[113]],
la rugosité de surface, caractérisée par sa pente moyenne ©, est 4 I’origine d’une fonction de masquage
des ombres S(u, ut’,®) dans 1’équation Il s’agit de modéliser comment se forme une ombre sur une
surface rugueuse en fonction des conditions d’éclairement. Aussi, cette fonction modélise la fraction de
surface éclairée vu de I’observation. La formulation explicite est donnée dans les équations (57)-(58) de
son livre [[115]].

Aussi, Hapke définit deux nouvelles directions équivalentes (s eq,seq) f(s,s',®) de maniere a échan-
tillonner la BRDF équivalente pour une surface plane. La forme mathématique complexe est défini dans
les équations (32), (46)-(49) de [115].
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FIGURE 2.3: Schéma du transfert radiatif : (a) pas d’atmosphere (b) atmosphere non diffusante (c) atmo-
sphere diffusante 1-d plan parallele

2.1.1.44 Effet d’opposition L effet d’opposition est I’augmentation de la réflectance lorsque I’angle
de phase est tres faible. Il est décrit par la fonction B(g) [116]] :

B(g) = Bo/[1+tan(g/2)/h)] @.11)

avec h qui représente la compacité et By 1’intensité de cet effet.

2.1.1.5 Autres expressions analytiques

D’autres expressions analytiques de la BRDF ont été proposées dans la littérature, cependant, elles
ne justifient pas d’étre décrites dans ce manuscrit. Par exemple, citons des approximations pour les sols
granulaires (200, 244] ou la végétation (306, 274, 325|244} 27, 258166, 327, 193] 194].

2.1.2 Effet de ’atmosphere

L’effet de 1’atmosphere peut étre approximé a un probleme de transfert radiatif en géométrie plan
parallele” (voir fig. (b)). La diffusion dans I’atmosphere change les directions d’incidence et ajoute
un parcours optique plus grand, ce qui amene un degré de complexité supplémentaire dans la résolution
du transfert radiatif. Ce probleme a été défini dans le livre de Chandrasekhar, il y a plus de 50 ans [36]]
et a été résolu pour une surface lambertienne. Durant des dizaines d’années, plusieurs auteurs ont étudié
ce probleme[309, [269] mais la solution générale, tenant compte d’une BRDF de surface quelconque n’a
été proposée que récemment grace au formalisme de Green [201]].

Pour une atmosphere plan-parallele, Lyapustin et co-auteurs [201] proposent d’introduire les fonc-
tions de Green suivantes : la réponse impulsionnelle de 1’atmosphere illuminée du haut dans la direction
s, observée au niveau optique T dans la direction s/, : Gl(f,s,s’ ), respectivement, avec une illumination
d’en bas G'(7,s,s'). La profondeur optique de I’atmosphgre est notée .

En utilisant le formalisme de Chandrasekhar, nous pouvons introduire : S la fonction de diffusion
décrivant la réflexion diffuse, 7" la fonction de transmission décrivant la transmission diffuse, et A la
fonction d’atténuation décrivant I’atténuation du trajet direct. La fonction de Green s’écrit :

Gl(1,s,8) =AY (1,5,8)+TH (1,5,5) + 8" (1,s5,5) (2.12)

La premicere fleche de 1’exposant décrit la direction incidente, la seconde la direction émergente.

Au sommet de I’atmosphere, le seul terme non nul correspond 2 la réflexion diffuse : G*(0,s,s") =
SH(0,s,s").

A la base de I’atmosphére, la fonction de Green vaut : G*(1y,s1,5') = At (19,5,8') + T+ (10, 5,5).

80



2.2. CONTRIBUTIONS

Pour une atmosphere non diffusante, I’atténuation s’écrit [36] :

A (1,5,8) =8(s— ). exp—t/u (2.13)

Les fonctions S et 7" dépendent des diffuseurs dans 1’atmosphere (quantité, distribution, taille de
grain, forme de grain, composition, ... ) et peuvent étre modélisées par des méthodes de type trans-
fert radiatif ou Monte Carlo. En négligeant les effets de diffusions multiples, une approximation semi-
analytique a été proposée en utilisant les diffusions de Mie and Rayleigh diffusion [82]. Aussi, un modele
empirique comportant les diffusions de Rayleigh a été publié [326]].

La source solaire est décrit comme la fonction suivante : S; = F.0(s —sp) a T =0.

L opérateur de propagation de la radiance dans toutes les directions vers le bas (Q 1) est :

.= /dsGl(r,s,s’)... (2.14)
Qt

Par exemple, la radiance de sortie vers le haut, au sommet de 1I’atmosphere dii a la réflexion diffuse, est :
1(0,s,s") = F(l)Jr.S;L =GH0,s,5).F;, = S'1(0,s,s).F,

Nous définissons de la méme maniere, 1’opérateur de propagation de la radiance dans toutes les
directions vers le haut (Q7) Flf et I’opérateur de réflexion en surface (a T = 7g) comme R,

La radiance montante, qui quitte la surface avant les interactions multiples entre surface et atmo-
sphere, est :

IO (t0,5) = RI.TLE, .8y, (2.15)

La radiance observée au sommet de I’atmosphere, est la somme des contributions suivantes :

1(0,8,5") = Til.S3+T12, 0% (1,5) +

1
rl,. [R”.Fl;ro} T (T0,5) + . (2.16)

Le premier terme représente la réflexion diffuse de I’atmosphere, le second terme, la lumicre qui se réflé-
chit qu’une fois en surface. Les autres termes représentent les différents ordres d’interactions multiples
entre surface et atmosphere. Dans le cas général, la solution est :

10,s,5) = T4.S,+ (2.17)

—1
T, [la—RITIZ, | RIS,
Dans le cas d’une atmosphere non diffusante, cette équation se simplifie en :
100,s,5') = Fre ™ up(s,s)e ™" (2.18)

Les termes additionnelles dus a la diffusion sont : Fio.S 2, qui représente la lumiere diffusée dans

~1
I’atmosphere et [Id — R”.FL;TO] qui est I’opérateur des interactions multiples entre surface et atmo-
sphere.

2.2 Contributions

Mes contributions majeures dans 1’estimation des propriétés photométriques de la surface de Mars
concernent la mise en place d’une inversion bayesienne. Le but est de maitriser la propagation des erreurs
et de valider la méthode sur les données in-situ. Ces contributions ont été réalisées au cours de la these
de Jennifer Fernando.
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(a) Reference Hapke’s model Retrieved RTLS model BREF Error ep (%)
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FIGURE 2.4: Exemple de résultats de Mars-ReCO d’apres [35)]. A gauche : la BRDF de surface, généré
d’apres le modele de Hapke. Au centre : I’estimation de la BRDF de surface avec Mars-ReCO, dans le
cas de T =0.5. A droite : I’erreur, exprimé en %

J’ai également développé des outils d’inversion de type Monte Carlo par chaine de Markov (MCMC),
suffisamment rapides pour estimer les parametres des modeles photométriques et leurs incertitudes. Cette
approche a nécessité la prise en compte de la propagation des erreurs de mesure au sommet de 1’at-
mosphere, a la BRDF de surface, jusqu’aux parametres de photométriques de Hapke. Dans un premier
temps, nous décrirons la méthode de correction atmosphérique, appelée Mars RecO, développée au cours
de la theése de Xavier Ceamanos. Puis, nous détaillerons I’inversion bayesienne et la comparaison avec
les données in situ des rovers MER, développées au cours de la these de Jennifer Fernando.

Récemment, d’autres études d’inversion couplés surface-atmosphere des images CRISM ont analysé
la BRDF de surface [293] en utilisant, la BRDF de Hapke sans rugosité et un modele a 15 couches
atmosphériques, avec une stratégie d’inversion de type moindre carré de Levenberg-Marquardt. Notre
approche permet de propager les incertitudes de mesure de maniere plus précises et plus rapides, d’esti-
mer la BRDF de surface et son incertitude, et d’analyser les résultats avec un modele de Hapke complet.
Notre approche repose sur I’hypothese d’une BRDF a noyau qui pourrait étre limitante, néanmoins, nos
différents tests synthétiques ont montré la validité pour plusieurs surfaces de propriétés photométriques
différentes, caractéristiques de Mars. Nous nous sommes limité a une seule longueur d’onde alors que
I’étude de Shaw et al. a utilisé plusieurs longueurs d’onde [293]].

2.2.1 Mars-REcO
La stratégie Mars-RecO, inspiré de la méthode MAIAC [202]], fait I’hypothese que la BRDF de

surface peut étre décrite par un modele a noyaux de type “Ross-Thick Li-Sparse” a trois parametres pjso,
Prols Pgeo (voir équation [2.4] et section[2.1.1.3)). Le transfert radiatif dans 1’atmosphére est décrit grace a
la formulation de Green (voir équation [2.17) qui exprime de maniére analytique la BRDF au sommet de

I’atmosphere, en fonction des trois parametres :

R(siasr) =R" (S,',Sr) +pisoFiS0 (si, Sr) + Pvoi -le (S,',S,) + pgeo-RgeO(Si,sr) +Rnl (Sl', Sr) (2.19)

La modélisation directe du transfert radiatif est une simple multiplication matricielle, car les termes
non-linéaire R™ sont trés faibles pour les situations les plus caractéristiques de Mars T < 2. Les différents
termes RP, Fiso, Rv! Rs¢® et R" sont estimés dans une table en fonction de T en utilisant les propriétés
optiques des aérosols déterminés par Wolff et al. [340] dans le code numérique DISORT [305]]. L’inver-
sion bayesienne est réalisée itérativement [202], de manicre a estimer les valeurs de pjso, Pyoi> Pgeo MAis
aussi leurs incertitudes. La BRDF de surface est tout simplement le modele de noyau de 1’équation [2.4]
avec les valeurs de la solution bayesienne. En supposant les incertitudes initiales de forme gaussienne et
comme le modele est pseudo linéaire, les incertitudes finales sont aussi gaussiennes [310]]. Les tests syn-
thétiques ont montré qu’il est possible de corriger les effets de I’atmosphere avec les conditions suivantes
7 < 2, incidence 6 < 60°, azimut relatif ¢ < 60° (voir figure[2.4).

Dans le cadre du traitement des données CRISM, nous avons choisi de ré-échantillonner la BRDF de
surface estimée par Mars-ReCO aux géométries initiales CRISM, car il s’agit de nos données initiales
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et les résultats dans d’autres géométries peuvent étre hasardeuses, comme 1’ont montrés nos tests syn-
thétiques. D’autre part, le modele a noyau décrit la BRDF de surface avec seulement trois parametres,
ce qui facilite son estimation d’apres les 11 géométries d’acquisition CRISM. Cependant, le modele a
noyau ne permet pas une interprétation des propriétés de surface, et ses possibilités de BRDF sont plus
réduites qu’un modele plus précis, comme celui de Hapke. Le but final de Mars-RECO est d’estimer la
réflectance, corrigée des effets des aérosols, de maniere a réaliser une seconde inversion, en utilisant par
exemple le modele de Hapke (voir section suivante).

Cette méthode est pour I’instant établie pour une seule longueur d’onde (750 nm) mais les calculs
peuvent étre facilement étendus a plusieurs longueurs d’ondes. La méthode nécessite une estimation de
I’opacité de I’atmosphere (avec son incertitude, propagée dans I’incertitude de la BRDF de surface).
Nous avons choisi d’utiliser les données de Wolff et al., bien que leur estimation se fait pour des surfaces
lambertiennes [340]. D’autres nouvelles méthodes sont en cours pour une estimation de 1’opacité [76]].

Pour plus d’information, I’article est disponible a la section[2.4.1]

2.2.2 Inversion bayésienne et comparaison avec les données in situ

L’analyse de la BRDF de surface, directement accessible depuis 1’espace sur un corps sans atmo-
sphére comme la Lune, ou depuis les rovers in-situ, ou aprés une correction atmosphérique comme
Mars-ReCO, peut se faire grace a un outil rapide de modélisation du transfert radiatif dans les milieux
granulaires. Les méthodes de type tracé de rayons [109, [140], ou de résolution de la propagation des
ondes électromagnétiques [321], bien qu’intéressants pour étudier le transfert radiatif dans les milieux
compacts denses, ne sont pas adaptés pour 1’analyse de données car leur temps de calcul est trop long.
Nous avons choisi d’utiliser le modele de Hapke (voir section [2.1.1.4) car il a été largement utilisé pour
I’analyse des données in-situ de Mars [148| [147]. Cependant, ce modele est vivement critiqué pour ces
simplifications abusives [297] et les interprétations des parameétres sont difficiles. Des études de labora-
toires sont nécessaires pour aider a comprendre les observations [215. 302]].

Dans le but d’une validation de I’approche Mars-ReCO, nous souhaitons comparer les BRDF in-situ
avec les BRDF estimées par Mars-ReCO. Pour cela, la seule solution possible est d’utiliser le modele
de Hapke de 1994 (voir section [2.1.1.4). Ce modele non-linéaire analytique est suffisamment simple
pour réaliser une inversion de type bayésienne par méthode Monte Carlo, la solution étant décrite par
une chaine de Markov [229]. L’intérét de cette méthode est de propager tres précisément les incertitudes
de mesures de la BRDF de surface vers les parametres du modele de Hapke. Les résultats sont tout
simplement des densités de probabilités pour chacun des parametres, comme présentés a la figure 2.5
Cette figure montre I’intérét de fusionner plusieurs observations CRISM de la méme zone, lorsqu’il n’y a
pas de changement majeur d’état de surface, pour mieux contraindre les propriétés photométriques de la
surface. Les études précédentes utilisaient des méthodes d’analyse de type moindre-carré [148l147] ou
algorithme génétique [[145] qui ne donnaient pas acces aux incertitudes avec autant de précision. C’est le
cas, notamment, de plusieurs solutions qui n’étaient pas correctement gérées avec ces outils.

De maniere générale, les estimations des parametres de Hapke sont compatibles avec les données
in-situ des rovers a la fois sur les sites de Meridiani et de Gusev. Les albédos de diffusion simples sont
compatibles avec I'unité géologique dominante a I’échelle des observations CRISM : les sols. La diffé-
rence majeure concerne la rugosité qui est plus importante d’aprés nos analyses, a 400 m de résolution,
db a la présence de blocs en surface, non inclus dans les analyses in-situ a plus petite échelle. D’autre
part, nous avons démontré que sur ces sites, une image CRISM seule n’a pas suffisamment d’informa-
tion pour contraindre les parametres photométriques. Le site du rover Spirit a Gusev a été couvert par 3
observations CRISM, comportant des échantillonnages angulaires complémentaires, suffisant pour bien
contraindre les parametres photométriques. Le site d’Opportunity a Meridiani est plus difficile a étudier
car la combinaison des données CRISM disponibles (3 observations sur le trajet du rover) ne permet pas
de contraindre les parametres photométriques tres précisément. Nos travaux en cours permettront de réa-
liser des cartes photométriques autour du site des rovers pour aboutir a des interprétations plus précises
des processus géologiques a la surface de Mars.

Pour plus d’information, I’article est disponible a la section[2.4.2]
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FIGURE 2.5: Exemple de résultats de I’inversion bayésienne pour les 6 parametres de Hapke, dans le cas
d’une seule observation CRISM (10 géométries en bleu) et de la fusion de 3 observations CRISM (27
géométries en rouge)

2.3 Perspectives

2.3.1 Perspectives méthodologiques

La perspective a court terme la plus intéressante est I’extension de Mars ReCO sur plusieurs pixels,
car la méthode est tres rapide (<1seconde/pixel). L’inversion bayésienne du modele de Hapke est plus
lent (~1 minute/pixel), mais permet le traitement d’une image compléte. Des travaux en cours dans la
these de Jennifer Fernando vont dans ce sens.

A moyen terme, la réalisation de I’inversion sur plusieurs longueurs d’onde est extrémement inté-
ressante car elle permettra d’estimer les propriétés photométriques qui peuvent dépendre de la longueur
d’onde [263]].

A plus long terme, le développement d’une méthode d’inversion de 1’opacité des aérosols et de la
BRDF de surface directement sur les observations CRISM est envisageable et elle s’affranchirait de
I’éventuel biais actuel de I’estimation préalable de I’opacité des aérosols de Wolff et al., déterminée sous
I’hypothéese de surface lambertienne.

2.3.2 Perspectives planétologiques

Les perspectives planétologiques sont nombreuses, car autant la dimension spectrale de la réflectance
a été tres largement étudiée, autant la dimension photométrique est tres peu utilisée, car plus difficile d’ac-
ces a la fois en termes de mesure (surtout dans le cas d’une carte photométrique), mais aussi en termes
d’analyse. Nous avons développé des outils novateurs qui contribuent a des nouvelles interprétations des
données de spectro-photo-imagerie. L’ instrument CRISM a acquis plusieurs milliers d’images dans des
régions tres différentes de Mars en contextes sédimentaire, volcanique, de dépdts éoliens ou de dépots de
glace. Apres la phase de validation de 1’approche, nous souhaitons maintenant déterminer les propriétés
micro-physiques des surfaces afin d’étudier les processus de surface.

De maniere générale, il serait intéressant d’étendre ce type d’analyse & d’autre corps, comme sur la
Lune ou sur les satellites de glaces, afin d’étudier les processus de surface. La dégradation sous I’effet du
bombardement de météorites et de particules solaires, appelée “space weathering”, pourrait notamment,
étre caractérisée par photométrie des surfaces planétaires (voir section6.3)

2.4 Publications

Co-encadrement de théses de Doctorat :
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Publications scientifiques :

— Ceamanos, X., Doute, S., Fernando, J., Schmidt, F., Pinet, P. & Lyapustin, A. (2013), « Surface
reflectance of Mars observed by CRISM/MRO : 1. Multi-angle Approach for Retrieval of Surface
Reflectance from CRISM Observations (MARS-ReCO) », Journal of Geophysical Research, 118,
1-20 (voir section [2.4.1)).

— Fernando, J., Schmidt, F., Ceamanos, X., Pinet, P., Douté, S. & Daydou, Y. (2013), « Surface
reflectance of Mars observed by CRISM/MRO : 2. Estimation of surface photometric properties
in Gusev Crater and Meridiani Planum », Journal of Geophysical Research, 118, 1-26 (voir sec-

tion L2 page T06).

2.4.1 Mars-ReCO

Cette section contient I’article suivant :

Ceamanos, X., Doute, S., Fernando, J., Schmidt, F., Pinet, P. & Lyapustin, A. (2013), « Surface reflec-
tance of Mars observed by CRISM/MRO : 1. Multi-angle Approach for Retrieval of Surface Reflectance
from CRISM Observations (MARS-ReCO) », Journal of Geophysical Research, 118, 1-20
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Surface reflectance of Mars observed by CRISM/MRO:
1. Multi-angle Approach for Retrieval of Surface Reflectance
from CRISM observations (MARS-ReCO)

X. Ceamanos,l’2 S. Douté,1 J. Femand0,3’4 F. Schmidt,3’4 P. Pinet,s’6 and A. Lyapustin7
Received 9 July 2012; revised 11 December 2012; accepted 13 December 2012.

[1] This article addresses the correction for aerosol effects in near-simultaneous multi-
angle observations acquired by the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) aboard the Mars Reconnaissance Orbiter. In the targeted mode, CRISM
senses the surface of Mars using 11 viewing angles, which allow it to provide unique
information on the scattering properties of surface materials. In order to retrieve these data,
however, appropriate strategies must be used to compensate the signal sensed by CRISM
for aerosol contribution. This correction is particularly challenging as the photometric
curve of these suspended particles is often correlated with the also anisotropic photometric
curve of materials at the surface. This article puts forward an innovative radiative transfer-
based method named Multi-angle Approach for Retrieval of Surface Reflectance from
CRISM Observations (MARS-ReCO). The proposed method retrieves photometric curves
of surface materials in reflectance units after removing aerosol contribution. MARS-ReCO
represents a substantial improvement regarding previous techniques as it takes into
consideration the anisotropy of the surface, thus providing more realistic surface products.
Furthermore, MARS-ReCO is fast and provides error bars on the retrieved surface
reflectance. The validity and accuracy of MARS-ReCO is explored in a sensitivity analysis

based on realistic synthetic data. According to experiments, MARS-ReCO provides
accurate results (up to 10% reflectance error) under favorable acquisition conditions. In
the companion article, photometric properties of Martian materials are retrieved using
MARS-ReCO and validated using in situ measurements acquired during the Mars

Exploration Rovers mission.

Citation: Ceamanos, X., S. Douté, J. Fernando, F. Schmidt, P. Pinet, and A. Lyapustin (2013), Surface reflectance of
Mars observed by CRISM/MRO: 1. Multi-angle Approach for Retrieval of Surface Reflectance from CRISM
observations (MARS-ReCO), J. Geophys. Res. Planets, 118, doi:10.1029/2012JE004195.

1. Introduction

[2] Imaging spectroscopy is a key remote sensing technique
to study the composition, the mineralogy, and the physical
state of planetary surfaces. A new generation of imaging spec-
trometers has recently emerged in the field of space explora-
tion by incorporating an angular dimension of measurement.
Multi-angle imaging spectroscopy is conceived to provide a
more accurate characterization of planetary materials from
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orbit and a higher success in separating the signals coming
from the atmosphere and the surface [Martonchik et al.,
2009]. The Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) aboard the Mars Reconnaissance Orbiter
(MRO) is a visible/short-wave infrared hyperspectral camera
that can operate systematically in multi-angle mode from
space [Murchie et al., 2007]. In the targeted mode, CRISM
measures radiative energy coming from the planet Mars within
0.36-3.92 microns using 544 spectral bands. As shown in
Figure 1, CRISM targeted observations are composed of a
quasi-nadir hyperspectral image at a spatial resolution of up
to 18 m/pixel accompanied by ten 10x spatially binned hyper-
spectral images which are captured before and after the central
scan. This sequence of off-nadir scans called emission phase
function (EPF) encompasses view zenith angles up to 70°
and two modes of relative azimuth, corresponding to the in-
bound and outbound portions of the satellite flyby. CRISM
targeted observations can sense a given Martian site using dif-
ferent atmospheric paths and thus have proved to be of great
value in atmospheric studies [Smith et al., 2009; Wolff et al.,
2009]. In addition, this multi-angle data may be exploited to
separate atmospheric and surface contributions when analyzed
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Figure 1. Schema of a CRISM targeted observation. Only
three images out of 11 are shown. The central scan at full spa-
tial resolution is drawn in green, while the most extreme scans
of the EPF are pictured in blue. Dash-dotted and dashed lines
depict the first and last scanned lines of each single image,
respectively. All scans are acquired as a combination of the
gimbal and the motion of MRO which results in a VZA range
of §&[0°30°] for the quasi-nadir central scan. The two
modes in relative azimuth (i, + @ou ~ 180°) are shown.

using a radiative transfer model accounting for surface scatter-
ing and atmospheric extinction [Murchie et al., 2007]. The
combination of an adequate atmospheric correction and the
multi-angle capabilities of CRISM may make possible the
retrieval of photometric properties of the surface according
to observation geometry and wavelength. These surface pro-
ducts are essential to characterize the physical state of Martian
materials as well as to distinguish between different types of
terrains [Johnson et al., 2006a, 2006b; Jehl et al., 2008].

[3] The atmosphere of Mars is quite thin and mainly com-
posed of carbon dioxide (CO,) gas and suspended mineral
and water ice particles named aerosols [Barlow, 2008].
These components represent an obstacle to remotely sensing
the Martian surface as extinction of solar irradiance in the
visible/short-wave infrared range happens by gaseous ab-
sorption and aerosol scattering and absorption. The model-
ing of the radiation reaching the top-of-atmosphere (TOA)
level therefore demands an adequate characterization of both
components [Clancy and Lee, 1991; Drossart et al., 1991;
Erard et al., 1994; Ockert-Bell et al., 1997, Tomasko
et al., 1999; Korablev et al., 2005; Wolff et al., 2009]. Atmo-
spheric correction algorithms compensate the sensed TOA
radiances for atmospheric contribution through the inversion
of such atmosphere/surface models in order to retrieve sur-
face quantities. One of the main hurdles to achieve an accu-
rate correction is that aerosols and materials at the surface
scatter light anisotropically depending on illumination and
viewing conditions and are rarely spectrally distinct. Re-
trieval of accurate estimates of surface reflectance therefore
requires the consideration, in the radiative transfer model,
of the scattering phase function of aerosols as well as the
bidirectional reflectance distribution function (BRDF) of
the surface. In this context, the availability of multiple
TOA measurements with different angular configurations,
together with the implementation of appropriate techniques,
becomes necessary to solve as accurately as possible the
inverse problem [Martonchik, 1994]. In practice, atmospheric
correction strategies are devised to retrieve the surface BRDF
assuming an aerosol phase function.

[4] While correction for atmospheric gases is generally
possible for non-icy surfaces [Langevin et al., 2005;
McGuire et al., 2009], compensation for aerosol contribu-
tion represents a major challenge. Aerosol content on Mars
is very variable as these particles are highly mobilized dur-
ing storms which range from local events to global storms
covering the entire planet. The variability of aerosol content
in time and space is generally overcome by estimating, for
each spacecraft orbital path, the local atmospheric opacity
or the aerosol optical depth (AOD). For instance, Vincendon
et al. [2007] propose to retrieve surface reflectance from
observations taken by the hyperspectral imager “Observa-
toire pour la Minéralogie, I’Eau, les Glaces, et 1’Activité”
(OMEGA) aboard the Mars Express orbiter after quantifying
the contribution of atmospheric aerosols using a Monte
Carlo method. In that study, the need of multi-angle data is
satisfied by processing several nadir observations acquired
over the same target at different times, resulting in different
solar zenith angles, and assuming that the AOD remains
constant along the time span (up to several days). Besides
this supposition, the surface is assumed to be characterized
by a wavelength-dependent angular-independent single re-
flectance value called Lambertian albedo. The Lambertian
assumption supposes that variations of TOA radiance with
geometry are exclusively related to aerosols. This hypothesis
is also adopted by McGuire et al. [2008] to process the cen-
tral scan of CRISM targeted observations by a radiative
transfer approach that computes surface spectra in Lamber-
tian albedo units after correction for gaseous and aerosol
contributions. Alternatively, Brown and Wolff [2009] pro-
pose to exploit the multi-angle information enclosed in
CRISM targeted observations by modeling the remotely
sensed signal at a single wavelength. Three parameters
(surface Lambertian albedo, mineral aerosol opacity, and
water ice aerosol opacity) are iteratively adjusted to fit the
multi-angle CRISM data. Similarly, a Lambertian surface
is also considered by the radiative transfer-based procedure
developed by Wiseman et al. [2012] to retrieve atmospheri-
cally corrected CRISM surface spectra.

[5] In planetary remote sensing, the Lambertian assump-
tion is generally adopted by atmospheric correction techni-
ques, even when multi-angle measurements are available.
This supposition substantially simplifies the radiative trans-
fer modeling and reduces the size of the look-up table used
in the inversion. The Lambertian hypothesis seems intui-
tively appropriate in some cases (e.g., turbid atmosphere).
However, it has been proved that non-Lambertian, or aniso-
tropic, scattering properties play a significant role for most
mineral and icy surfaces [de Grenier and Pinet, 1995;
Pinet and Rosemberg, 2001; Johnson et al., 2006a, 2006b;
Lyapustin et al., 2010]. As a consequence, the adoption of a
Lambertian assumption can create significant angle-dependent
biases in derived surface reflectances [Lyapustin, 1999]. To
our knowledge, Cull et al. [2010] are pioneers in performing
surface retrievals from CRISM targeted observations consid-
ering a non-Lambertian surface. In that work, the inversion
for the surface properties is achieved using a Hapke’s model
for the surface BRDF and a radiative transfer-simulated
look-up table that stores TOA spectra corresponding to multi-
ple atmospheric situations. Nevertheless, the algorithm of Cull
et al. [2010] is restricted to a few CRISM targeted observa-
tions as it assumes that the sensed surface has similar
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photometric properties than the materials characterized by the
Mars Exploration Rovers (MER) mission at the Gusev crater
of Mars.

[6] In the field of Earth remote sensing, some efforts have
been done towards the mitigation or the elimination of the
Lambertian assumption. Guanter et al. [2005] address the
atmospheric correction of multi-angle observations acquired
by the Compact High Resolution Imaging Spectrometer
(CHRIS) aboard the PRoject for On-Board Autonomy
(PROBA) under a Lambertian constraint with relaxation.
An iterative strategy for surface retrieval is defined by
assuming a Lambertian surface on the first iteration and
injecting the inferred BRDF into the radiative transfer-based
inversion on subsequent iterations until convergence is
reached. Although this method improves the quality of the
finally estimated BRDF, it may become problematic for
highly anisotropic surfaces for which the initial assumption
may greatly impact the succeeding retrievals. The incorpora-
tion of the BRDF into the atmospheric correction of
remotely sensed data is also considered for processing
multi-temporal data collected by the MODerate resolution
Imaging Spectroradiometer (MODIS) aboard the Terra and
Aqua spacecrafts [Schaaf et al., 2002] and the Multi-angle
Imaging SpectroRadiometer (MISR) aboard the Terra space-
craft [Diner et al., 2005]. Recently, surface retrievals are car-
ried out for series of multi-temporal images acquired by
MODIS by the Multi-angle Implementation of Atmospheric
Correction (MAIAC) algorithm Lyapustin et al. [2011a,
2011b, 2012]. Contrary to the previous methods, MAIAC
solves the aerosol/surface coupling problem without strong
reductionist assumptions using an innovative radiative
transfer-based formulation of the TOA radiance. The mathe-
matical properties of this formulation combined with the con-
sideration of an advantageous surface BRDF model enable a
fast and efficient inversion for the surface reflectance.

[7] To our knowledge, a method to compensate CRISM
targeted observations for aerosol contribution considering
an unknown non-Lambertian surface is not available in the
literature. This article puts forward such a method through
an innovative radiative transfer-based strategy that inherits
some basis from the MAIAC algorithm. The method under
the name of Multi-angle Approach for Retrieval of Surface
Reflectance from CRISM Observations (hereafter referred
to as MARS-ReCO) is proposed to retrieve surface reflec-
tance from CRISM targeted observations. The major innova-
tion is the consideration of an anisotropic surface, thanks to
an accurate quasi-linear parametrization of the TOA radi-
ance. In addition, the algorithm is endowed with a formalism
integrating several sources of uncertainty into the inversion
process and propagating them to the solution. MARS-ReCO
transforms a CRISM targeted observation, originally in units
of TOA radiance, into a set of photometric curves with error
bars in units of surface reflectance depending on acquisition
geometry. MARS-ReCO addresses the correction for mineral
aerosols exclusively, thus not dealing with water ice aerosols
nor atmospheric gases. The mineral aerosol particle size
distribution and refractive index, as well as the AOD of each
observation, must be provided beforehand.

[8] The article is organized as follows. The MARS-ReCO
approach is detailed in Section 2 as well as the preprocessing
of CRISM targeted observations. Section 3 describes the tests
conducted to evaluate the performance of MARS-ReCO on

CRISM-like synthetic data. Eventually, Section 4 discusses
the benefits and limitations of the proposed approach. The ca-
pabilities of MARS-ReCO are tested on real CRISM data and
validated against MER in situ measurements in the companion
article [Fernando et al., 2013]. Note that the present work as
well as the companion article restricts the use of MARS-ReCO
to spectral bands without gaseous absorption.

2. Methods

[v] MARS-ReCO compensates CRISM targeted observa-
tions for mineral aerosol effects. The proposed method inherits
the basis from the method named MAIAC [Lyapustin et al.,
2012] while adding some functionalities. Contrary to
MAIAC, which works with multi-temporal series of images,
MARS-ReCO is devised to process near-simultaneous multi-
angle CRISM observations. Furthermore, MARS-ReCO takes
care of propagating several sources of errors to the end
products. Before applying MARS-ReCO, CRISM targeted
observations are transformed into appropriate products for
multi-angular data processing.

2.1.

2.1.1. Integrated Multi-angle Product

[10] The 11 hyperspectral images forming a CRISM tar-
geted observation are released individually in units of //F,
the ratio of measured intensity to solar flux. Note that the de-
pendency on wavelength of all radiometric quantities in this
article is omitted for simplicity. In order to facilitate the
simultaneous processing of the multi-angle information
associated to each terrain unit, the spectra corresponding to
the 10 scans are rearranged in a common geographical grid
of super-pixels (i.e., terrain units sensed at more than one
geometry) to create a single data set named SPC cube (for
SpectroPhotometric Curve). This is done after degrading
the spatial resolution of the central scan in coherence with
the properties of the EPF. SPC cubes are multi-angle inte-
grated products which facilitate the access to photometric
curves. A photometric curve is a series of radiometric mea-
surements at a given wavelength acquired from a specific
super-pixel with different angular configurations. The stack-
ing of several photometric curves corresponding to consecu-
tive wavelengths forms a spectrophotometric set. Figure 2
(left) illustrates the typical degree of overlapping by projecting
the footprints of the 11 hyperspectral images onto the common
geographical space. Note that the overlap is non-optimal, as
typically only ~30% of all super-pixels are sensed by four or
more angular measurements. Figure 2(center) shows the regu-
lar grid that is defined over the resulting mosaic such that each
element (i.e., a super-pixel) corresponds to a single terrain unit
typically measuring ~450 x 450 m”. This value takes into
account the decrease in spatial resolution at the edges of the
central and EPF images. Under this configuration, each band
of a SPC cube contains about 2300 photometric curves, many
of them made of less than four measurements. Note that a
higher spatial resolution can be achieved only by tossing out
the largest EPF super-pixels. Figure 2(right) details the struc-
ture of a SPC cube in which each spectrum of a targeted
observation is arranged according to its angular configuration
(up to 11) along the x axis and according to its spatial location,
or super-pixel, along the y axis. For simplicity, super-pixels
are arranged according to the number of available
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(left) Footprints of the 11 scans of a CRISM observation in a common geographical space.

Note the different extent and shape of each image. In this example, the spatial resolution of the central scan
has not been degraded for clarity. (center) Schema of the approximative overlaying grid of super-pixels.
Each cross indicates the center of the associated super-pixel, while its color is coded according to the num-
ber of available angular measurements. (right) Schema of a SPC cube. Each row stores the information
belonging to a same super-pixel. Photometric curves follow the same color code that in Figure 2 (center).
Blank positions mean absence of angular measurement.

measurements. Under this configuration, each row at a specific
spectral band contains a photometric curve while a x-z plane
includes a spectrophotometric set, both products being in //F
units. Note that MARS-ReCO processes one spectral band at
a time.

2.1.2. Retrieval of Aerosol Content

[11] MARS-ReCO must be fed with an estimate of the
AOD associated to the CRISM observation to be processed.
In the literature, many authors address this issue with a direct
application to CRISM data [Lemmon et al., 2004; Wolff
et al., 2009; Douté and Ceamanos, 2010]. Note that the
performance of MARS-ReCO is sensitive to the accuracy of
the AOD estimate. Furthermore, methods avoiding or mini-
mizing the Lambertian surface assumption should be priori-
tized for consistency with MARS-ReCO.

2.2. Description of the MARS-ReCO Approach

[12] MARS-ReCO is conceived to infer photometric
curves of the Martian surface from CRISM multi-angle
orbital imagery. The contribution of mineral aerosols to the
remotely sensed signal is compensated based on a radiative
transfer-based algorithm which is fed by the scattering prop-
erties of these atmospheric particles. After fitting a model of
the TOA signal to the CRISM measurements, the surface
bidirectional reflectance associated to each super-pixel in a
SPC cube is retrieved at the acquisition geometries. The
theoretical background and the technical aspects of the pro-
posed approach are detailed in the following. The notation
used in this article is listed at the end of this document.

[13] The MARS-ReCO algorithm is based on a coupled
surface-atmosphere radiative transfer formulation of the
TOA signal originally proposed by Lyapustin and Knyazikhin
[2001] and adapted by Lyapustin et al. [2011a] for the
MAIAC algorithm. The major keystone of this accurate
semi-analytical formulation is the consideration in the radia-
tive transfer equation of a Green’s function to model the intrin-
sic diffuse scattering responses of the atmosphere and a
kernel-based scattering model for the surface.

2.2.1.

[14] Many codes solving the radiative transfer of solar
light in the surface-atmosphere interface are not suitable
for simulating large collections of spectra because of their
large computational requirements. The condition for the
lower limit of the radiative transfer (i.e., the surface reflec-
tance) is usually part of the calculation which must be per-
formed for each combination of physical parameters related
to the surface and the atmosphere. The Green’s function
method allows us to circumvent these drawbacks by a partial
decoupling of the surface and the atmosphere. Lyapustin and
Knyazikhin [2001] proved that this method makes possible
the analytical combination of the atmospheric reflectivity
and transmissivity with the surface reflectance to calculate
TOA radiances for an arbitrary aerosol optical depth and
acquisition geometry. This is achieved at the price of a small
degradation of accuracy coming from two simplifications.
Details on the use of a Green’s function in the radiative
transfer equation and the related assumptions can be found
in Appendix A.

Green’s Function of the Atmosphere

2.2.2. Expression for the TOA Reflectance

[15] The radiance reaching the CRISM instrument (L) can be
decomposed as a sum of the atmospheric path radiance (D),
and the radiance reflected by the surface before being directly
(L) and diftusely (Lf) transmitted through the atmosphere,

L(so,s) = D(so,s) + Lg(so0, s)e’f"/w + Lf(so, ), (1)
where sy and s are the incidence and view directions. The
first term of the surface-reflected radiance can be written as

Ly(s0,5) 2= Spoe ™" {p(s0,5) + acop, (1) p2 (o)} (2)

o ’ ’ ro

Jr;/_DS(So,S)p(S ,s)u ds ,
where 7S is the extraterrestrial solar spectral irradiance, p is
the bidirectional reflectance factor (BRF) (p =nf, where fis
the BRDF as defined by Nicodemus et al. [1977]), ¢y is the
spherical albedo of the atmosphere, D; is the path radiance
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incident on the surface, and p; and p, are BRF-derived func-
tions described in Appendix A. Parameter « is a multiple
reflection factor that depends on the surface albedo g(uo)
such that o= (1 — q(uo)co) .

[16] The diffusely transmitted surface-reflected radiance at
the TOA can be calculated from L with the help of the one-
dimensional diffuse Green’s function of the atmosphere (G*)
as it is demonstrated in Appendix A,

L% (s0,5) = / G4 (s1,5)Ls(s0, , 51)ds1. 3)
o

[17] The quantity Gy is also called bidirectional upward
diffuse transmittance of the atmosphere. The surface albedo
is defined as a ratio of reflected and incident radiative fluxes
at the surface,

(o) = F (1) /FP" (o), 4
T ’ ’ ’
FP i) = Fulpo) + i) = wSpoe ™ + [ D (sn.5 )i

. _To ' , , ,
FU(u1y) = nSpge™ g2 (1) + / Hq (u )Ds (So,s )ds ;
QF

72 (ko) = - p(s0,5)uds.

“

[18] These formulas give an explicit expression for the
TOA radiance as a function of the surface BRF. Their accu-
racy is high, usually within a few tenths of a percent
[Lyapustin and Knyazikhin, 2001]. In the following, we
work with units of top-of-atmosphere reflectance which is
defined as R=L/(Suy)=(/F)/1y. Note that MARS-ReCO
processes SPC cubes which have been previously trans-
formed into units of top-of-atmosphere reflectance. For
simplicity, we use the symbol R to refer to units of TOA
reflectance in a gas-free atmosphere populated by aerosols.

2.2.3. Surface Scattering Model

[19] The anisotropy of the surface is taken into account
through its BRF modeled using a semi-empirical kernel-
based Ross-Thick Li-Sparse (RTLS) model [Lucht et al.,
2000]. The RTLS model expands the bidirectional reflec-
tance distribution of the surface into a linear sum of terms
(the so-called kernels) characterizing different scattering
modes. The kernels in the RTLS model are derived from phys-
ical theory through simplifying assumptions and approxima-
tions. In particular, the surface bidirectional reflectance is
decomposed as the sum of (i) a Lambertian—or isotropic—
contribution, (ii) a geometric component modeling the diffuse
reflection taking into account the 3D geometrical structure of
opaque reflectors on the surface and shadowing phenomena,
and (iii) a volume scattering contribution simulated by a col-
lection of dispersed facets. In this way the BRF is written as

p(/"O!H“ﬂ):kl‘—"_kGfG(luO:/’h(p)+kV4fV(lu07,u7s0)7 (5)

where subscripts refer to Lambertian (), geometric (G), and
volumetric (V) components, and fs, f, are predefined
geometric kernels. More details on the RTLS kernels can
be found in Appendix B.

[20] The RTLS model is very advantageous to shape effi-
cient inversion algorithms based on radiative transfer [Schaaf
etal.,2002; Lyapustin et al., 2012] as the surface bidirectional
reflectance is characterized by a linear combination of three

invariant kernels scaled by their corresponding kernels
weights k= {k*,k%k". While they are not perfectly orthogo-
nal functions, they are sufficiently independent to allow stable
recovery of the parameters for many angular sampling distri-
butions [Lucht et al., 2000]. Furthermore, the RTLS model
has proved to be accurate in recreating many types of natural
surface ranging from highly anisotropic snow-covered terrains
[Lyapustin et al., 2010] to backscattering surfaces such as
those found in vegetation [Schaaf et al., 2002]. In particular,
the geometric kernel models the backscattering features at
the smallest CRISM phase angles (g =~ 30°).

2.2.4. Expression for the TOA Reflectance Using
the RTLS Surface Model

[21] The substitution of equation (5) into equations (1)—(4)
(after normalization to reflectance units and separation of the
kernel weights) provides the following quasi-linear expres-
sion for the TOA reflectance:

R(pty, 11, 0) = RP (1, 11, ) + K-F*(u,, 1)
HkOF (1, 0) A+ K F" (1, 18, 0) + R (11, 1),
(6)

where R” stands for the atmospheric path reflectance coming
from photons scattered by aerosols without interacting with
the surface. Quantities {F*,F°,F"}, on the one hand, and R",
on the other hand, are multiplicative factors for the kernel
weights k and a nonlinear term, respectively,

FH(atgy 1) = (€70 + gty F (1) /(28) ) (€7 + 6 (),

B . e (T
FH(y, 11, 0) = {e7 i (g, 1, 0) + optg ' D (g, 11, ) e/ 1 28;
+e*T0/Hu Gli (:uOv H, @) + “M(T]Hkl (/107 H, (,0),

R (1, 1) = ercopy (p,)e /"o {e™/Wlp, () + k-G () ©)
+KOGH () + K7 G} (w)},

where the subscript & refers to either geometric (G) or volu-
metric (V) kernels. Quantities D, D), G, G, G},, GY,
G},l , H é, and HY, represent different integrals of the incident
path radiance (Dy) and/or the atmospheric Green’s function
(G with the RTLS kernels (f5,f}). The integral expression
for these functions can be found in Lyapustin and Wang
[2005]. Contrary to R", which strongly depends on the surface
by means of functions p; and p,, quantities {FFFCF” } de-
pend only weakly through the multiple reflection factor (o).
Equation 6 describes the TOA reflectance as an explicit
quasi-linear function of the RTLS kernel weights, thus pro-
vides the means for an efficient inversion.

2.2.5. Look-up Table

[22] As it will be explained, the retrieval of the surface ker-
nel weights k is possible through the inversion of equation (6)
subject to the availability of quantities RP, {Fi, F V}, and
R". A look-up table is generated to store R and all surface-
independent radiometric quantities allowing us to calculate
{F* FC.F"} and R". In particular, the look-up table includes
the basic quantities RP, D, co, and G as well as the interme-
diate quantities D%, D},, G*, GL, G}, GY!, G}}, H]., and H}},.

[23] Basic quantities are computed using the radiative
transfer program named Discrete Ordinates Radiative Trans-
fer Program for a Multi-layered Plane-Parallel Medium
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(DISORT) [Stamnes et al., 1988]. For a homogeneous aerosol
layer with opacity 7, the atmospheric reflected path reflec-
tance (RP) is computed considering a dark surface (surface
albedo set to 0) and simulating the radiation at the sensor level.
The path radiance incident on the surface (Dy) is computed
similarly but considering this time the downward radiance at
the lower interface. The spherical albedo of the atmosphere
(co) is obtained after integration of its directional-hemispheri-
cal version which is directly provided by DISORT. Eventu-
ally, the diffuse Green’s function of the atmosphere (GY) is
calculated similarly to D, but reversing the direction of light
propagation. In other words, the atmospheric layers must be
set in reverse order and the result must be normalized by 7S
[Lyapustin and Knyazikhin, 2001]. In the case of an homoge-
neous atmosphere, the problem for the Green’s function
becomes identical to the problem for D provided the substitu-
tion so— s. A completely dark surface is also considered to
avoid multiple reflections between the surface and the atmo-
sphere. The calculation of the intermediate quantities from
the basic functions and the RTLS kernels is explained in
Lyapustin and Wang [2005].

[24] A homogeneous atmosphere made of a single layer of
mineral aerosols is used to compute the basic quantities
look-up table. Besides its simplicity, this atmospheric model
is appropriate to compute a “universal” look-up table repre-
senting the average Martian atmosphere. This model supposes
that uncertainties related to mineral aerosols (i.e., AOD esti-
mate, particle size, and refractive indexes) are negligible and
that water clouds are not present. If the latter particles become
significant, a stratified atmosphere should be considered.
However, the correction for atmospheric water ice is out of
the scope of this work. The radiative properties of the mineral
aerosol particles (phase function and single-scattering albedo)
are taken from the work of Wolff et al. [2009] in which
Martian aerosols are modeled as cylindrical particles with an
effective radius of 1.5 um.

[25] All radiometric quantities stored in the look-up table
are computed for several values of 7y and {uo.it,0} to
encompass different scenarios regarding atmospheric condi-
tions and acquisition geometry, respectively. The angular
grid density of the look-up table is selected empirically
based on a trade-off between inversion accuracy and
required memory. The angular range encompassed by
CRISM targeted observations is taken into account by com-
puting the look-up table at 6, € [14°,81°], € [0°,70°], and
p €[0°,180°], with Auy=4u=0.02 and 4p=3°. A nearest
neighbor technique is selected to fit CRISM observations
to the pre-computed look-up table. In this way, we avoid a
costly interpolation in the angular triplet {uo.u,} that
should be done for each CRISM angular measurement other-
wise. On the other hand, the look-up table is computed for a
set of 12 atmospheric opacities values, namely, 7o(1 pm)=
{0,0.05,0.1,0.2,0.33,0.5,0.75,1,1.4,2.0,2.8,4.0}. The look-
up table is not homogeneously sampled in terms of AOD
since the contribution of a changing aerosol content to the
remotely sensed signal is more variable for a low AOD. A
linear interpolation is used to obtain the look-up table values
for a specific AOD. Under this configuration, the size of the
look-up table is low (~50 megabytes per spectral band) due
to its independence on the surface kernel weights k. Note
that the look-up table is computed only once and can be then
used for any CRISM observation.

2.2.6. Inversion Strategy for Surface Reflectance

[26] MARS-ReCO retrieves the photometric curve in BRF
units corresponding to each super-pixel of a SPC cube by
inverting the TOA reflectance model in equation (6). This
is done based on the look-up table described above. An iter-
ative inversion strategy is proposed based on a formalism
borrowed from Tarantola [2005], which integrates several
sources of uncertainty in the inversion process and propa-
gates them to the solution.

2.2.6.1.

[27] LetRC = {RIC, ... 7R1CVg} be the photometric curve in

Basis and Objective of the Inversion

units of TOA reflectance measured by CRISM at a given
gas-free spectral band. The term Ng is the number of avail-
able angular measurements, where Ng<11 in the case of
CRISM targeted observations. Let RC be associated to a
given super-pixel of the SPC cube which corresponds to a
portion of Martian surface characterized by the state vector
k= {kL,kG,kV}, whose elements are unknown at first. Let K,;
be the RTLS kernel weights that provide the best fit between
the observed data RS and the predicted photometric curve
R={R, .. ,Ryg}, which is built using equation (6). The
comparison is done by means of the root mean square error
(RMSE) as follows:

(A 2
RMSE = E;(Rj ~R).

[28] The solution kg, is therefore the set of kernel weights
that minimizes the RMSE such that k,; = arg min RMSE.

MARS-ReCO addresses the obtention of the triplet k,,, for
every photometric curve in a CRISM targeted observation.
This triplet allows us to compute the surface BRF at the
N, sampled geometries by means of the RTLS model
(equation (5)). Also, the existing uncertainties are taken into
account and propagated to put error bars to the retrieved
solution K,,; and the associated surface reflectance values.

(10)

2.2.6.2. Composition of the Inversion Matrix and
Assumptions on the First Iteration

[29] The model relating the state vector k to the TOA reflec-
tances R (i.e., equation (6)) is initially dependent on the sur-
face properties due to the nonlinear term R and, to a lesser ex-
tent, the quantities {FL,F(’ F V}. As a solution, we follow
Lyapustin et al. [2012] who propose to retrieve K, through
an iterative inversion algorithm. Let r(®) = {rio) ye .r,(\zz} be
a set of reduced measurements on the first iteration » =0 where
rng) =R —R’— Rj'-’l(o). Using equation (6) and a matrix form,
we read

L(0 G(0 40
FIO GO pro)

O =FO FO = (11)
L) G0 7(0
RO R R
[30] Lyapustin et al. [2012] remove the dependence on the
surface by assuming a black surface on the first iteration, that
is, kK”={0,0,0}. This supposition, however, results in longer
convergence times for bright surfaces such as those found on
the high latitudes of Mars. As a consequence, MARS-ReCO
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assumes an isotropic surface on the first iteration k(© =
{leck, 0, 0} , where the subscript bck corresponds to the
CRISM geometry in which aerosols are less predominant, that
is, the backscattering direction. This assumption is generally
possible because the majority of CRISM targeted observations
are split into two modes of relative azimuth (review Figure 1),
one of them corresponding to low ¢ values.

[31] This assumption allows the iterative process to start
by computing F through the evaluation of the look-up table
at the angular triplet {zo;,u,0;} of each measurementRjC and at

the atmospheric input t,. We remember that the look-up table

is linearly interpolated according to 7, and a nearest neighbor

method is used in the geometric dimension. Similarly, the

quantity RP(co) + R}! (k. 7) is computed knowing 7,

and k@,

2.2.6.3. Characterizing the Uncertainties

[32] In order to propagate the existing uncertainties, the a
posteriori covariance matrix of the state vector (Cy) is calcu-
lated. The state vector k is considered a random variable. For
this purpose, we use the formalism of Tarantola [2005] in
the framework of (i) a linear model that relates k to the set
of reduced measurements r'”’ and (ii) a set of Gaussian prob-
ability distribution functions (PDFs) pertaining to the input
and output parameters of the inversion problem. Each PDF
expresses different information at different steps of the
process (i.e., evaluation of the most probable AOD and its
related uncertainty, a priori knowledge on the state of the
system, CRISM measurements, and the top-of-atmosphere
reflectance model). We note two types of uncertainties on

vector r?;

1. The error on the CRISM measurements R, which is
assumed to be independent on the state of the system and
the other geometries, with a diagonal covariance matrix
C¢ with elements ¢2,..., 0% .

2. The error on the AOD estimation 7o, which induces an

error on RJD +Rj’71 . In this case, we also assume the

independence regarding the state of the system and the
other geometries. We evaluate the elements of the covari-
ance matrix experimentally by generating a random
series of values according to a Gaussian PDF with mean

7o and variance ago. We then calculate, based on the TOA

reflectance model in equation (6), the population of sam-

ples R”(t9) + R"(k©), 7o) for each geometry j € [1,N].

Likewise, the covariance matrix C’ is computed using

a classical estimator.

[33] The total covariance matrix for the reduced measure-
ments is C”) = C¢ + CE'?). Last but not least, we have some
a priori information on the solution in the form of a PDF
characterized by its mean k@ and a covariance matrix Cj
that we suppose to be diagonal with elements ¢%, o2, and
2 taking large values.
2.2.6.4. Retrieval of Surface Reflectance and Propagation
of Errors

[34] In the framework of the linear model and the Gaussian
PDFs, the most likely a posteriori state vector k" and the a
posteriori covariance matrices Cj, and C,,—respectively
associated to k" and the model of TOA reflectance—are re-
trieved through the explicit least-squares solution proposed
by Tarantola [2005]:

k() = k©
-1
T CkF(0>T(F(°)CkF(°)T 4 cﬁ‘))) (ran _ F(O)kw)), (12)

—1
Cp=Ci— CkF<°>T(F<°>CkF<°>T n C§°>) FOC,  (13)
(14)

[35] Vector k' provides a refined estimate of the surface
BRF and, consequently, of the model F". These two quan-
tities are used in the upcoming iteration n = 1. Furthermore,
the reduced measurement vector and its associated covari-
ance matrix are updated through the calculation of R to
give r'" and Cﬁl), This iterative process is repeated for
several iterations before stopping on the iteration m after
MARS-ReCO decides that the triplet of weights is satisfac-
tory (i.e., k('")~kx,,1). As it is explained below, the number
of iterations is set automatically according to the goodness
of the retrieved surface BRF model.
2.2.6.5. Refinement of Surface Solution by Iterative Method

[36] A convergence criterion is defined to refine the surface
solution through several iterations. However, the physical
sense of the retrieved BRF is not always assured. Indeed, the
retrieved BRF model can be related to an incorrect shape
(e.g., negative BRF values at some angles) despite a high
goodness of fit at the measurement angles. This situation is
likely to happen due to a deficient radiometric quality, a limited
angular sampling, or a high aerosol content. For this reason,
the quality of the input TOA photometric curve and the output
retrieved surface solution is assured on each iteration by a set
of rejection criteria. These criteria (see Appendix C for details)
prove to reject the majority of unphysical BRF solutions.
Convergence usually occurs after four to five iterations result-
ing in a computational time of 1 minute to process one spectral
band of a SPC cube at 450 m/pixel on a regular computer (i.e.,
dual 2.66 GHz quad-core processor, 6 GB RAM).

C,, = FOC,FOT 4 .

2.2.6.6. Characterizing the Solution

[37] After reaching convergence on iteration m, the quality
of the solution is characterized by a series of indicators.
First, the root mean square error is computed to express
the adequacy between the CRISM measurements and the
retrieved BRF model such that

Ng
RMSE™ — JIZ (rgm) _ FHm g Lm) _ FjV(m)kV(m) B 17;7(”’>k0(”’>)2,

]vg = J J
(15)
[38] Second, we compute the a posteriori variance on the
estimated surface reflectance for each geometry j=1,...,N,

as the trace of the a posteriori covariance matrix tr(C,,)
where Cpp=QCkaT . Term Q is the linear operator

relating the state vector to the surface BRF values p) =

{ p(l'">7 ... Px?} (computed using equation (5)) such that

A

USSR

p™ =Qk™, Q= (16)
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Figure 3. Schema of the sensitivity analysis based on syn-
thetic CRISM-like data. *Aerosol properties are provided by
Wolff et al. [2009]. *Hapke’s parameters of the minerals
found in the Gusev crater are borrowed from Johnson et al.
[2006a].

[39] Finally, the a posteriori standard deviation of a pre-
dicted BRF photometric curve is

1

0, = ]Vgtr(c,,,,)A (17)

[40] In the following, this parameter proves to be an accu-
rate indicator of the quality of the retrieved surface BRF. In-
deed, it helps to flag those surface solutions which are wrong
but physical and thus more difficult to detect by the rejection
and convergence criteria.

3. Sensitivity Analysis

[41] In this section, the capabilities of MARS-ReCO are
tested on simulated data following the sensitivity analysis
depicted in Figure 3. Such task is achieved at the CRISM
spectral band centered at 4 =755.3 nm where gas absorption
is negligible. The present research also aims at studying the
correlation of the a posteriori standard deviation o, with
the quality of the retrieved surface reflectances. First, a
CRISM-like synthetic data set is generated for test in
Section 3.1 based on the optical properties of Martian aero-
sols and the photometric properties of some surface materi-
als. Second, Section 3.2 evaluates the performance of
MARS-ReCO on photometric curves with different angular
configurations, atmospheric conditions, and surface photo-
metric properties. Third, the requirements to process CRISM
multi-angle data with a limited angular diversity are given in
Section 3.3. Fourth, the stability of the inversion performed
by MARS-ReCO is studied in Section 3.4. Lastly, the

impact on MARS-ReCO of the uncertainties of the input
aerosol content is explored in Section 3.5.

3.1. Synthetic Data Set

[42] The sensitivity analysis is performed on a controlled
synthetic data set formed by CRISM-like photometric curves
which are simulated in //F units using DISORT. We con-
sider a coupled atmosphere/surface system that is fed by
the scattering properties of Martian dust aerosols from Wolff'
et al. [2009] and by photometric properties of Martian
minerals. The reflectances of several surface materials found
in the Gusev crater were measured on ground by the Pancam
instrument aboard the MER Spirit. These data were fitted by
Johnson et al. [2006a] to a Hapke’s BRDF model with a
two-lobed Henyey-Greenstein phase function [Hapke,
1993]. In this research, we select four mineral materials,
which belong to two endmembers referred by Johnson
et al. [2006a] to as (i) endmember “Soil”, which corresponds
to typical soils being dominant at the spatial scale accessible
to CRISM, and (ii) endmember “Red rock”, which is related
to rocky facets with higher anisotropic photometric proper-
ties than soils. Table 1 details two different Pancam mea-
surements of the same endmember at 753 nm, the first one
corresponding to a brighter sample of the endmember
(subindex 1) and the second one belonging to a darker sam-
ple (subindex 2). By selecting these photometrically distinct
materials, the sensitivity analysis aims at assessing the capa-
bilities of MARS-ReCO against the variability of Martian
mineral surfaces.

[43] Based on Table 1, a TOA photometric curve is simu-
lated by DISORT at 753 nm for each combination of the
atmospheric/angular configurations summarized in Table 2.
Each photometric curve is made of 11 //F measurements at
constant solar zenith angle and varying view zenith angle,
thus mimicking the acquisition of targeted observations by
CRISM. A single combination of 11 view zenith angles,
one for each measurement, is selected for all synthetic pho-
tometric curves as the view angle is quite constant for all
CRISM targeted observations. By contrast, six solar zenith
angles are considered to embrace the angular range in which
CRISM works, going from equatorial (6y < 60°) to polar
observations (6, > 60°). Four archetypal configurations are
selected in terms of relative azimuth according to the typical
functioning of MRO, each one linked to a specific couple of
o1 and ¢, values. The fourth configuration represents the ex-
treme case when the direction of the Sun and the direction of
the MRO flyby are orthogonal (¢; =y, =90°), resulting in
the most limited phase angle range. Note that in this extreme
configuration half of the angular measurements are identical
to the other half due to the symmetry in view zenith angle.
As regards atmospheric opacity, a set of nine AOD values

Table 1. Photometric Parameters at 753 nm of the Four Surface Materials Considered in the Sensitivity Analysis

Endmember\Hapke’s Parameters at 753 nm 0] 9 b c

Soil-1 (Table 4c¢ in Johnson et al. [2006a]) 0.69 11 0.241 0.478
Soil-2 (Table 6¢ in Johnson et al. [2006a]) 0.65 12 0.170 0.547
Red rock-1 (Table 4b in Johnson et al. [2006a]) 0.83 19 0.450 0.255
Red rock-2 (Table 8b in Johnson et al. [2006a]) 0.65 14 0.166 0.801

A Hapke’s model with a two-lobed Henyey-Greenstein phase function is used. Parameters w, 6, b, and ¢ correspond to the single-scattering albedo, the
macroscopic roughness, the asymmetry parameter, and the backward scattering fraction of the phase function, respectively [Hapke, 1993]. Note that a bright
backscattering highly anisotropic surface corresponds to w — 1, ¢>0.5, and b — 1.
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Table 2. Angular and Atmospheric Ranges Encompassed by the
TOA Photometric Curves of the Synthetic Data Set”

Parameter Acquisition and Atmospheric Configurations

o)

1 config.: 70, 63.5, 57.5, 52, 46.5, 25, 46.5, 52, 57.5, 63.5, 70
0o (°) 6 config.: 30; 40; 50; 60; 70; 80

w1, v2 (°) 4 config.: 0, 180; 30, 150; 60, 120; 90, 90

T 9 config.: 0; 0.1; 0.33; 0.5; 1; 1.5; 2; 2.5; 3

?Only one configuration is considered in terms of view zenith angle as
this angle is quite constant among the 11 images of all CRISM targeted
observations. For the central scan, we choose §=25° as this is the typical
average value in real CRISM targeted observations.

at 1 um is considered to test MARS-ReCO under clear and
turbid conditions. The resulting synthetic data set contains
216 configurations for each surface material, making a total
of 864 CRISM-like photometric curves.

[44] Lastly, noise is added to the synthetic data set to mimic
the signal-to-noise ratio of CRISM observations. An additive
Gaussian noise with a noise figure of 1/50 is added to each
simulated //F value (i.e., the standard deviation of a given
I/F measurement R{ being equal to Rf/50). Note that this
noise level is higher than the one claimed by Murchie et al.
[2007], that is, a signal-to-noise ratio of 450 dB at 750 nm.
In this way we assess MARS-ReCO under less favorable
and more realistic conditions.

3.2. Study on the Acquisition Geometry, Atmospheric
Opacity and Surface Type

3.2.1. MARS-ReCO Performance Based on Built-in
Indicators

[45] Each TOA photometric curve in the synthetic data set
is compensated for aerosol contribution by MARS-ReCO. In
the case of convergence, the corresponding surface RTLS
weights kg, are retrieved. According to the noise attributes

of the synthetic data set, each photometric curve R® =

{RIC, . 7R/.C7 . ,Rf,g} is assumed to have a diagonal co-

2
variance matrix C¢ with elements o*f = (R]C / 50) . In order

to determinate the intrinsic limitations of MARS-ReCO, we
first consider the ideal case in which the exact optical depth
(the AOD values used for the data simulation) is known.
Accordingly, parameter afo is set to zero. The performance
of the surface inversion is illustrated in Figure 4 in terms of
(1) unsuccessful retrievals (i.e., the percentage of photometric
curves that have been discarded for inversion), (ii)) RMSE,
and (iii) standard deviation of the retrieved BRF (o).

[46] Figure 4(top) illustrates the percentage of unsuccess-
ful retrievals according to atmospheric conditions (set by
T0), angular configuration (set by 8y and {p,9,}), and type
of material. As it can be seen, the rate of unsuccessful retrie-
vals is about 15% for all TOA photometric curves not sam-
pling the solar cross-principal plane (¢, p>={90°,90°}).
This specific azimuthal configuration is related to the most
limited phase angle range and does not encompass enough
angular diversity for a satisfactory inversion. Likewise, un-
successful retrievals increase significantly for turbid atmo-
spheres and extreme solar zenith angle, reaching a 40% rate
of rejection when 79>2 and 6,>80°. Regarding the solar
angle, the RTLS model becomes less accurate at extreme

illumination conditions due to the divergence of the geomet-
ric kernel [Lucht et al., 2000] and the higher anisotropy of
surfaces in this angular range. The success of MARS-ReCO
is, by contrast, less dependent on the properties of the sur-
face materials. In particular, MARS-ReCO performs slightly
worse when dealing with bland materials such as Soil-2,
which may be too dark and too isotropic to be accurately
separated from the aerosol photometric curve.

[47] Figure 4(middle) illustrates the quality of the fit be-
tween the synthetic data set and the TOA reflectance model
by means of the RMSE (see equation (15)). Only the suc-
cessfully inverted photometric curves are considered in this
experiment. The RMSE is generally equal to a few tenths
of 1% reflectance, and while it logically increases according
to solar zenith angle and AOD, it decreases for reduced
phase angle ranges. This result is, however, reasonable since
photometric curves along the solar cross-principal plane are
casier to fit as they do not sample the aerosol photometric
curve spanning the solar principal plane (¢, @2 = {0°, 180°}).
Contrary to the lower RMSE, the retrieved BRF model in
this case is likely to be wrong. Therefore, the RMSE
cannot be considered as a reliable indicator of the quality of
MARS-ReCO as the surface/atmosphere model can satisfacto-
rily fit a photometric curve while providing a physically incor-
rect solution. By contrast, the RMSE coherently increases
according to solar zenith angle due to the combined effect of
a stronger surface anisotropy at extreme angular configura-
tions and the limitations of the RTLS model. Note that inaccu-
racies at extreme angles also come from small differences
between the Hapke’s and the RTLS models as well as
the use of a plane-parallel radiative transfer code such as
DISORT. Lastly, the RMSE also depends slightly on the type
of surface, being higher for anisotropic surfaces.

[48] Finally, Figure 4(bottom) explores the average a pos-
teriori standard deviation of the surface photometric curves
(0,,) as defined in equation (17). Again, only the successfully
inverted photometric curves are considered. The standard
deviation is generally lower than 0.1 for favorable condi-
tions and, contrary to the previous indicators, clearly
increases according to AOD, solar zenith angle, and limited
phase angle range, which typically correspond to the most
challenging scenarios.

3.2.2. MARS-ReCO Performance Based on the Pancam
Reference
3.2.2.1. BREF Error in the 11 Acquisition Geometries
[49] The accuracy of the retrieved surface BRF is evalu-
ated using the surface data derived from Pancam. Note that
these data are used in the simulation of the synthetic data
set. This experiment is done exclusively for those photomet-
ric curves for which MARS-ReCO converges. We define the
BREF error of a given photometric curve (e,) as the average
of the difference between (i) the surface photometric curve
retrieved by MARS-ReCO in BRF units and (ii) the same
curve reconstructed using the Hapke’s model and Table 1

100 Ng ’ p/MARS-ReCO _ p}/Hapke "
€ = Ng Tapk
Ng = pj apke

[so] Figure 5 shows the result of averaging the BRF error
of all photometric curves associated to a given AOD, solar
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Figure 4. (top) Percentage of unsuccessful retrievals, (middle) RMSE, and (bottom) a posteriori standard
deviation of the retrieved BRF for the processed synthetic data set. All parameters are averaged according
to the AOD, the solar zenith angle, and the azimuthal configuration that correspond to each synthetic pho-
tometric curve. The RMSE and the standard deviation are computed based only on successfully inverted

curves.

zenith angle, or azimuthal configuration. As it can be seen, the
accuracy of the retrieved BRF decreases under unfavorable
conditions, that is, high AOD, extreme solar zenith angle,
and limited phase angle range. The average BRF error is
lower than 20% when 79 < 1, 8, <60°, and ¢y, 2 # {90°,90°}
despite the unfavorable configurations of the other param-
eters (e.g., e, > 20% when 7, < 1 and 6, =80°). By contrast,
it is important to remark that ranges of validity with higher
average BRF errors contain configurations with acceptable
accuracies (e.g., for Soil-2, while the average e, is up to
38% when 1o=2, the individual e, is 5.6% for the configu-
ration when 19=2, 0y=30° and ¢, ,=1{30°150°}).
Note the high correlation between the BRF error and the a
posteriori standard deviation (¢,) in Figure 4(bottom).
Lastly, we remark the continuity of the error curves when
79=1.5. Contrary to the adjacent situations (to=1 and
T0=2), this particular aerosol content is not considered in
the look-up table, and therefore, the inversion of the associ-
ated curves is made after interpolation of the pre-computed
atmospheric quantities (see Section 2.2.5). According to
results, the performance of MARS-ReCO is robust against
this interpolation.

10

3.2.2.2. BRF Error in the Complete Upper Hemisphere

[51] The capabilities of MARS-ReCO are further validated
by evaluating the retrieved surface BRF model out of the 11
acquisition geometries. This time we use a dense angular grid
to explore the whole upper hemisphere in view zenith angle
and relative phase angle. The evaluation is, however, restricted
to the illumination conditions of acquisition () as the inves-
tigation of other angular ranges becomes unpredictable.
Figures 6 and 7 assess a couple of surface models that have
been retrieved under varied acquisition conditions. The BRF
models are evaluated at the defined angular grid and plotted
in polar coordinates, where the radial and angular coordinates
correspond to the view zenith angle and the relative azimuth of
evaluation, respectively. Note that while the case illustrated
in Figure 6 corresponds to very favorable conditions, the
examples in Figure 7 are increasingly challenging in terms
of AOD, solar zenith angle, azimuthal configuration, and
surface anisotropy.

[52] Figure 6 illustrates the evaluation of the retrieved
BRF model for a surface made of material Soil-1 in the ab-
sence of atmosphere (7o=0). The Sun position is at ,=30°
(see yellow star) and the MRO flyby results in a relative
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Figure 5. BRF error in percent (e,,) between the BRF curve retrieved by MARS-ReCO and the reference
data constructed from a Hapke’s model fed by Table 1. The plotted BRF errors are the result of averaging
each combination of (left) AOD, (center) solar zenith angle, and (right) azimuthal configuration. Only
successful retrievals are considered.
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Figure 6. 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 defined
by 70=0 (i.e., no atmospheric effects), 0, =30°, and ¢, > = {30°,150°}. (right) BRF error (e,) between
the BRF calculated from the Hapke’s model and that from the RTLS model. Red stars show the geometry
of the 11 measurements of the synthetic photometric curve. The Sun position is marked with a yellow star.

Note that the backscattering direction is situated at the right-hand side of the plot.

azimuthal angle configuration of ¢y, p,={30°,150°}. Red
stars represent the 11 CRISM-like measurements. This angu-
lar configuration results in a phase angle range of acquisition
where g €[14°,96°]. Figure 6(left) shows the surface BRF
calculated using the Hapke’s model fed by the reference pho-
tometric data in Table 1 and evaluated at ,=30°. Similarly,
Figure 6(center) shows the surface BRF calculated using the
RTLS model fed by the k,; retrieved by MARS-ReCO.
Figure 6(right) expresses the quality of the retrieval by plotting
the relative difference between both BRF data sets. A low
error (e,=0.8%) underlines the compatibility of the RTLS
and the Hapke’s models even with a few available measure-
ments and despite the additive noise. This result is in agree-
ment with the low BRF standard deviation (g, =0.002) given
by MARS-ReCO.

[53] The same experiment is repeated in Figure 7a for a
typical atmospheric opacity on Mars, that is, 77=0.5.
Despite the aerosol effects, the BRF error and the standard
deviation are very low (e,=1.6% and ¢,=0.004), mainly
due to the favorable angular and atmospheric conditions.
As it can be seen, MARS-ReCO satisfactorily retrieves a
surface model with two scattering lobes in the backward
and forward directions. The sole dissimilarity is observed
in the forward direction when 6 ~ 80° where the differences
between the two surface models become significant.

11

[54] In Figure 7b, the aerosol contribution is severely in-
creased (to =2) to recreate very turbid conditions. This config-
uration results in a higher BRF error (e, =5.6%), which is well
correlated with a higher standard deviation (o, =0.027). Note
that the BRF error is relatively moderate since strong inaccu-
racies mainly happen at high view zenith angles (errors up to
50%), which are not sampled by the CRISM geometries.

[s5] Figure 7c repeats the same experiment with 79=0.5
and 0p=70° (g €[28°,130°]). Although the retrieved back-
scattering lobe is accurate, the extreme illumination condi-
tions result in a somewhat incorrect forward scattering
feature. Nonetheless, similar to Figure 7b, the average BRF
error along the 11 geometries is moderate (e, =3.0%) as well
as the associated standard deviation (o,=0.011). Note that
the BRF error is expected to increase for higher values of
solar zenith angle due to limitations of both surface models.

[s6] The experiment in Figure 6 is repeated with 79=0.1
and @1, > =1{90°,90°}, resulting in a very limited phase
angle range of acquisition (g € [38°,73°]). The inversion of
this photometric curve is one of the few that converges under
this azimuthal configuration [Figure 4(top right)], probably
because the rest of acquisition conditions are favorable.
Nonetheless, Figure 7d shows that the shape of the retrieved
surface model is strongly inaccurate (error up to 80%). This
result comes from the restriction of the TOA measurements
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Figure 7. From top to bottom, same as Figure 6 when (a) 70=0.5, (b) 10=2, (c) 10=0.5 and 6y=70°,
(d) 10=0.1 and ¢y, p,=1{90°,90°}, and (e) 1o=0.5 and surface made of material Red rock-1.

to the solar cross-principal plane where the main surface
scattering features of Soil-1 cannot be sampled. Note, how-
ever, that the average BRF error and the standard deviation
are quite low (e, =1.8% and ¢,=0.003) as inaccuracies are
found out of the 11 sensing geometries. This example high-
lights the differences between the quality of the retrieved
photometric curve, which is quite high in this case, and that
of the complete BRF model, which is very poor.

12

[57] The last experiment summarized in Figure 7e considers
70=0.5 and material Red rock-1, which is related to a higher
albedo, a higher anisotropy, and a higher surface roughness
(Table 1). As it can be seen, the retrieved BRF model is rather
accurate and reproduces accurately the main narrow backscat-
tering lobe (i.e., the scattering feature in the forward direction
of Red rock-1 is smoothed by the surface roughness 6), except
for a slight underestimation of 7%. The smoothness of narrow
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and strong lobes is a typical limitation of the RTLS model
[Roujean et al., 1992]. Again, the highest BRF error is
obtained in the forward direction for extreme viewing geome-
tries (0 > 70°). This configuration is associated to a low aver-
age BRF error and a low standard deviation (e, =2.5% and
d,=0.005), indicating the goodness of the retrieval.

3.3. Study on Observations with Restricted
Geometry

[58] Up to this point MARS-ReCO has been applied to
photometric curves made of 11 measurements. Unfortu-
nately, this situation does not correspond to reality since less
than 20% of the area encompassed by CRISM targeted
observations is typically sensed by more than seven geome-
tries (see Figure 2). The following experiments aim at asses-
sing MARS-ReCO against a reduced number of measure-

ments and thus a restricted geometry.
3.3.1. Number of Angular Measurements and Phase

Angle Range

[s9] The synthetic data set defined in Section 3.1 is itera-
tively degraded by removing an increasing number of mea-
surements from each photometric curve. The position of
the removed measurements in terms of view zenith angle is
chosen randomly. MARS-ReCO is applied to the resulting
data set on each iteration until only three measurements are
available. Note that the inversion for the RTLS kernel
weights with less than three measurements becomes uncon-
strained. The performance of MARS-ReCO is assessed
according to the number of measurements and the phase an-
gle range encompassed by each photometric curve. Note that
a high number of measurements within a narrow phase angle

Unsuccessful retrievals (%)

Phase angle range (degrees)

BRF standard deviation op

Phase angle range (degrees)
=4

11109 8 7 6 5 4 3
Number of angular measurements

Figure 8.

range may be less appropriate than few measurements and a
broad phase angle range [Souchon et al., 2011].

[60] According to Figure 8(top left), the rate of unsuccess-
ful retrievals remains rather acceptable except for photomet-
ric curves with a phase angle range lower than 40°. In this
case, photometric curves do not contain enough angular di-
versity to separate the photometric curve of aerosols from
that of the surface, regardless of the number of geometries.
Note how the performance of MARS-ReCO decreases for
a reduced number of geometries as the inversion becomes
progressively unconstrained. However, the number of avail-
able geometries is less crucial than the phase angle diversity
in terms of convergence.

[61] Figures 8(bottom left) and 8(bottom right) explore the
a posteriori standard deviation (g,,) and the error (e,) of the
retrieved BRF, respectively. Again, the phase angle range
appears as the most critical parameter to perform an accurate
atmospheric correction. In fact, Figure 8(bottom right)
shows the decrease of the retrieved BRF accuracy for limited
phase angle ranges combined with a few available geome-
tries. These unfavorable situations can be detected when
processing real CRISM observations based on the a poster-
iori standard deviation. Indeed, this parameter shows a
strong correlation with the BRF error, thus confirming its
pertinence as an indicator of the accuracy of the retrieved
surface. By contrast, Figure 8(top right) proves that the
RMSE is not correlated with the accuracy of MARS-ReCO.
For instance, contrary to the BRF error, the RMSE is mini-
mum when only three geometries are available as photomet-
ric curves are easier to fit in this case. Lastly, note that the

RMSE <«10°
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(top left) Percentage of unsuccessful retrievals, (top right) RMSE, (bottom left) a posteriori

standard deviation of the retrieved BRF surface o, and (bottom right) average BRF error (e,) computed
along the acquisition geometries according to the number of measurements and the phase angle range
(4g). The RMSE, BRF error, and parameter (o,) are computed only for the successfully processed photo-
metric curves. The y axis of the figures is defined such that the row associated to a phase angle range of
110° encompasses the photometric curves within 100° < 4g<120°. Results when 4g=70° and 4g=170°
are not shown due to the absence of photometric curves at these configurations.
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rather inaccurate results obtained when dealing with very
broad phase angle ranges (larger than 140°) are misleading.
In fact, this situation encompasses the most extreme illumi-
nation conditions (0o > 70°).

3.3.2. Distribution of the Phase Angle

[62] The previous experiment does not take into account
which phase angles are sampled by the photometric curves.
Although broad sampled phase angle range are usually ben-
eficial, not all ranges of a given magnitude are equally use-
ful. Furthermore, since the end of 2010, CRISM is acquiring
targeted observations without inbound portion due to gimbal
stickiness [Murchie, 2012]. These restricted range observa-
tions sample either small phase angles (when the Sun is
“behind” MRO) or large phase angles (when the Sun is “in
front” of MRO) while corresponding to similar magnitudes
of phase angle range.

[63] In order to assess the performance of MARS-ReCO
according to the sampled phase angles, two synthetic data
sets are built based on the data set described in Section 3.1.
Both data sets mimic the latest restricted range observations
by containing photometric curves with only five measure-
ments corresponding to a single mode of azimuth, ¢, or ¢,
(see Table 1). The first data set simulates no inbound obser-
vations sampling small phase angles, while the second one
favors larger phase angles. The BRF error at the acquisition
geometries e, resulting from the inversion of these two data
sets is explored according to the type of material in Figure 9.
Two cases are defined to study the sampled phase angles. The
first case computes the average BRF error of all “backward”
photometric curves (g € [0°,90°]), while the second case con-
siders all “forward” curves (g € [90°, 180°]). Note that there
are approximately 30% less photometric curves in the second
case as the phase angle becomes quite small for ¢, = 120° or
90°, especially when solar zenith angle is small.

[64] According to Figure 9, the predominance of aerosol
contribution results in larger BRF errors for “forward” photo-
metric curves. Also, the BRF error is larger where there is less
signal coming from the surface as it happens for backscattering
surface materials when g € [90°, 180°]. Contrarily, the BRF

Il Soil-1
| I Soil-2
[ IRed rock-1
||[__JRed rock-2

p

BRF errore (%)

g<90 deg
"Inbound-only" photometric curves

g>90 deg

Figure 9. Average BRF error at the acquisition geometries
(ep) for a set of photometric curves without the inbound por-
tion found in CRISM targeted observations. Two classes are
defined according to the distribution of the phase angle,
those sensing the surface of Mars exclusively (i) in the
backward direction (g € [0°,90°]) and those (ii) in the
forward direction (g € [90°, 180°]).
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error related to Red rock-1 is larger when g € [0°,90°] as
this material is forward scattering. The BRF error decreases
for large reflectances and sharp scattering lobes (e.g., Red
rock-1) as the surface signal is easier to retrieve in this case.
In opposite, flat scattering lobes result in higher BRF errors
(e.g., Soil-2 obtains a higher error than Soil-1 since the latter
has a sharper lobe) even for highly anisotropic materials
(e.g., Red rock-2). In conclusion, while the BRF error for
no inbound observations is somewhat higher than for com-
plete observations (see Figure 5), it is still reasonable
(e,~20%). This result underlines that MARS-ReCO is
appropriate to process restricted range CRISM observations
provided that five angular measurements are available. In
particular, backscattering surfaces are prone to be retrieved
more accurately when the outbound images have the Sun in
the back (i.e., small phase angles), that is, when MRO 1in is
the north (south) hemisphere in its descending (ascending)
node. Finally, it should be remarked that the retrieved BRF
model is likely to be less accurate out of the acquisition
geometries than for complete targeted observations.

3.4. Study on the Stability of the Surface Solution

[6s] This experiment explores the robustness of MARS-
ReCO by assessing the stability of the retrieved surface solu-
tion for a set of similar photometric curves. With this aim,
MARS-ReCO is run on a set of photometric curves deriving
from a particular configuration defined by material Soil-1,
170=0.5, 0p=30°, and ¢, p, = {30°,150°}. Figure 10 shows
the evolution of the retrieved RTLS kernel weights accord-
ing to a varying AOD, solar zenith angle, and azimuthal
configuration. In Figure 10(left), for instance, the AOD asso-
ciated to the set of photometric curves varies in contrast to
the solar zenith angle and the azimuthal configuration, which
remain at their initial values. According to results, the surface
BRF models provided by MARS-ReCO for material Soil-1
are quite alike despite the variability encompassed by the
data set of study. Only extreme configurations such as ¢y, ¢, =
{90°,90°} or O, =80° result in a significantly different RTLS
triplet Kk, As for the aerosol content, Figure 10(left) shows
that an increasing AOD results in a slight variation of all RTLS
kernel weights (note that the geometric kernel function £ is
much larger than the volumetric one F ” and therefore, the
associated weights k7 are respectively smaller). The increase
in £ is compensated by the decrease in k%, so the anisotropy
of the surface is maintained. This result underlines that two
slightly different combinations of the RTLS weights can pro-
vide two satisfactory surface fits at the acquisition geometries.
Note, however, that when 7 > 2 the retrieved BRF models are
certainly incorrect.

3.5. Study on the Aerosol Content Uncertainty

[66] Up to now MARS-ReCO has been fed with the exact
aerosol content that is used for the data simulation. In reality,
however, the actual optical depth of a given observation can
be known only with a given uncertainty. Clancy et al. [2003]
find a +0.05 uncertainty for retrieved optical depths between
0.20 and 0.50 using EPF observations taken by the Thermal
Emission Spectrometer aboard Mars Global Surveyor.
Lemmon et al. [2004] determine typical uncertainties
between +0.02 and 4+0.04 when measuring the AOD with
the MER rovers. Vincendon et al. [2009] find uncertainties
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Figure 10. RTLS kernel weights retrieved from a set of photometric curves initially defined by material
Soil-1, 19=0.5, 6,=30°, and ¢y, > ={30°,150°}. The AOD, solar zenith angle, and azimuthal configu-
ration vary in the left, center, and right figures, respectively.

of £10% for moderate aerosols loading (to(1pm)=0.5) and
of £20% for high aerosols contribution (7o(1 pm)=1) using
OMEGA observations. Similarly, Wolff et al. [2009] obtain
uncertainties of +10-20% for aerosol depths measured with
CRISM EPF data.

[67] The last experiment of the sensitivity analysis investi-
gates the impact of these uncertainties on the MARS-ReCO
capabilities. We now consider that the actual optical depth is
affected by an unknown additive bias such that 7o =
70 + by,. According to the studies cited above, the bias af-
fecting aerosol content is modeled with a normal distribution
that introduces an average bias of +15% (standard deviation
of 5%). In this way, a vector of 216 different biases b,,—
negative and positive with different magnitudes—is gener-
ated, one for each synthetic photometric curve. The suite of
inversions performed in Section 3.2.1 is repeated using the
biased optical depths (7'y). The error on the latter estimates
is considered by setting the parameter characterizing the

N2
AOD uncertainty to 07 = (0.15 * 1 0) (see Section 2.2.6).

[68] Figure 11 illustrates the inversion quality by means
of the typical MARS-ReCO indicators. Only the dependence
on aerosol optical depth is shown as the relation between
the inversion quality, and all acquisition parameters is very
similar to that observed for the ideal case (see Figures 4
and 5). In fact, only the average value of the quality indica-
tors suffers significant variations. In particular, the RMSE

and the BRF error (e,) undergo an increase of 30% and
9%, respectively. This decrease in the quality of the retrieved
surface reflectance results in an increase of the evaluated
uncertainty of the surface BRF (g,) by a factor 2. Higher
inaccuracies for t1o=2 are explained by the higher bias
that affects the photometric curves typically related to
the greatest errors (e.g., 6p=_80°) in this AOD interval. Like-
wise, remember that the CRISM-like data are affected by
random noise. Lastly, the rate of unsuccessful retrievals is
not shown for this experiment as results are very similar
to those in Figure 4. Although the rate of successful retrie-
vals decreases due to the error on the AOD estimates, the
relaxation introduced in the inversion by considering 030 #0
helps MARS-ReCO fitting the TOA photometric curves.

4. Discussion

[69] According to the sensitivity analysis described in the
previous section, MARS-ReCO proves to be appropriate to
process real CRISM targeted observations. Surface reflectance
curves provided by MARS-ReCO are physically plausible and
mostly accurate. The few inaccurate surface solutions can be
detected by examining the a posteriori standard deviation of
the estimated BRF (g,) provided by MARS-ReCO. This
output has proved to be a satisfactory indicator of the quality
of the retrieved surface reflectance according to its high corre-
lation with the BRF error. Note that the latter indicator is
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accessible only if ground truth data are available. Based on the
sensitivity analysis, this section establishes the range of condi-
tions over which MARS-ReCO is able to confidently retrieve
surface properties from CRISM targeted observations.

[70] Table 3 summarizes the main results obtained by the
sensitivity analysis. In particular, retrievals of surface reflec-
tance are possible (unsuccessful retrievals lower than 5%)
and relatively accurate (BRF error lower than 20%) when
TOA photometric curves are related to (i) an appropriate
angular configuration set by a moderate solar zenith angle
(6p < 70°) and an azimuthal configuration ensuring a broad
phase angle range (4g € [40°,140°]), and (ii) a surface sig-
nal which is significant compared to the aerosol contribu-
tion, that is, a moderate AOD (77<1.5). Accuracy can be
increased (e, < 10%) by restricting the validity ranges to
0y <60° and 77 <0.9. Furthermore, results show that surfaces
combining a low albedo and a low anisotropy (e.g., Soil-2
with w=0.65 and ¢=0.17) lead to slightly worse retrievals
(accuracy decrease of 10%). The previous range of condi-
tions is subject to the availability of the aerosol content over
CRISM observations. An average decrease of 9% of the
quality of the retrieved surface reflectance must be expected
for AOD estimates with a 15% error.

[71] In practice, the range of conditions providing inaccu-
rate surface solutions is limited. First, the inversion of CRISM
observations with restricted phase angle range (e.g., 1, 2=
{90°,90°}) is discarded by the criteria of MARS-ReCO
(90% of rejection in this case). In this matter, experiments
underline that the reflectance accuracy remains acceptable
(e, <20%) even against a reduced number of angular mea-
surements (down to 5—6 geometries) as long as a broad phase
angle range is available (4g € [40°,140°]). Configurations
out of these bounds make the separation between aerosol
and surface signals not possible due to the lack of angular
diversity, when 4g < 40°, or the scarcity of available geome-
tries, when 4g > 140°. Second, opacities on Mars are often
rather low (79 < 1 long-ward of one micron [Smith, 2009]).
However, precaution must be taken when processing CRISM
observations from the high latitudes of Mars as they can be
acquired with solar zenith angles around 70°. Besides the
limitations of the RTLS surface model at these angles, the
plane-parallel approximation used by DISORT may affect
the surface retrievals. In this situation (and other unfavorable
cases), the a posteriori standard deviation of the estimated
BRF (0,) must be inspected in order to detect incorrect
surface retrievals. Experiments prove that surface solutions
with ¢, < 0.08 are related to errors greater than 20%.

[72] It is important to remark that despite a low standard
deviation (o, < 0.08), the retrieved BRF surface model must
be handled with care when it is evaluated out of the CRISM
acquisition geometries (Figure 7d). Also, MARS-ReCO has

proved to be stable (variability of ~10% of the retrieved sur-
face model) when dealing with a group of adjacent CRISM-
like super-pixels belonging to the same surface material but
observed with slightly different geometric configurations.

5. Conclusions

[73] A radiative transfer-based algorithm for atmospheric
correction is put forward to retrieve surface reflectance from
CRISM multi-angle imagery. The method referred to as
MARS-ReCO transforms a set of gas-free TOA radiances,
which correspond to the same terrain unit observed at differ-
ent geometries, into a photometric curve in units of surface
reflectance. MARS-ReCO represents a substantial improve-
ment regarding the state of the art in atmospheric correction
of Martian data as it considers a non-Lambertian surface
along with the photometric curve of the aerosols. The latter
data are an input of the proposed technique as well as the
aerosol optical depth. Although being based on a radiative
transfer model, MARS-ReCO is very fast as it is based on
an efficient formulation of the TOA signal and a linear
model for the surface reflectivity. In addition, MARS-ReCO
integrates a statistical formalism that propagates several
uncertainties to the solution, thus providing an accurate indica-
tor of the quality of the retrieved surface reflectance. These
statements are confirmed by the sensitivity analysis that is pre-
sented in this article and that has proven the validity, the accu-
racy, and the stability of the surface solutions retrieved from
realistic synthetic data (CRISM-like geometric configuration
and noise) under realistic conditions (Martian optical depths
associated to the typical uncertainties provided by aerosol
retrieval methods). This is further proved in the companion
article [Fernando et al., 2013] where MARS-ReCO processes
real CRISM observations and retrieves surface reflectance
curves, which are highly accurate (maximum error of 5%)
when compared to in situ measurements.

[74] MARS-ReCO is subject to some limitations when
processing CRISM multi-angle data acquired under unfavor-
able acquisition conditions, that is, turbid atmospheres,
extreme illumination conditions, and restricted phase angle
ranges. The uncertainties on the surface reflectance retrieved
under these situations are, however, quantified by the a
posteriori standard deviation provided by MARS-ReCO. It
is important to note that the potential of MARS-ReCO to
map the photometric properties of the surface of Mars is sub-
ject to the degree of overlap among the individual images
composing a CRISM targeted observation. In this matter,
MARS-ReCO has proved to be robust against observations
with restricted geometry such as those acquired by CRISM
from late 2010. Furthermore, restricted geometry diversity
can be overcome by combining different CRISM observations

Table 3. Performance of MARS-ReCO in Terms of Unsuccessful Retrievals and BRF Error (e,) According to Acquisition Configuration

Convergence and BRF Error Optical Depth

Solar Zenith Angle Phase Angle Range

Unsuccessful retrievals < 5% 70<2.0
Unsuccessful retrievals > 5% 70>2.0
e, <10%, (5, 50.04) 70<0.9
e, <20%, (5, 50.08) 70=<1.5
e, >20%, (5,z0.08) 0> 1.5

0o < 70° Ag>40°
00>70° Ag < 40°

0y<60° Ag < 100°°

0o < 70° Ag € [100°, 140°)
00>70° Ag > 140°

“The few photometric curves satisfying 4g < 40° that pass the inversion criteria (see in Appendix C) lead to physically plausible surface reflectance

curves (low e,) but strongly incorrect BRF models (see Figure 7d).
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of the same target acquired under different angular configura-
tions. Eventually, note that this article assesses the perfor-
mance of MARS-ReCO on gas-free wavelengths. In order to
process the whole CRISM spectral range, gaseous contribu-
tion must be previously compensated [McGuire et al., 2009;
Douté, 2009]. In this case, testing must be carried out to eval-
uate the impact of the uncertainties coming from a faulty gas
correction on the retrieved surface reflectance.

[75] One major advantage of MARS-ReCO is that its
look-up table can be easily adapted to accommodate differ-
ent scenarios. In this article, the look-up table considers only
mineral aerosols, making MARS-ReCO suitable to process
most CRISM observations acquired over the equatorial
regions of Mars. Future versions of the look-up table may,
however, consider other atmospheric situations such as the
presence of water ice aerosols, mineral aerosols with differ-
ent grain size, or even gases. Further testing should be per-
formed to test the performance of MARS-ReCO in this case.
Likewise, limitations found at extreme zenith angles may be
mitigated using a look-up table calculated by a radiative
transfer code considering the sphericity of Mars.

[76] Further research will be conducted on the exploitation
of the complete surface reflectance model retrieved by
MARS-ReCO to calculate directional-hemispherical albedos
of the surface as it is done with in situ measurements in Bell
et al. [2008]. Also, we will address the processing of the
whole spectral dimension of CRISM. The resulting increase
of the input data, together with the consideration of appro-
priate techniques, may allow us to retrieve simultaneously
the surface BRF and the aerosol optical depth as it is done
by Lyapustin et al. [2011b].

Appendix A: Green’s Function Method for the
Radiative Transfer Problem

[77] Lyapustin and Knyazikhin [2001] address the use of the
Green’s function method for the radiative transfer problem.
The surface is considered to be non-Lambertian and spatially
homogeneous, and the atmosphere is vertically stratified with
a plan parallel geometry and 7, being the integrated optical
depth. The atmosphere is illuminated at the TOA by a quasi
collimated solar beam of flux nS with incident direction
50=1(6p,0). The direction of radiation propagation within the
atmosphere is noted s = (6,). The vertical axis z points down-
ward so that downward directions of propagation (1 > 0) are
indicated by a plus sign (+) while the upward direction (¢ < 0)
corresponds to a minus sign (—). The wavelength of measure-
ment of the sensor 4 is omitted for clarity. The method is based
on the additive properties of the radiative transfer equation and
on three ideas.

1. First, the total radiance at a given level of optical depth t
and direction of propagation s is decomposed into the ra-
diance corresponding to the photons that never interacted
with the surface and a term corresponding to the radiance

carried by all other photons

L(t;s0,5) = D(1;50,5) +J(7;50,5), (A1)

where the first term depends only on the properties of the
atmosphere and obeys the radiative transfer equation with
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the boundary conditions D.(0)=0 and D(to)=0.

2. Second, the determination of the radiative response of the
atmosphere to a given field of upward radiance at the
surface-atmosphere interface L_(7y,s") requires the calcu-
lation of the atmospheric response G“(7;5',s) if the atmo-
sphere is illuminated from below with an elementary
collimated flux beam 7S=1 in the direction s'. This dif-
fuse Green’s function G%(t;s',s) is a solution to the radi-
ative transfer problem adjoint to the standard radiative
transfer equation which solution is D(t;sy,s). By adjoint,
we mean reversing the order of the atmospheric layers
(t — 19 — 7) but with the same boundary conditions, that
is, GY(0) = 0 and G (t9) = 0. Similar to D(t;s0,5), the
term G%(t;s',s) depends only on the properties of the
atmosphere. We define the operator

I:”L, = / ds,Gd(r,s’7s)L, (‘L’o,S’),

o

(A2)

which transforms L_(t,s’) into the atmospheric response.
3. Third, the radiance field J(t;s,s) is considered as a series
of converging terms J¥)(t;s0,s) that quantify the radiative
flux of photons which have undergone a number j of sur-
face-atmosphere round trips. On the surface-atmosphere
interface, it is possible to formalize the physical interac-
tion that binds a term j — / to the next j such that

IO (x0) = R JVV (xy), (A3)
and, at this level, the series converges to
. L -1
() = 3 IO (x9) = {1 - R-rjo] RLO (1), (A%
=
the zeroth-order illumination of the surface being
L(f)(‘cos) = 1Se /M d(s — 50) +D(t0:505), p>0. (AS)

[78] In all cases, the operatorfe expresses the reflection by
the surface of a downward radiance field into a upward radi-
ance field

J9(9) = RJifﬁl)(To) = /dip(s/,s)u:]jf*l)(To,s’) (A6)
Q+
[79] Transferring the total radiance exiting the surface to

the TOA and adding the additive contribution of the latter,
the TOA radiation measured by the instrument becomes

. L -1,

L(t = 0;50,5) = D(0;50,5) + 0 [1 - R-r;] R (z0), (A7)
u<0.

Al. Practical Resolution

[so] In order to achieve the calculation, it is necessary to
calculate each term JY)(to;s), /=1 using equation (A3)
resulting in a quadruple numerical integration. In the case
of a surface and/or atmosphere high albedo, the series can
be long to converge and the number of terms required in
the summation becomes important. Two main assumptions
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become therefore necessary to circumvent the prohibitive
computation time in this case.

1. After a sufficiently large number of atmosphere-surface
round trips, two successive terms of the series become
proportional; that is, the angular structure of the radiance
field is preserved at the interface (t=71,), the absolute
level becoming weaker and weaker:

JU (19) = R (1) = IV (1). (A8)

For many natural surfaces that are reasonably anisotropic, this

number is very small j= 2. Then we only need to calculate the

terms J/)(1¢),j = 2,3 with equation (A3) starting with

JW (29;8) = Spge ™/ 0 p(sp, 5)

1
+;/ds'p(s',s),u'D(ro;so,s’).
ot

(A9)

Quantity n ~ ~ f;i?‘; can be now evaluated, allowing a simpli-
o

fied expression of the upward radiance field requiring the
computation of only two successive quadruple integrations

J @) (z0;5)

1—-n

2. Assuming that radiation is enough isotropic so that

multiple surface-atmosphere reflections occur according

to a Lambertian law, factor 7 is the product of two bi-

hemispherical albedos 7=cgpg, the surface and atmo-
spheric albedos (pg and ¢() being

J-(t0;8) = J W (z0;5) + (A10)

s
Q- Qf

1
= E/ ds'u'/ dsG?(1y;s,5).

Q Q

[81] The resolution proceeds with the simplification of
term J @ (tg;5) = IAQIA";J(J)(IO;S), which is the diffuse and
direct solar illumination reflected once by the surface, then
undergoing one surface-atmosphere round trip. As the first
diffuse contribution is already a slowly changing function
with respect to direction, the angular structure is conserved
in the operation which reduces to a multiplication by 7.
The second contribution can also be approximated but less
drastically. This step gives the final expression for the up-
ward radiance rising at the surface-atmosphere interface

copy(s)pa(s0)
1 —copg

1
—————— [ ds'p(s',5)i'D(t0, ;50,5 Al2
Q+

J_(t0:8) = Spge "/t {p(so,s) +

1
0i6) =55 [ @509 palon) =5 [ dsplsns). a13)

o+ Q

[82] The last step consists in transferring the radiance to
the TOA, thanks to the direct and diffuse term of the Green’s
function as it is done in equations (1)—(4).

Appendix B: Ross-Thick and Li-Sparse Kernels

[83] The volumetric or Ross-Thick kernel is a single-
scattering approximation of radiative transfer theory consist-
ing of a Lambertian background and a layer of small scatterers
with uniform angle distribution and equal transmittance and
reflectance [Roujean et al., 1992]. The form of this kernel,
normalized to zero for 6y = 0°, 0 = 0°, is

(n/2 — g)cosg +sing =
6o, 0 = ——.
Jr(6,0,8) cosy + cost) 4

B

[s4] The geometric or Li-Sparse kernel assumes a sparse
ensemble of randomly located spheroids casting shadows
on the background, which is assumed Lambertian [Wanner
et al., 1995]. This geometric term is given by the proportions
of sunlit and shaded scene components in a scene consisting
of randomly located spheroids of height-to-center-of-crown
h and crown vertical-to-horizontal radius ratio b/r. For
CRISM processing, we take b/r=1 and b/r=2 as it is done
for MODIS processing [Lucht et al., 2000]. If the sunlit
component is simply assumed to vary as 1/cos#, the kernel
takes on the reciprocal form

J6(60,0,0) = 0(6y, 0, ©) — sect o — sect
1

+5 <1 + cosg,>sec€/()sece/7 (B2)
where
1 . : :
0= - (z — sintcost) (secﬁ 0 + secl )1
/ / 2
A \/ D2+ (tanH otand sinup)
cost = — ; ;

b sect o + sect (B3)

D = \/tan?0 + tan20 — 2tand ytand cose,
cosg = cosd gcost + sind siné cosy,

b ; b
0y = tan™! <— tanﬁ()) ,0 =tan™! <— tanG).
r r

Appendix C: Rejection and Convergence Criteria

[8s] The quality of the surface solutions provided by MARS-
ReCO is assured by the following set of rejection criteria
adopted from Lyapustin et al. [2012]:

1. Before inversion, we check if the photometric curve to be
processed satisfies a minimum phase angle sampling,
namely, max(g;) —min(g;)>20°, Vje&[l,N,]. Inversion
is aborted otherwise. Additionally, MARS-ReCO is run
only if there are at least three angular measurements as
the inversion problem becomes unconstrained otherwise
(note the three unknown variables k).
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2. After retrieving the surface solution k" * " on iteration »,

the angular measurements R that satisfy ’R/C - R;HU ‘ >

4op; = 44/ Ch, are excluded. The inversion is restarted
on iteration n+ 1 with a reduced number of geometries.
Note that g, is the a posteriori 1o error bar on the mod-
eled TOA reflectance for each geometry. Testing proved
that a 40 threshold is a good trade-off between rejection
of wrong solutions and limitations of the inversion
method. This criterion is especially useful for challeng-
ing CRISM observations such as those acquired over
the polar regions or under turbid atmospheric conditions.

3. The physical sense of the retrieved kernel weights k" * 1
is verified by checking that the associated surface albedo
4" () is positive and lower than unity when 6= 15°,
45°, 60°. The inversion of the current photometric curve
is aborted otherwise.

[s6] At the end of each iteration, the retrieved surface so-
lution is evaluated for convergence by the following conver-
gence criterion:

1. The quality of the derived surface BRF is assessed by a
confidence index that is initially low (flag=0, when
n=0). The retrieved solution k" * " obtained on iteration
n is compared with the previous solution k™ as follows |
g D(0p) — ¢"(6p)| < 0.001, where 0y=15°, 45°, 60°.
Each time a new retrieval agrees with the previous solution
according to this criterion, flag is increased by 1 and the
inversion is repeated on next iteration 7+ 1 using k",

The retrieval is considered to be reliable when flag=4. This

criterion is useful for CRISM polar observations for which

the nonlinear term R" becomes larger due to the high bright-
ness of the surface and the extreme acquisition geometry.

C1. Notation

C1.1. Spectral and Directional Parameters

0, 0o:  view and solar zenith angle
1, fo:  cosine of view and solar zenith angle

, g view-sun relative azimuth and phase angle

s, So:  view and sun directions defined by (6,¢) and

(Bo,tpo)- In this work, ¢, = 0°
A: wavelength

C2. Atmospheric Parameters

T0(4):  aerosol optical depth
co(4):  spherical albedo of the
atmosphere
G%so,5,2):  diffuse Green’s function of

the atmosphere
atmospheric reflected path
radiance and reflectance

D(s0,8,4), RP (50,5,4):

Dy(s0,5,4):  path radiance incident on
the surface
Fy(so,2), F%(so,2): direct and diffuse radiative

fluxes incident on the surface
downwelling and upwelling
radiative fluxes at the surface
direct and diffuse upwelling
radiance after surface reflection
multiple reflection factor

FDOW”(S()aﬂ"): FU[J(SO’}‘):
Ls(s0,8,4), L¢(s0,8,4):

o(s0,4):

C3. Top-of-atmosphere Parameters

1(s0,5,A)/ F(s0,): ratio of measured intensity to solar flux
L(s0,5,4), R(s0,5,2): gas-free radiance and reflectance
S(so,4): extraterrestrial solar spectral irradiance

C4. Surface-related Parameters

p(so,s,4):  bidirectional reflectance factor
q(so,A):  directional-hemispherical
surface albedo
f6(50,8,4), fr(so.s,4):  RTLS geometric and

volumetric kernels

k={k“(2),k°(2),k"(2)}:  weights for the RTLS kernels

C5. Inversion Parameters
k,,;;  weights providing the best fit
between the model and the
CRISM measurements
{F-FFC.F"y:  multiplicative factors for the
kernel weights
R (to,):  mnonlinear term comprising the
surface dependence of the TOA
reflectance
7(s0,5,4):  reduced measurements such that
r=R—RP—R"

Cc, C,, Ci, C,:  covariance matrix of the CRISM

measurements, the AOD estimate,

the RTLS weights, and the reduced

measurements

a posteriori covariance matrix of the

reduced measurements, the RTLS

weights, and the retrieved BRF

root mean square error between the

sensed and the modeled TOA

reflectances

o,.  aposteriori standard deviation of a
retrieved photometric curve in
BRF units

e,.  relative error of the retrieved BRF
photometric curve as regards the
synthetic data

Cor, G, Cp!

RMSE:
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[11 The present article proposes an approach to analyze the photometric properties of the
surface materials from multi-angle observations acquired by the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) on-board the Mars Reconnaissance Orbiter. We
estimate photometric parameters using Hapke’s model in a Bayesian inversion framework.
This work also represents a validation of the atmospheric correction provided by the Multi-
angle Approach for Retrieval of Surface Reflectance from CRISM Observations (MARS-
ReCO) proposed in the companion article. The latter algorithm retrieves photometric
curves of surface materials in reflectance units after removing the aerosol contribution. This
validation is done by comparing the estimated photometric parameters to those obtained
from in situ measurements by Panoramic Camera instrument at the Mars Exploration Rover
(MER) Spirit and MER Opportunity landing sites. Consistent photometric parameters with
those from in situ measurements are found, demonstrating that MARS-ReCO gives access
to accurate surface reflectance. Moreover, the assumption of a non-Lambertian surface as

included in MARS-ReCO is shown to be significantly more precise to estimate surface
photometric properties from space in comparison to methods based on a Lambertian
surface assumption. In the future, the presented method will allow us to map from orbit the
surface bidirectional reflectance and the related photometric parameters in order to

characterize the Martian surface.
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observed by CRISM/MRO: 2. Estimation of surface photometric properties in Gusev Crater and Meridiani Planum, J.

Geophys. Res. Planets, 118, doi:10.1029/2012JE004194.

1. Introduction

[2] Reflectance of the planetary surfaces is not only tightly
controlled by the composition of the materials present but
also by their granularity, the internal heterogeneities, poros-
ity, and roughness. The reflectance can be characterized by
measurements at different wavelengths, viewing geometries
(emergence direction), and solar illuminations (incidence
direction). Such investigations have been conducted for
Mars using telescopes, instruments on-board spacecrafts,
and rovers. A summary of these studies is available in the
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Johnson et al. [2008] review chapter. One can find studies
related to the Viking Landers [Guinness et al., 1997], the
Pathfinder Lander [Johnson et al., 1999], the Hubble Space
Telescope [Bell et al., 1999], the Panoramic Camera (Pancam)
instrument on-board Mars Exploration Rovers (MER)
[Johnson et al., 2006a, 2006b], the Observatoire pour la
Minéralogie, I’Eau, les Glaces et 1I’Activit¢ (OMEGA)
instrument on-board Mars Express (MEX) [Pinet et al.,
2005], and the High Resolution Stereo Camera (HRSC)
instrument on-board MEx [Jehl et al., 2008]. Recently, Shaw
et al. [2012] derived maps of millimeter- to centimeter-scale
surface roughness at MER Opportunity landing site by
using multi-angle hyperspectral imager spectrometer called
Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) on-board Mars Reconnaissance Orbiter (MRO).

[3] In order to derive compositional and structural
information from reflectance measurements, physical mod-
els describing the interaction of light with natural media
are needed. Chandrasekhar [1960] proposed the radiative
transfer equation describing the loss and gains of multidi-
rectional streams of radiative energy within media consid-
ered as continuously absorbing and scattering where
grains are separated by a distance greater than the
wavelength (e.g., atmospheres). In the case of a dense me-
dium (e.g., surfaces), two different solutions are developed.
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First, solutions based on Monte Carlo ray tracing methods
handled the medium complexity [e.g., Grynko and Shkuratov,
2007]. Unfortunately, this direct approach requires large com-
puting times and large parameter space, limiting the inversion.
Second, solutions based on an empirical or semi-empirical
approach were proposed by adapting the radiative transfer
equation to granular media [e.g., Hapke, 1981; Hapke and
Wells, 1981; Hapke, 1986, 1993, 2002; Shkuratov and
Starukhina, 1999; Douté and Schmitt, 1998]. These techniques
are more relevant for inversion. Several parameters characterize
natural surfaces such as roughness and compaction, while other
parameters characterize an average grain, such as the single
scattering albedo or the phase function.

[4] Previous photometric studies suggest that variations in
scattering properties are controlled by local processes. For exam-
ple, the photometric variations observed by Pancam at Columbia
Hills and the cratered plains of Gusev Crater are mainly caused
by aeolian and impact cratering processes [Johnson et al.,
2006a). These conclusions encourage us to expand the estima-
tion of photometric properties from in situ observations to the
entire planet using orbital data to go further in the interpretations.

[s] Observations acquired from space, however, require the
correction for atmospheric contribution (i.e., gases and aerosols)
in the remotely sensed signal prior to the estimation of the
bidirectional reflectance of the surface materials. Previous
orbital photometric studies of Martian surfaces were
conducted without atmospheric correction but using the
lowest aerosols content observations [e.g., Jehl et al.,
2008; Pinet et al., 2005]. Using the data acquired by the
multi-angle hyperspectral imaging spectrometer called
CRISM on-board MRO [Murchie et al., 2007], our objective
is to estimate accurately (i) surface bidirectional reflectance of
the surface of Mars and (ii) photometric parameters associated
with the materials. Ceamanos et al. [2013] present a method
referred to as Multi-angle Approach for Retrieval of Surface
Reflectance from CRISM Observations (MARS-ReCO). This
original technique takes advantage of the multi-angular capa-
bilities of CRISM to determine the bidirectional reflectance
of the Martian surface. This is done through the atmospheric
correction of the signal sensed at the top of atmosphere
(TOA). We propose an approach to analyze the photometric
parameters of the surface materials in terms of structural infor-
mation by inverting Hapke’s photometric model in a Bayesian
framework, as discussed below. The validation of the methods
proposed in this work and in the companion article [Ceamanos
et al., 2013] is performed by comparing the estimated photo-
metric parameters to those obtained from in situ measurements
by Pancam instrument at the MER Spirit and MER Opportu-
nity landing sites (respectively at Gusev Crater and Meridiani
Planum) [Johnson et al., 2006a, 2006b].

[6] This article is organized as follows. First, the methodol-
ogy to obtain photometric surface parameters is described in
Section 2. Second, the estimated photometric parameters are
presented in Section 3. Third, results are compared to experi-
mental studies, independent orbital measurements and in situ
measurements in Section 4. The significance of the photometric
results shall be discussed in Section 5.

2. Methodology

[7] This article and its companion take advantage of the
multi-angular capabilities of the CRISM instrument to correct

for atmospheric contribution in order to estimate the surface
bidirectional reflectance [ Ceamanos et al., 2013] and to deter-
mine the surface photometric parameters (this work). The
approach presented in this article includes the following steps:
(i) the selection of appropriate CRISM observations at both
MER landing sites for the photometric study, (ii) the determi-
nation of the surface bidirectional reflectance by correcting for
aerosol contributions, (iii) the combination of several CRISM
observations for a better sampling of the surface bidirectional
reflectance, and (iv) the estimation of the associated surface
photometric parameters. The detailed scheme of the procedure
is illustrated in Figure 1. One should note that, in order to test
the performance of the method presented throughout this
article and its companion paper, the study is only conducted
at one wavelength and for some spatial pixels. We choose to
work at 750 nm where (i) the contribution of gases is minimal
and thus the retrieval of photometric properties is likely to be
more accurate and (ii) in situ photometric measurements from
Pancam instrument are available for the comparison to the
estimated photometric parameters.

2.1. CRISM Data Sets

2.1.1. The CRISM Instrument and Targeted Observations

[8] The CRISM instrument on-board MRO is a visible
and infrared hyperspectral imager (i.e., 362 to 3920 nm at
6.55 nm/channel) that operates from a sun-synchronous,
near-circular (255 x 320 km altitude), near-polar orbit since
November 2006. The appropriate mode to estimate surface
spectrophotometric properties is the so-called targeted
mode providing Full Resolution Targeted (FRT) observa-
tions consisting of a sequence of 11 hyperspectral images
from a single region acquired at different emission angles.
The solar incidence angle is almost constant during the
MRO flyby of a targeted observation. A typical targeted
sequence is composed of a nadir image (~10 x 10 km) at
high spatial resolution (15-19 m/pixel) and 10 off-nadir
images with a x 10 spatial binning (resulting in a resolution
of 150-200 m/pixel) taken before and after the nadir image.
The latter sequence constitutes the so-called Emission
Phase Function (EPF) sequence. The pointing of CRISM
can rotate (gimbal) +60° [Murchie et al., 2007].
2.1.2. Selection of Targeted Observations

[9] As explained in the companion paper [Ceamanos
et al., 2013], the accuracy of the surface reflectance provided
by MARS-ReCO when dealing with a single targeted
observation highly depends on the combination of a moderate
atmospheric opacity (i.e., acrosol optical thickness less than or
equal to 2), reasonable illumination conditions (i.e., incidence
angle less than or equal 60°), an appropriate phase domain
(i.e., significant difference between the available maximum
and minimum phase angles up to 40°) and on the number
and diversity of angular measurements. The combination
of several targeted observations, since it enables a better
sampling of the bidirectional reflectance, could therefore
significantly improve the reflectance estimation as it provides
more regular angular sampling of the surface target. Pinet
et al. [2005] and Jehl et al. [2008] proved the benefits of using
different spaceborne observations under varied illumination
conditions (OMEGA and HRSC). The principal requirement
to combine targeted observations is the absence of seasonal
changes among the selected observations.
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STEP 6

Detailed scheme of the estimation of surface photometric properties. The blue blocks represent

the initial FRT CRISM observations (from i=1 to n). The green blocks represent the aerosol optical
thickness retrieval and the correction for atmospheric contribution for the determination of the surface
bidirectional reflectance, which is carried out by the methodology described in the companion paper
[Ceamanos et al., 2013]. The red blocks correspond to the work presented in this article, that is, the

estimation of surface photometric properties.

[10] Several CRISM observations have been acquired over
the MER landing sites since the beginning of the mission. In
particular, up to 16 and 10 CRISM full targeted observations
(FRT) are available in the MER Spirit and MER Opportunity
landing sites, respectively. In this article, we select CRISM
observations according to several criteria: (i) the quality of
overlap among the observations (above 70%), (ii) the variation
of the solar incidence angle implying a widening of the phase
angle domain (note that only the variation of the seasonal solar
longitude (Ls) can provide different incidence angles due to
the sun-synchronous orbit of MRO, and (iii) the absence of
surface changes (e.g., seasonal phenomena) as they can jeop-
ardize the determination of the surface photometric properties.
Taking into account these criteria, three CRISM observations
acquired over Gusev Crater (i.e., FRT3192, FRT8CEI1, and
FRTCDAS) and over Meridiani Planum (i.e., FRT95BS,
FRT334D, and FRTB6BS5) are selected, respectively. We note
that the selected observations have quite different phase angle
ranges as shown in Table 1.

[11] Targeted observations are archived in the Planetary
Data System (PDS) and are composed of the following: (i)
targeted reduced data records (TRDR), which store the
calibrated data in units of I/F (radiance factor, RADF; see
Table 2), the ratio of measured intensity to solar flux, and
(i1) derived data records, which store the ancillary data such
as the spatial coordinates (latitude and longitude) and the
geometric configurations of each pixel by means of the
incidence, emission, and phase angles. In the present study,
CRISM products are being released with the TRDR2 version
of CRISM calibration (TRR2 for brevity).

2.1.3. SPC Cubes: Integrated Multi-Angle Product

[12] To facilitate the access to the multi-angular infor-
mation pertaining to each terrain unit, the 11 hyperspec-
tral images corresponding to a single targeted observation
were spatially rearranged into data set named spectro-
photometric curve (SPC) cube (see Ceamanos et al.
[2013] for more detail). The SPC cube is composed of
the following:

Table 1. Selected CRISM Observations Focused on the Spirit and Opportunity Landing Sites, Respectively at Gusev Crater and Meri-

diani Planum®

Gusev Crater (MER Spirit)

Meridiani Planum (MER Opportunity)

FRT3192 FRT8CEI FRTCDAS FRT95B8 FRT334D FRTB6BS5
Acquisition date 22 Nov 2006 17 Dec 2007 07 Oct 2008 11 Jan 2008 30 Nov 2006 08 Jul 2008
Ls (deg) 139.138 4.040 138.333 16.223 142.975 96
0o (deg) 60.4 40.02 62.8 39.3 55.4 56.4
g (deg) ~56-112 ~41-90 ~46-106 ~41-86 ~41-106 ~40-106
AOT ineral (114m) 0.33+0.04 0.9840.15 0.3240.04 0.56+0.09 0.3540.04 0.3540.04
AOT yqeer (320nm) 0.08 +0.03 0.0740.03 0.0340.03 0.1240.05 0.1240.03 0.1440.03

Ls stands for the solar longitude, 6, is the incidence angle, g is the phase angle range. AOT pinerar Stands for the mineral aerosol optical thickness at 1 pm
from Wolff’s estimates [Wolff et al., 2009, M. Wolff, personal communication] and AOT,,, is the water aerosol optical thickness at 320 nm by MARs

color imager instrument (M. Wolff, personal communication, 2011).
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Table 2. Photometric Units Derived From the Bidirectional Reflectance 7*

Unit Symbol Name Expression
reflectance st r bidirectional reflectance 7(6y,0,8) = L+
BRDF bidirectional reflectance distribution function BRDF = r(0y,0.,g)/cos(0y)
RADF radiance factor RADF =1 x r(6y,0,8) =L
BRF bidirectional reflectance factor p=BRF=1 x 1(00,0,2)/cos(6p)

“1, intensity; F, solar flux; 6, incidence angle; 6, emergence angle; g, phase angle. The CRISM observations are released in RADF unit and the SPC cubes

in BRF units.

[13] 1. x dimension (horizontal) corresponding to angular
configurations (up to 11) grouping all reflectance values at
different geometric views,

[14] 2. y dimension (vertical) corresponding to the spatial
coordinate defining a super-pixel. The super-pixels are
rearranged as function of the number of available angular
configurations, and

[15] 3. z dimension corresponding to the spectral sampling.

The photometric curves, stored in a SPC cube are in units of
RADEF (see Table 2), correspond to the signals TOA. In the
present work, all selected FRT observations are binned at
460 m/pixel (the spatial resolution of each super-pixel). This
is done (i) to cope with the geometric deformation inaccura-
cies in the case of an oblique view with pointing errors, (ii)
to minimize on poorly known topography (a CRISM pixel is
smaller than MOLA resolution), (iii) to reduce local seasonal
variations, and (iv) to minimize local slopes effects. We found
that binning at 460 m is a good compromise.

2.2. Estimation of Surface Bidirectional Reflectance:
Correction for Atmospheric Contribution

[16] The radiative transfer in the Martian atmosphere is
dominated by CO, and H,O gases and mineral and ice
aerosols which are an obstacle for the studies of the surface
properties. Indeed, the extinction of radiative fluxes, in
particular the solar irradiance in the wavelength range of
CRISM observations, is mostly due to absorption by gases
and scattering by aerosols. Also, aerosols produce an
additive signal by scattering of the solar light. As a result,
a spectrum collected by the CRISM instrument at the TOA
is a complex signal determined by both the surface and the
atmospheric components (gases and aerosols). The atmo-
spheric correction chain proposed for CRISM observations
is composed of the following: (i) the retrieval of aerosol
optical thickness (AOT), (ii) the correction for gases, and
(iii) the correction for aerosols resulting in the estimation
of the surface reflectance. The last step is carried out by
the technique referred to as the MARS-ReCO [Ceamanos
et al., 2013]. In the following, a short summary of the
methodology is provided.

2.2.1. Retrieval of AOT

[17] The AOT is defined as the aerosol optical depth along
the vertical of the atmosphere layer and is related to the aerosol
content.

[18] The retrieval of AOT from orbit is difficult because of
the coupling of signals between the aerosols and the surface.
Over the last decades, EPF sequences of Mars were obtained
and were used to separate the atmospheric and surface
contributions. Significant progresses have resulted from the
pioneer works of Clancy and Lee [1991] based on Viking
Orbiter InfraRed Thermal Mapper EPF observations and

Clancy et al. [2003] from Mars Global Surveyor Thermal
Emission Spectrometer (TES) EPF observations 10 years later.

[19] For our study, we decided to use Michael Wolff’s AOT
estimates for atmospheric correction purposes (personal
communication, 2011). This parameter is available for each
CRISM observation and is derived from the work of Wolff
et al. [2009]. This method is based on the analysis of CRISM
EPF sequences combined with information provided by
“ground truth” results at both MER landing sites which allow
isolating the single scattering albedo. This method carries out a
minimization of the mean square error between measured and
predicted TOA radiance based on the previously estimated
aerosol single scattering albedo and scattering phase function.

[20] Some assumptions regarding the aerosol properties
(i.e., phase function, mixing ratio, column optical depth,
etc.) and the surface properties (i.e., phase function) must
have been accounted for to separate the atmospheric and
surface contributions. Concerning the surface properties,
this method assumes a non-Lambertian surface to estimate
the AOT by using a set of surface photometric parameters that
appears to describe the surface phase function adequately for
both MER landing sites [Johnson et al., 2006a, 2006b]. This
assumption is qualitative but reasonable for several reasons
enumerated by Wolff et al. [2009]. For both MER landing
sites, it seems from the work of Wolff et al. [2009] that the
AOT retrievals are overall consistent with optical depths
returned by the Pancam instrument (available via PDS).
Consequently, Wolff’s AOT estimates are suitable for our
study at both MER landing sites. Concerning the aerosol
properties, some uncertainties may exist especially for the
aerosol scattering phase function which is related to the
acrosol particle size and shape. First, this method assumes a
mean particle aerosol but variations are observed as a function
of solar longitude and spatial location (latitude, longitude, and
altitude) [Wolff et al., 2006]. Second, the mean aerosol particle
size is derived from CRISM observations acquired during
planet-encircling dust event in 2007. During a large dust
event, the aerosol particle size is larger than those found under
clear atmospheric conditions. Third, the hypothesis of the
particle shape used in the study of Wolff et al. [2009] contains
a wrong backscattering part in the scattering phase function
[Wolff et al., 2010]. Thus, all points previously enumerated
may bias the AOT estimation and must be taken into account
during the analysis of the robustness of results (the surface
bidirectional reflectance and the surface photometric para-
meters). However, the performance of MARS-ReCO is
sensitive to the accuracy of the AOT estimate [Ceamanos
et al., 2013] (see section 2.2.2). Note that the AOT is calcu-
lated at 1 pm where the absorption of gases is almost null.
2.2.2. Correction for Gases and Aerosols

[21] In order to test the performances of the methodology
presented in this article and its companion paper, the present
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study is only conducted at a single wavelength. We choose
to work exclusively at 750 nm where the contribution of
gases is low and thus the retrieval of photometric properties
is likely to be sufficiently accurate. Furthermore, photometric
properties retrieved from in situ measurements taken by
Pancam are available at this wavelength and our photometric
properties can be validated. Note, however, that the presented
methodology can be applied to any CRISM wavelength
provided the contribution of gases is corrected previously.

[22] MARS-ReCO is devised to compensate for mineral
aerosol effects considering the anisotropic scattering prop-
erties of the surface and the aerosols. This method is
suitable for any CRISM multi-angle observation within
some atmospheric and geometrical constraints (AOT<2,
incidence angle 6, < 60 °, phase angle range g,,ux — Zmin>40°).
MARS-ReCO is based on a coupled surface-atmosphere
radiative transfer formulation using a kernel-driven scattering
model for the surface and a Green’s function to model the
diffuse response of the atmosphere (please refer to Ceamanos
et al. [2013] for more detail). The AOT of each observation is
an input of MARS-ReCO. Table 1 presents the AOTy,; and
AOT ineral for each selected CRISM observation. We can note
that AOT . is negligible in front of the AOTinerar and
consequently, the photometric effects from aerosol water ice
can be considered negligible in this study.

[23] The uncertainties pertaining to the AOT estimates
(personal communication of Michael Wolff, [Wolff et al.,
2009]) and to the TOA measurements by CRISM are
integrated and propagated in the estimation of the surface
bidirectional reflectance in BRF units (cf. Table 2).

[24] Besides the retrieval of the surface bidirectional
reflectance, MARS-ReCO also provides an indicator of the
quality of the estimated solution in a standard deviation
sense, noted by parameter ¢, (in BRF units) and computed

N . .
as 0, = /1 Zj:gl tr(C,y), where tr(C,,) is the a posterior

covariance matrix and Ng the available geometries [ Ceamanos
et al., 2013]. In systematic test presented in the companion
article, the parameter ¢, has proved to be highly correlated
with the bidirectional reflectance error from MARS-ReCO
and thus provides us with reliable information on the accuracy
of the estimated surface bidirectional reflectance.

2.3. Estimation of Surface Photometric Properties:
Bayesian Inversion Based on a Hapke’s
Photometric Model

2.3.1. Defining Regions of Interest and Selection

[25] We now discuss the improvement that results when
combining different CRISM targeted observations based
on their spatial coherence and thus a better sampling of the
surface bidirectional reflectance and a maximization of the
phase angle range. We defined in Subsection 2.1.3 a super-
pixel as the combination of all reflectance value corresponding
to a same location unit coming from an individual CRISM se-
quence or SPC cube. The combination of each super-pixel
from each selected CRISM targeted observation is performed
when their central coordinates (latitude and longitude) differ
less than a half super-pixel size (460/2 =230 meters). This is
done to ensure maximum overlap. We choose same combined
super-pixels called regions of interest (ROI) in following for
the photometric study using the several criteria. First, the

different ROIs must be located close to the MER Spirit and
Opportunity rover’s path, specifically to the location of
spectrophotometry measurements by Pancam and in the same
geological unit (i.e., presenting same materials). Second, the
local topography makes the photometric study more challeng-
ing when it is poorly known because it controls to a large
extent the incidence, emergence, and azimuth local angles.
Besides, in the case of an oblique illumination (i.e., up to
70°), shadows decrease the signal/noise ratio. In this study,
ROIs were therefore selected only in flat areas. Third, ROIs
are chosen to have the richest angular configurations and the
best angular sampling in terms of phase angle range in order
to constrain as much as possible the photometric properties.
Figure 2 presents the selected ROIs for this photometric study
at Gusev Crater and Meridiani Planum. Four ROIs are selected
for Gusev Crater study while only one is chosen for Meridiani
Planum study. The limited number of selected ROlIs is
explained by the fact that few ROIs in both cases respect the
combination of criteria previously mentioned. In order to
improve the number of ROIs, an improved pointing of each
CRISM targeted observation could be envisaged.

2.3.2. Direct Surface Model: Hapke’s Photometric Model

[26] Models describing the photometry of discrete granu-
lar media have been proposed to express the surface bidirec-
tional reflectance using semi-empirical analytical approaches
[e.g., Hapke, 1981; Hapke and Wells, 1981; Hapke, 1984,
1986, 1993, 2002] and numerical approaches [e.g., Cheng
and Domingue, 2000; Douté and Schmitt, 1998; Mishchenko
et al., 1999].

[27] Hapke’s modeling [Hapke, 1993] is widely used in the
planetary community due to the simplicity of its expression
and due to the fact that it introduces photometric parameters
claimed to have physical relevance. Previous Martian photo-
metric studies have been conducted based on orbital HRSC
measurements [Jehl et al., 2008] and based on the analysis
of in situ MER measurements [Johnson et al., 2006a, 2006b]
using the Hapke’s 1993 version model [Hapke, 1993]. For this
study, since we use the in situ investigation as ground truth in
order to validate the MARS-ReCO approach, we have to use
Hapke’s 1993 version model.

[28] More recent Hapke models [Hapke, 2002, 2008] are
available improving the original formulation [Hapke, 1981,
1993] and can be used for future photometric studies. First,
the model [Hapke, 2002] includes the following: (1) a more
accurate analytic approximation for isotropic scatterers, (2) a
better estimation of the bidirectional reflectance when
the scatterers are anisotropic, and (3) the incorporation of
coherent backscattering. Second, the model [Hapke, 2008]
overcomes the limitations of the original model in order to
predict porosity dependence of the bidirectional reflectance,
in case of a particulate medium such as a planetary regolith.
For that purpose the treatment of light is propagating
through the particle spacing.

[29] Following Johnson et al.’s works [Johnson et al.
2006a, 2006b] and for the sake of the comparison coherence
we use the expression of Hapke [1993] as follows:

(&) ﬂOL’

00,0,g) =~ — 10
r( - 7g) 4n (#Oe+/“‘e)

+H (pto0)H (1) — 1}18(60, 0, g),

{n+8@IPE@)

where
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Figure 2. a. Image from Context camera (CTX) of the
Spirit landing site at Gusev Crater with the rover path across
the plain up to the Columbia hill in purple. The footprint of
each selected CRISM observations (only the nadir image) is
represented here (blue: FRT3192, green: FRTSCE! and red:
FRTCDAS). Full black stars point to the locations of the
photometric measurements in the Gusev plains (1. Landing
site, 2. Bonneville rim, 3. NW of Missoula) taken by
instrument onboard Spirit [Johnson et al., 2006a]. Full black
squares represent the four ROIs that have been selected for
our photometric study (ROI from I to IV). b. Image from
CTX camera of the Opportunity landing site at Meridiani
Planum with the rover path in purple. The footprint of each
selected CRISM observations (only the nadir image) is
represented here (blue: FRT95BS, green: FRT334D, and
red: FRTB6BS). Full black stars represent the locations of
photometric measurements (1. South of Voyager, 2. Purgatory
region) taken by Pancam instrument onboard Opportunity
[Johnson et al., 2006b]. Full black square represents the
selected ROI for our photometric study (RO I).

[30] 1. Geometry 6y, 6, and g: The refer to the incidence,
emergence and phase angles, respectively.

[31] 2. Single scattering albedo ®: Factor ® (0<w<1)
depends on wavelength and represents the fraction of scattered
light to incident light by a single particle [Chandrasekhar,
1960].

[32] 3. Particle scattering phase function P(g): Function P
(g) characterizes the angular distribution of an average
particle. The empirical 2-term Henyey-Greenstein function
(hereafter referred to as HG2) is used commonly for studying
planetary surfaces [e.g., Cord et al., 2003; Hartman and
Domingue, 1998; Jehl et al., 2008; Johnson et al., 2006a,
2006b; Souchon et al., 2011]. It reads as follows:

1— 5%
Plg)=(1— 2
(g)=( c) (1 +2bcos(g)+b2)3/2 @
1-»

+c

(1 — 2bcos(g) + 52)**

where the asymmetric parameter b (0<b<1) characterizes
the anisotropy of the scattering lobe (from »=0, which
corresponds to the isotropic case, to b=1, which corre-
sponds to a particle which diffuses light in a single direc-
tion). The backscattering fraction ¢ (0 <c¢<1) characterizes
the main direction of the diffusion (¢ < 0.5 corresponding
to forward scattering and ¢ > 0.5 corresponding to backward
scattering).

[33] 4. Multiple scattering function H(x). The exact values
of the H function for isotropic scatterers were given by
Chandrasekhar [1960]. For consistency we use the
approximation of isotropic scattering named H93 in the fol-
lowing [Hapke, 1993] as was done for the estimation of the
surface photometric parameters by [Johnson et al., 2006a,
2006b]. The H93 differs by a relative error on H lower than
1% and a relative error on the bidirectional reflectance of a reg-
olith lower than 2% [Cheng and Domingue, 2000]. Defining
y=(1 — " the multiple scattering function becomes the
following:

H(x) = {1 -n —y]x[(i—;_j}/) + (1 —%(i%) 3)
_x(ﬁ;))zn(?ﬂ}_l

[34] 5. Shadow hiding opposition effect (SHOE) and
Coherent backscatter opposition effect (CBOE). B(g) is a
function designed to model the sharp increase of brightness
around the zero-phase angle often observed in the case of
particulate media, the so-called opposition effect. The B(g)
function is given by Hapke [1993] as follows:

By

B(g) = T htan(®)

4

Parameters /2 and B, are, respectively, the angular width
and the amplitude of the opposition effect. Factor / (ranging
from 0 to 1) is physically related to compaction and particle
size distribution and B, (ranging from 0 to 1) is an empirical
parameter which is related to the particle transparency
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[Hapke, 1993]. It is important to mention that the Ross-thick
Li-sparse (RTLS) model for the surface reflectivity
employed by MARS-ReCO [Ceamanos et al., 2013] is able
to describe a backscattering lobe by means of its geometri-
cal kernel. Nevertheless, its angular width is more charac-
teristic of photometric effects linked with shadows cast by
macroscopic roughness than those occurring at the grain
scale such as the SHOE and the CBOE [Lucht et al.,
2000]. Furthermore, the radiative transfer algorithm that is
used to calculate the atmospheric quantities at the core of
the MARS-ReCO procedure through the atmosphere cannot
propagate properly the narrow backscattering lobes of the
SHOE and CBOE. Finally, CRISM orbital measurements
never reach the small phase angle domain (<5°) where the
previous phenomena are expressed. Consequently,
MARS-ReCO is never in the position of retrieving accurate
values for B, and .

[35] 6. Macroscopic roughness factor S. We note that
planetary regoliths present roughness driven by grain
clusters to the pixel scale. In the Hapke’s surface model this
phenomena is described by a Gaussian distribution of slopes
at a single spatial scale under the pixel size which is not
explicitly given. The mean slope angle  is the only required
parameter [Hapke, 1993]. Surface roughness involves
several radiative phenomena: (i) multiple reflection of light be-
tween facets, (ii) shadows depending on the geometry, (iii)
bias on the incidence and emergence angles, and (iv) increase
of the multiple scattering component. In order to quantify their
influence on the bidirectional reflectance, Hapke’s model
introduces a simple multiplicative factor S depending on 1,
and p, whose expressions are given in Hapke [1993].

2.3.3. Bayesian Inversion of the Surface Model

[36] The “inverse problem” consists in estimating the
model parameters that best explain the observations. Unfor-
tunately, inverse problems do not have a unique solution if
the direct model is nonlinear, as does the Hapke’s model.
Tarantola and Valette [1982] proposed to solve inverse
problems in a general nonlinear case based on the concept
of the state of information which is characterized by a
probability density function (PDF). The PDF is defined over
both the parameter space and the observed space. The formal-
ism of a PDF is used to define the initial state of information
(i.e., a priori knowledge on the parameters, the uncertainties
on the observation and on the model). To infer the solution,
the Bayes’ theorem is applied. Key points concerning the
Bayesian inversion concept and framework assumptions
are presented in the following:

[37] 1. Data, model parameters and theoretical relation-
ship. The direct model consists of computing the simulated
data d from model parameters m:

d = F(m) ®)

[38] 2. Prior information on the model. The prior informa-
tion on model parameters p,,(m) in the parameter space (M) is
independent with the data and corresponds to the state of null
information. For the Hapke model parameters o, b, c, 0, By,
and /1, we consider a uniform PDF, different from zero on an in-
terval that insures their physical relevance (between 0 and 1 for

®, b, ¢, By, and & and between 0° and 90° for 6). Outside the
intervals, the PDF is null, avoiding unphysical solution to ap-
pear. As discussed in Subsection 2.3.2 in real planetary situa-
tions, the SHOE and the CBOE phenomena are only expressed
for phase angles g < 5° out of the range encompassed by typical
CRISM observations (g = 30°). Thus, a priori, neglecting both
phenomena should not influence the retrieval of the other para-
meters. However, following Souchon et al. [2011], the model
can still be profitably inverted on the data by keeping para-
meters By and / since they will compensate for discrepancies
between the model and the measurements in some situations.
Consequently in the present work, we first chose to invert the
parameters By and / to systematically control if they are con-
strained or not by the CRISM data set. However, in a second
phase we also tested the inversion by setting B, and /4 to zero,
and no change was observed on the determination of the other
parameters (o, 6, b, and c).

[39] 3. Prior information on the data. The prior information
on data p(d) in the observation space (D) is assumed to be a
Gaussian PDF according to the MARS-ReCO formalism and
retrieval strategy. Note that the error ¢ on a CRISM measure-
ment at one geometry is assumed to be independent on the state
of the surface and on the other geometries (i.e., the PDF has a
diagonal covariance matrix with elements o7, ..., o3, , where

N, is the number of available geometries, up to 11). At
750 nm, the signal to noise ratio was estimated before launch
to be equal to 450 [Murchie et al., 2007]; but due to additional
artifacts such as spikes and calibration issues [Seelos et al.,
2011], we evaluated the uncertainty o of the reflectance
measurement (p) at each geometry j to be of the order of ;=
(1/50) x p;, where j=1,...,N, and p; is the CRISM dataset
at the jth angular configuration [Ceamanos et al., 2013].
Moreover, MARS-ReCO takes into account the uncertainty of
the AOT input. Figure 3 presents a typical TOA photometric
curve collected by the CRISM instrument (green plus) and the
bidirectional reflectance curve produced by the MARS-ReCO
algorithm (red crosses). For each geometry the bidirectional
reflectance value is accompanied by its 1o uncertainty. Those
means and root mean square errors are used to build p (d) that
serves as an input PDF of the Bayesian inversion.

[40] 4. Posterior probability density function and resolution
of inverse problems. Inversion problems correspond to the
particular case where information from the data space (D) is
translated into the model space (M). The posterior PDF in
the model space o,,(m) as defined by Tarantola and Valette
[1982] reads

au(m) =k py(m) L(m), (6)

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

L = [ pato@ 0dm) o

D #D(d)

where 6(d|m) is the theoretical relationship of the PDF for d
given m, and pp(d) is null information PDF for the data d.
The solution of the general inverse problem is given by the
PDF o,(m) from which any information on the model param-
eter can be obtained such as mean values and uncertainty bars.
Please refer to Tarantola and Valette [1982] for more details.
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Figure 3. Reflectance values (in BRF units) corresponding
to the photometric curve of the ROI I from FRT3192
observation composed of 10 angular configurations at the
TOA (green plus) and at the surface after the correction for
atmospheric contribution carried out by MARS-ReCO (red
crosses). In both cases the 1¢ uncertainty is expressed as a
function of angular configuration (the 11 geometric views
of one CRISM EPF scans from first to fifth corresponds to
the inbound direction, sixth is the central scan and from
seventh to eleventh are related to the outbound direction).
The latter data are used in the Bayesian inversion. The blue
solid and dashed lines represent the Hapke’s best fit and their
1o uncertainties, respectively.

[41] 5. Sampling of solutions to inverse problems. In our
case, the relationship between model parameters and observed

data through Hapke’s modeling is nonlinear. While it is not
possible to describe the posterior PDF analytically, it can be
sampled using a Monte Carlo approach and a Markov chain
[Mosegaard and Tarantola, 1995]. After a sufficient number
of steps, the state of the chain corresponds to the desired
distribution. According to our tests, the best trade-off between
computation time and accuracy is a burn-in phase (phase in
which the Markov chain approaches a stationary state after a
certain number of runs) of 500 steps. The next 500 iterations
are used to estimate the posterior PDF allowing the determina-
tion of the mean and standard deviation of each parameter.
Note that a posteriori PDF of a retrieved parameter is not
necessarily a Gaussian distribution but can be a square
function or multi-modal as seen in Figures 4 and 5. To de-
scribe the results of each parameter, we choose to compute
the mean of the posterior PDF. To describe the uncertainties,
we choose to compute the standard deviation. We warn the
reader because sometimes these estimators can be inappropri-
ate to describe the PDF. In the following graphs, 2¢ error bars
are plotted to describe more accurately the PDFs.

[42] 6. Root mean square residual RMS. In order to
estimate the difference between the fit and the observed
bidirectional reflectance, the root mean square residual (noted
RMS) is given for each Bayesian inversion as follows:

2
ZN (pobs - pmod)

®

where N is the available geometric configurations, p,;s the
CRISM bidirectional reflectance corrected for atmosphere
and p,,,q the modeled bidirectional reflectance taken as the
mean of the 500 iterations used to estimate the posterior PDF.

[43] 7. Nonuniformity of criterion k. Photometric para-
meters m is constrained if their marginal posterior PDF differs
from the prior state of information (i.e., a null information
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Figure 4. The PDF of each of the six photometric parameters retrieved for ROI I. Two cases are consid-
ered: the inversion of a single CRISM FRT observation (i.e., FRT3192 in blue line) and the inversion of
three combined CRISM FRT observations (in red line).
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Figure 5. The PDF of each of the six photometric parameters retrieved for ROI I of Meridiani Planum.
Two cases are considered: the inversion of a single CRISM FRT observation (i.e., FRT95BS in blue line)
and the inversion of three combined CRISM FRT observations (in red line).

taken as a uniform distribution, in our case). In order to
distinguish if a given parameter has a solution, we perform
a statistical test leading to a nonuniformity criterion &
(see Appendix A). For k> 0.5, the marginal posterior PDF
is considered to be nonuniform and thus, we consider that
the mean and standard deviation of the PDF satisfactorily
describe the solution(s).

3. Analysis of Retrieved Photometric Parameters

[44] As mentioned in Subsection 2.1.2, we selected three
CRISM targeted observations from Gusev Crater and from
Meridiani Planum (cf. Table 1). All observations were
individually corrected for aerosols using MARS-ReCO,
knowing the respective AOT values (cf. Table 1). Based
on the corrected bidirectional reflectance, we use the
proposed methodology described in section 2.3.3 to estimate
the photometric parameters of the materials encompassed by
four ROIs in the case of Gusev Crater (ROI I to ROI IV) and
by one ROI in the case of Meridiani Planum (ROI I).

[45] For each ROI, we determine the surface photometric
parameters at 750 nm from (i) a single CRISM FRT obser-
vation or (ii) a combination of all selected FRT observations
(i.e., FRT3192, FRT8CEI1, and FRTCDAS in the case of
Gusev Crater; and FRT95BS8, FRT334D, and FRTB6B5 in
the case of Meridiani Planum). Remember that the chosen
targeted observations are complementary in terms of phase
angle range (cf. Table 1).

[46] For each parameter of the photometric Hapke’s model
(ie., o, b, ¢, 0, By, and h) we determine its mean value and
standard deviation by running the proposed Bayesian
inversion procedure. The nonuniform criterion-noted & is
conjointly computed and detailed in Tables 3 and 4 for
Gusev Crater and Table 5 for Meridiani Planum. In the
following, we have two criteria that help us estimate the
existence and the quality of a solution. On the one hand,
the nonuniform criteria k allows us to reject posterior PDFs

that do not carry a solution. On the other hand, the standard
deviation allows us to quantify to which extent a given
parameter is constrained by the current solution.

3.1.

[47] The quality of the surface bidirectional reflectance
estimated by MARS-ReCO is given by the standard devia-
tion ¢,. This quality parameter is available for each ROI
of each CRISM targeted observation of the present study
(cf. Tables 3 and 4). The highest o, value is observed for
FRT8CE1 which can be explained by a wrong AOT
estimation (highest AOT value) in this case (i.e., FRT8CE1:
0, =0.03-0.04 for AOT =0.98). The positive correlation of
this uncertainty and the AOT are also observed in the
sensitivity study led by Ceamanos et al. [2013]. Indeed the
error computed for the synthetic reference data mimicking
the photometric properties of the planet Mars increases with
AOT (ie., for AOT=1, 6,~0.05 and error is ~10% while
for AOT=1.5, g,~ 0.10, and error is ~20%; see Ceamanos
et al. [2013] for more detail).

[48] Tables 3 and 4 present results regarding the Hapke’s
model parameters for the different ROIs of Gusev Crater.

[49] The goodness of fit is estimated through the absolute
quadratic residual RMS value (cf. Tables 3 and 4). For all
Bayesian inversions, the estimates are less than 0.02 which
mean that the inversions are deemed satisfactory.

[s0] Figure 4 represents the PDF of each parameter
considering the inversion of a single FRT observation as well
as the inversion of the three combined observations. Accord-
ing to results, a solution exists for parameters , b, ¢, and
(because the PDF is nonuniform) whereas no solution exists
for parameters By and 4 (uniform PDF). Several conclusions
can be drawn when using a single targeted observation such
as the following:

Results on Gusev Crater

[5s1] 1. Solutions exist for parameter ® in all cases (k~1).
The standard deviation shows that the single scattering albedo
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is the most constrained parameter (i.e., 0.06 < c < 0.09).
Examples of a posteriori PDFs are plotted in Figures 4
and 6.

[s2] 2. Although solutions exist for parameter b in
all cases (k >>0.5), the standard deviation shows that it
is poorly constrained (i.e., 0.25 < 5 < 0.32) except for the
ROI T and ROI IV using the CRISM observation FRT3192.
This discrepancy can be explained by the higher number
of available geometric configurations, respectively 10 and
9. Examples of a posteriori PDFs are plotted in Figures 4
and 7.

[53] 3. We find meaningful values for parameter ¢ only
when we use FRT3192 or FRTCDAS (k> 0.5). The standard
deviation is relatively low (i.e., 0.20 <5 <0.23) in this
case. In the case of FRT8CEI, no solution is found
for parameter ¢ (k< 0.5) for ROI II, III and IV. For the
ROI 1, however, a solution exists but it is poorly
constrained (i.e., =0.27). Examples of a posteriori PDFs
are plotted in Figures 4 and 7.

[s4] 4. While parameter @ has a solution in all cases
(k~1), we distinguish two types of results: (i) using
FRT3192 or FRTCDAS, we note that the standard deviation
is relatively low (i.e., 3.98 <o <5.81); and (ii) using
FRTSCEI, the standard deviation is relatively high (i.c.,
9.64 < 5 <20.40). Examples of a posteriori PDFs are
plotted in Figures 4 and 8.

[s5] 5. No solutions are found for parameters By and / in
any case (k< < 0.5). As mentioned in Subsection 2.3.2, nor
the phase domain covered by the CRISM observations nor
the capabilities of MARS-ReCO allow constraining the
opposition effect [Ceamanos et al., 2013]. Consequently,

single scattering
albedo, omega

accurate values for By and / cannot be retrieved and no phys-
ical interpretation can be done in this case. Examples of a pos-
teriori PDFs are plotted in Figure 4.

[s6] Regarding the processing of a single CRISM observa-
tion, we note that parameters ¢ and @ are, respectively,
nonconstrained and poorly constrained only when treating
data from FRT8CE!. The reason to explain such a difference
may be that the available maximum phase angle range is less
than 90° for FRT8CEI. Indeed, Helfenstein [1988] under-
lined the necessity to have observations which extend from
small phase angles out to phase angles above 90° for an
accurate determination of the photometric roughness. By
contrast, the phase angle range expands by more than 100°
for the other observations (cf. Table 1). We note that param-
eter b is poorly constrained when treating data from all
available observations. This result may be explained again
by the available phase angle range (cf. Table 1). In conclu-
sion, the presented study clearly demonstrates that the
existence and quality of a solution for parameters b, ¢, and
0 is dependent on the available phase angle range. The
bidirectional reflectance curve from a single CRISM obser-
vation does not contain enough phase angle information.

[57] By contrast, the combination of three targeted obser-
vations provides improved constrains on all Hapke’s para-
meters except for By and /4. Indeed, the standard deviation
of each estimated parameter is lower than those obtained
when using only a single targeted observation. We note that
for ROI IV, the Hapke’s parameters are less constrained than
for the other ROIs, especially for parameter b for which no
solutions were found. This result can be explained by the
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Figure 6. Mean and uncertainties of the single scattering albedo ® estimated from Pancam measure-
ments at 753 nm for different geological units at landing site (Sol 013), Bonneville rim (Sol 087-088),
and NW of Missoula (Sol 102-103) [Johnson et al., 2006a] compared to those estimated from CRISM
measurements at 750 nm (note that the error bar represents 2c uncertainties) derived from 2-term HG
models. The PDFs of the parameter  estimated from the last 500 iterations of the Bayesian inversion
are also represented on the left side. This is helpful when mean and uncertainties are not entirely represen-
tative of the PDF (such as the PDF of the parameter o for the ROI IV which shows a bimodal distribution).
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Figure 7. Probability density map of the asymmetric parameter b (horizontal axis) and the backscattering
fraction ¢ (vertical axis) solutions from the last 500 iterations of the Bayesian inversion estimated at
750 nm obtained for the four selected ROIs. The grid is divided into 24 (vertical) x 20 (horizontal) square
bins. The coloring gives the probability corresponding to each bin. Means and 2c uncertainties (red
rhombus) are plotted, too. The inversion solutions are plotted against the experimental b and ¢ values
pertaining to artificial particles measured by McGuire and Hapke [1995] and to natural particles measured
by Souchon et al. [2011]. The Gray Rock (circle), Red Rock (square) and Soil (triangle) units from
Pancam sequences at landing site (green), Bonneville rim (blue) and NW of Missoula (orange) estimated
at 753 nm (except for the Red Rock unit at the landing site which is constrained at 754 nm) [Johnson et al.,

2006a] are plotted here.

limitation in the bidirectional sampling. In fact, we can note
in Figure 9 which represents the north projection of geomet-
ric conditions for the four selected ROIs that the ROI
IV misses a near-nadir geometry from the observation
FRTS8CEL. The latter shows a more different incidence
angles (nearly 40°) than the two other CRISM FRT observa-
tions (nearly 60°) (see also Table 1) thus explaining that
the parameters are less constrained for ROI IV than the
other ROL.

[s8] To conclude, the quality of these results shows
the benefits of combining several targeted observations in
constraining photometric parameters.

3.2.

[s9] Similar to the photometric study on the Gusev Crater,
the standard deviation ¢, determined by MARS-ReCO is
given for each CRISM observation and the ROI I used for
the present study (cf. Table 5). Note that ¢, values are
acceptable (0.01 < o, < 0.02) meaning that estimated surface
bidirectional reflectance are accurate.

Results on Meridiani Planum

13

[60] Table 5 presents the results obtained on Meridiani
Planum. Similar to Gusev Crater study, Figure 5 shows that
a solution exists for the parameters o, b, ¢, and @ (i.e., nonuni-
form PDF) when a single CRISM FRT and in the case of three
combined observations, except for parameters By and 4.

[61] The goodness of fit is estimated through the absolute
quadratic residual RMS,,; value (cf. Table 5). For all Bayesian
inversions, the estimates are less than 0.02 which mean that
the inversions are deemed satisfactory.

[e2] We note that for the parameter ®, two maximums
are visible at nearly 0.6 and 0.8. In order to understand
the origin of the bimodal distribution for the parameter ®
in this case, the reflectance of typical Martian material
was generated by using realistic photometric properties
determined by the Pancam instrument aboard the MER
Opportunity site in Meridiani Planum (i) at the same
geometric configurations as the FRT95B8 observations,
and (ii) at the same combined geometric configurations
when merging the three selected observations. In both
cases, the posterior PDF for the parameter ® shows a
bimodal distribution. If the geometric sampling is broader
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the left side. This is helpful when mean and uncertainties are not representative of the PDF.

N
ROl ROI Il N
e | * [
* 4 * |
w % 'S —a————E w & 3 % E
3 f
P X
: -3 / \ uly /
8 N S
s
N
ROI Il ROI IV ——
P s ..‘\ 7 ¥he
B / B % %
w 1 - |
* { *
o I
w T | W E w + ot & E
: %
\ . / \ B3 /
; . \ ' /
\ i >4 N 34 /
s s

Figure 9. North projection of geometric conditions (stars: incidence rays and crosses: emergence
directions) of the four selected ROIs for the Gusev Crater study (blue: FRT3192, green: FRT8CE1 and

red: FRTCDAYS).

(i.e., with varied incidence and emergence and phase
angles), the posterior PDF of the parameter @ becomes a
Gaussian with a single peak. The presence of two possible
solutions is the consequence of the limitation of a sufficient
geometric diversity in our selection of CRISM observations

14

for the Meridiani Planum study to constrain the parameter
o, which is otherwise the best-constrained parameter in
photometric modeling.

[63] Several conclusions can be drawn when using a single
CRISM targeted observation:
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[64] 1. Solutions exist for parameter ® in all cases (k~ 1).
The standard deviation shows that the single scattering
albedo is the most constrained parameter (i.e., 0.07 <o
0.15). Examples of a posteriori PDFs are plotted in Figures 5
and 10.

[6s] 2. We find meaningful values for parameter b only
when for FRT95B8 or FRT334D or FRTB6BS (k> 0.5).
Albeit the standard deviation is relatively high for
FRT95B8 or FRT334D (i.e., 0.30 < ¢ < 0.32), the standard
deviation becomes relatively low for FRTB6BS5 (i.e.,
6 =0.20). Examples of a posteriori PDFs are plotted in
Figures 5 and 11.

[66] 3. Solutions only exist for parameter ¢ when using
FRT334D (k> 0.5). However, the standard deviation is
relatively high (c=0.25). Examples of a posteriori PDFs
are plotted in Figures 5 and 11.

[67] 4. While parameter @ has a solution in all cases
(k~1), we distinguish two types of results: (i) using
FRT334D or FRTB6BS5, we note that the standard deviation
is relatively low (i.e., 5.82 < & <7.82); and (ii) the standard
deviation is relatively high (i.e., 6=10.33) when using
FRT95B8. Examples of a posteriori PDFs are plotted in Fig-
ures 5 and 12.

[68] 5. Similar to the Gusev study, no solution is found
for parameters B, and / in any case (k> > 0.5). Examples
of a posteriori PDFs are plotted in Figure 5.

[69] Dealing with single observations, we note that parame-
ter  is poorly constrained when treating data from FRT95BS
and FRT334D, whereas it is highly constrained when using
FRTB6BS which can be explained by a maximum phase angle
below 90° in case of FRT95B8 and FRT334D (cf. Table 1).

single scattering
albedo, omega

Helfenstein [1988] underlined the necessity to have observa-
tions which extend from small phase angles out to phase
angles above 90° for an accurate determination of the photo-
metric roughness. Note that parameters b and ¢ are non-
constrained or poorly constrained even through solutions exist
in all cases. This outcome can be explained by a worse quality
of the Meridiani Planum bidirectional reflectance sampling.
Indeed, we note in Figure 13 which represents the north
projection of geometric conditions of each selected CRISM
FRT observations that the three selected CRISM FRT (i) miss
near-nadir geometries (close to emergence equal 0) and (ii)
present lower number of available angular configurations
compared to Gusev Crater work (lower than 6).

[70] We then improve the bidirectional reflectance sampling
by combining the three selected targeted observations. We
observe that parameters ®, b, and A become significantly more
constrained. Indeed, the standard deviation of each estimated
parameter is lower than those obtained when using only a
single observation. However, the parameters are less
constrained than those obtained for the Gusev Crater study,
which can be explained by the lack of near-nadir geometry
for this case (cf. Figure 13).

[71] Again, results underline the benefits of combining
several observations.

4. Validation

[72] This section focuses on the validation of the estimated
photometric parameters by comparing them to the previous
photometric studies based on experimental, in situ, and
orbital photometric studies. As the PDF of each parameter
is not necessary a Gaussian, the estimated mean and the
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Figure 10. Mean and uncertainties of the single scattering albedo ® estimated from Pancam measure-
ments at 753 nm for different geological units at South of Voyager (Sol 437-439) and Purgatory region
(Sol 449-473) [Johnson et al., 2006b] compared to those estimated from CRISM measurements at
750 nm (note that the error bar represents 2c uncertainties) derived from 2-term HG models. The PDFs
of the parameter ® estimated from the last 500 iterations of the Bayesian inversion are also represented
on the left side. This is helpful when mean and uncertainties are not representative of the PDF (such as
the PDF of the parameter o for the ROI I which shows a bimodal distribution).
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Figure 11.

Probability density map of the asymmetric parameter b (horizontal axis) and the backscattering

fraction ¢ (vertical axis) solutions from the last 500 iterations of the Bayesian inversion estimated at
750 nm obtained for the selected ROI. The grid is divided into 24 (vertical) x 20 (horizontal) square bins.
The coloring gives the probability corresponding to each bin. Means and 26 uncertainties (red rhombus)
are plotted too. The inversion solutions are plotted against the experimental b and ¢ values pertaining to
artificial particles measured by McGuire and Hapke [1995] and to natural particles measured by Souchon
et al. [2011]. The Spherule soil (circle), Striped soil (square), Ripple (triangle), and Dusty soil (triangle)
units from Pancam sequences at South of Voyager (green and Purgatory region (blue) estimated at

753 nm [Johnson et al., 2006b] are plotted here.

standard deviation are not always representative of the
entire distribution. Consequently for each parameter, we
use the PDF built from the last 500 iterations of the Markov
chain process (see 2.3.1) instead of the previous statistical
estimators for the comparison to the previous studies.

4.1. Validation of Results from Gusev Crater

4.1.1. Comparison to Experimental Measurements on
Artificial and Natural Samples

[73] McGuire and Hapke [1995] studied the scattering
properties of different isolated artificial particles which
have different structure types (sphere/rough particles,
clear/irregular shape particle, with/without internal scat-
terers, . ..). Their study showed that the Henyey-Greenstein
function with two parameters, HG2 (backscattering fraction
¢ and asymmetric parameter b) provided the best description
of their laboratory bidirectional reflectance measurements.
In short, their study shows that smooth clear spheres exhibit
greater forward scattering (low values of ¢) and narrower scat-
tering lobes (high values of b), whereas particles characterized

16

by their roughness or internal scatterers exhibit greater back-
ward scattering (high values of ¢) and broader scattering lobe
(low values of b). In a graph mapping the b and ¢ parameter
spaces, the results exhibit a “L-shape” from particles with high
density of internal scatterers to smooth, clear, spherical
particles. For their study, McGuire and Hapke [1995] used
centimeter-sized artificial particles which are larger than
the light wavelength and far than typical constituents of
the planetary regoliths. In order to examine the impact of
particle size on the scattering phase function, Hartman
and Domingue [1998] observed that there are no significant
variations of the latter in McGuire and Hapke [1995]
measurements when the particle size is similar to typical
planetary regoliths particles. Hartman and Domingue
[1998] concluded that McGuire and Hapke [1995] results
could be considered to be representative of their respective
particle structure types independent of particle size.
However, recent experimental works have questioned the
initial interpretation of the Hapke’s parameters. Indeed,
the Hapke’s parameters seem to be more sensitive to the
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Figure 12. Mean and uncertainties of the macroscopic roughness 6 estimated from Pancam measurements
at 753 nm for different geological units at the south of Voyager (Sol 437-439) and Purgatory region (Sol
449-473) [Johnson et al., 2006b] compared to those estimated from CRISM measurements at 750 nm
(note that the error bar represents 2¢ uncertainties) derived from 2-term HG models. The PDFs of the
parameter 6 estimated from the last 500 iterations of the Bayesian inversion are also represented on the
left side. This is helpful when mean and uncertainties are not entirely representative of the PDF.
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Figure 13. North projection of geometric conditions (stars:
incidence directions and crosses: emergence directions) of
the selected ROI for the Meridiani Planum study (blue:
FRT95BS, green: FRT334D, and red: FRTB6BS).

organization of the surface material (effects of close packing,
micro-roughness) than to the optical properties depending
on individual particles [Cord et al., 2003; Shepard and
Helfenstein, 2007]. Similarly, Souchon et al. [2011] mea-
sured for a comprehensive set of geometries the reflectance
factor of natural granular surfaces composed of volcanic
materials differing by their grain size (from the micron-scale
to the millimeter-scale), shapes, surface aspect, and miner-
alogy (including glass and minerals). Thus, the main
novelty of Souchon et al.’s experimental study [Souchon
et al. 2011] compared to McGuire and Hapke’s works
[McGuire and Hapke 1995] is the determination of the
parameters b and ¢ for planetary analogs of basaltic granular

17

surfaces and not isolated artificial particles. Souchon et al.
[2011] compared the scattering parameters retrieved by
inversion of Hapke’s model with results on artificial
materials [McGuire and Hapke, 1995] and a similar trend
was found, though with some variations and new insights.
Granular surfaces even with a moderate proportion of isolated
translucent monocrystals and/or fresh glass exhibit strongly
forward scattering properties, and a new part of the L-shape
domain in the b and ¢ parameter space is explored.

[74] In Figure 14 that is given as an example of similar
figures, the scattering parameters (i.e., backscattering fraction
¢ and asymmetric parameter b) of the ROI I from CRISM data
(cf. Table 3) are plotted along with the scattering parameters
obtained from laboratory measurements of artificial [McGuire
and Hapke, 1995] and natural samples [Souchon et al., 2011].
Results show that parameters » and ¢ retrieved from the
inversion of combined CRISM FRT observations are consis-
tent with the laboratory studies. The combination of three
FRTs is necessary to constrain satisfactorily the » and ¢ values
with acceptable error bars. As it can be seen, surface materials
of ROI I have high values of ¢ and low values of b, which
indicate broad backscattering properties related to artificial
materials composed of spheres with a moderate density of
internal scatterers and close to irregular or round rough,
opaque, and solid natural particles (cf. Figure 14).

4.1.2. Comparison to In Situ Measurements Taken by
Pancam/MER Spirit

[75] The Pancam instrument on-board MER Spirit acquired
several spectrophotometric observations along the rover’s
traverse paths to determine the surface physical and chemical
properties of rocks and soils encountered at the Gusev Crater.
Johnson et al. [2006a] evaluated the parameters of Hapke’s
photometric model [Hapke, 1993] using equations 1, 2, and
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Figure 14. Probability density map of the asymmetric parameter b (horizontal axis) versus the backscattering
fraction ¢ (vertical axis) solutions retrieved at 750 nm estimated from the last 500 iterations of the
Bayesian inversion for FRT3192, FRTS8CE1 and FRTCDAS observations and their combination (ROI
I). The grid is divided into 24 (vertical) x 20 (horizontal) square bins. The coloring gives the probability
corresponding to each bin. Means and 2 uncertainties (red rhombus) are plotted, too. The inversion
solutions are plotted against the experimental b and ¢ values pertaining to artificial particles measured
by McGuire and Hapke [1995] and to natural particles measured by Souchon et al. [2011].

3 from measured radiance for several identified units (i.e.,
“Gray” rocks, which are free of airfall deposit dust or other
coatings, “Red” rocks, which have coating, and “Soil” unit,
corresponding to unconsolidated materials). The measured
radiance at the ground was first corrected for diffuse sky
illumination [Johnson et al., 2006a] and local surface facet
orientations [Soderblom et al., 2004].

[76] The difference of spatial resolution between CRISM
and Pancam instruments must be considered prior to
comparison. Indeed, a direct comparison between both sets
of photometric parameters must be handled with care as
Pancam provides local measurements (at a centimetric scale
such as soils and rocks), whereas orbital instruments such as
CRISM measure extended areas integrating different geo-
logic units (at a pluri-decametric scale such as a landscape).
In the latter case, measurements may be dominated by
unconsolidated materials such as soils. As mentioned in
Subsection 2.3.1, the four selected ROIs are chosen close
to the MER Spirit’s path. The retrieved photometric
parameters for each ROI from the combination of three
CRISM observations were compared to those extracted
from three sequences taken by Pancam in the Gusev plains.
These measurements are located near to the four ROIs in
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landing site (Sol 013), Bonneville rim (Sol 087-088), and
Missoula (Sol 102-103) to the northwest side of Columbia
Hill (cf. Figure 2) [Johnson et al., 2006a]. In this case the
combination of three CRISM observations were treated
using the H93 version of the Hapke’s model in order to
match the same model used in Johnson et al. [2006a].
Pancam results are summarized in Table 6.

[77] 1. Single scattering albedo. Figure 6 plots the means
and uncertainties as well as the PDF of single scattering
albedo o estimated for the four selected ROIs against values
extracted for each unit defined by Johnson et al. [2006a] (i.
e., Gray rocks, Red rocks, and Soil) at the landing site, Bon-
neville rim, and NW of Missoula. The bimodality is identical
to Meridiani ROI I (see subsection 3.2) and is the conse-
quence of the lack of geometric diversity in the CRISM data-
set. The estimated values of @ from CRISM are consistent
with the Pancam outputs for the Soil unit.

[78] 2. Phase function. Figure 7 plots the asymmetric
parameter b versus the backscattering fraction ¢ solutions
provided by the Bayesian inversion for each ROI in compar-
ison to the photometric parameters obtained by Johnson
et al. [2006a]. In the case of Red rock unit for landing site,
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Site Unit ® 0 (deg) b c Number g (deg)
Landing Site Bright Soil 075 (+0.01, —0.00) 2 (+, —) 0243 (+0.020, —0.017)  0.625 (+0.012, —0.013) 21 ~30-120
(Sol 013) Gray Rock  0.83 (+0.01, —0.01) 7 (+3, —4)  0.931 (+0.045, —0.044)  0.065 (+0.058, —0.058) 66 ~30-120
Red Rock 079 (+0.03, —0.02) 20 (+3, —3)  0.187 (+0.026, —0.031)  0.720 (+0.084. —0.087) 68 ~30-120
Soil 0.76 (+0.01, —0.01) 15 (+2, —1) 0262 (+0.010, —0.010)  0.715 (+0.029, —0.032) 51 ~30-120
Bonneville Rim ~ Gray rock 072 (+0.04, —0.04) 23 (+3, —4) 0434 (+0.035, —0.037)  0.359 (+0.048, —0.050) 63 ~25-120
(Sol 087-088)  Redrock  0.70 (+0.01, —0.01) 15 (+3, —=3)  0.219 (+0.017, —0.020)  1.000 (+,—) 72 254120
Soil 0.66 (+0.00, —0.00) 7 (+1,—-1)  0.170 (+0.008, —0.008)  0.823 (+0.025, —0.024) 54 ~25-120
NW of Missoula ~ Gray rock ~ 0.70 (+0.02, —0.02) 13 (+2. —3) 0406 (+0.018, —0.032)  0.206 (+0.019, —0.025) 225 ~0-125
(Sol 102-103) Redrock  0.83 (+0.02, —0.02) 19 (+1, —2)  0.450 (+0.023, —0.064)  0.255 (+0.032, —0.072) 141 ~0-125
Soil 0.69 (+0.01, —0.00) 11 (+1, —1)  0.241 (+0.011, —0.009)  0.478 (+0.036, —0.022) 132 ~0-125

#Underconstrained parameters are indicated by “(+,—)” from the 2-term model for Sol 13, Sol 87-88, and Sol 102-103 and each of the three considered
units (Gray Rock, Red Rock, and Soil) at 753 nm (except for the parameter ¢ of Red Rock unit for landing site which corresponds to the 754 nm model

results) from Pancam onboard Spirit [Johnson et al., 2006a].

the parameter ¢ is determined at 754nm instead of usual
753 nm. Moreover, the parameter ¢ is not constrained at both
wavelengths in the case of Red Rock at Bonneville rim. Con-
sequently, the parameters » and ¢ are not plotted here. The b
and c pairs from CRISM observations are most consistent with
the Soil unit for all the studied Spirit sites and the Red Rock
unit from the landing site which exhibits broad backscattering
properties. Again, we note that for ROI IV, the Hapke’s para-
meters are less constrained than for the other ROlIs, especially
for parameter b for which no solutions were found.

[79] 3. Macroscopic roughness. Means and uncertainties
as well as the PDF of the macroscopic roughness # obtained
for each selected ROI are presented in Figure 8. The
parameter @ of all selected ROIs, estimated from CRISM
measurements is consistent with the Soil unit found at the
landing site and at NW of Missoula (cf. Figure 8). By con-
trast, this parameter indicates a rougher surface than the
soil unit found at Bonneville rim which is consistent with
Johnson et al. [2006a]. At intercrater plains where the landing
site is situated, the greater proportion of small clasts in the soil
(compared to the soils near Bonneville rim and Missoula area)
may explain the rougher surface texture [Ward et al., 2005].

[so] Two principal points from the previous comparison
can be outlined. First, at the effective spatial scale achieved
from space by CRISM for the photometric characterization
(460 m), the surface behaves like the Soil units defined by
[Johnson et al., 2006a] and particularly like the Soil unit
observed at the landing site. Second, the values of » and
(b,c) resulting from our analysis are approximately inside
the range of variation seen in Figures 6 and 7 for the Soil
units at the three locations. This is not the case for the mac-
roscopic roughness which is close to (within the error bars)
the Soil unit values only for the landing site and Missoula
area (cf. Figure 8). Consequently, all photometric parameters
retrieved following the methodology proposed in this article
are consistent with the results arising from the analysis of
Pancam measurements at Gusev provided that ROIs are
associated to the proper soil unit. That means that the two
independent investigations (the present work and the study
of Johnson et al. [2006a]study) are cross-validated in the
Gusev case.

4.1.3. Comparison with Photometric Estimates Derived
from Orbital Measurements by HRSC/MEx

[s1] Using HRSC imagery, which provides multi-angle data
sets (up to five angular configurations by orbit) [McCord et al.,

20071, Jehl et al. [2008] determined the regional variations of
the photometric properties at the kilometer spatial scale across
Gusev Crater and the south flank of Apollinaris Patera using
several observations in order to cover a phase angle range
from 5° to 95°. The photometric study was carried out without
any atmospheric correction but ensuring that the atmospheric
contribution was limited by selecting HRSC observations with
AOT lower than 0.9. Jehl et al. [2008] applied an inversion
procedure developed by Cord et al. [2003] based on the H93
version of Hapke’s model (equation 1). In the study of Jehl
[2008], even photometric units were determined using a
principal component analysis at 675 nm in which one of
them corresponds to the Spirit landing site area. There is
a robust overall first-order consistency between these
photometric orbital estimates independently retrieved from
HRSC and CRISM observations, particularly for ROIs I,
II, and III (see Table 7).

[82] The principal point from the comparison between both
orbital photometric results is that there is a robust overall first-
order consistency between these photometric orbital estimates
which reached independently from HRSC and CRISM
observations, particularly for ROIs I, II, and III (see Table 7).
However, in detail, two differences can be noted for the para-
meters ® and c¢ (see Table 7). In fact, the parameters ® and ¢
from CRISM measurements are respectively lower and higher
than those determined from HRSC measurements. Moreover,
the parameters ® and ¢ estimated from CRISM data set are
more consistent with in situ measurements. These differences
are explained by the use of an aerosol correction in the CRISM
data whereas no correction was made in HRSC data. As a
consequence, the contribution of bright and forward scattering
aerosols in the HRSC measurements appeared to increase the
apparent surface single scattering albedo and to decrease the
surface backscattering fraction value.

4.2. Validation of Meridiani Planum

4.2.1. Comparison to Experimental Measurements on
Artificial Particles

[83] Our investigation shows that parameters b and ¢ esti-
mated from the inversion of both individual and combined
(cf. Figure 15) CRISM FRTs are consistent with the L-shape
defined from laboratory studies. However, the bidirectional
reflectance sampling is not adequate to provide accurate
estimation of the scattering parameters, even by combining
up to three FRTs. In this case, according to parameters b and
¢, the surface represented by ROI I is slightly forward
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Table 7. Retrieved Hapke’s Parameters and Their Standard Deviation®

Instrument ROI or Unit Q) b c 0 By h
(deg)

CRISM ROI'T 0.71 (0.05) 0.22 (0.18) 0.54 (0.18) 15.78 (2.65) 0.49 (-) 0.54 (-)
ROI I 0.72 (0.05) 0.27 (0.15) 0.56 (0.16) 15.62 (2.43) 0.49 (-) 0.52 (-)
ROI I 0.69 (0.04) 0.19 (0.14) 0.66 (0.18) 13.96 (4.40) 0.50 (-) 0.53 (-)
ROI IV 0.79 (0.07) 0.59 (0.27) 0.56 (0.16) 10.88 (5.11) 0.50 (-) 0.48 (-)

HRSC case 1 0.72+£0.02 0.06 £0.02 0.34+£0.06 185+1.5 0.73+0.07 0.75+0.13
case 2 0.80+0.02 0.22+0.04 0.41 £0.06 172+3.0 - -

“The underconstrained parameters are indicated by “(-)”) from CRISM measurement at 750 nm (present results) compared to those from HRSC
measurements at 675 nm [Jehl et al., 2008]. The Yellow Unit is associated to the Spirit landing site. The case 1 is the Hapke’s parameters determination
when the opposition effect parameters are set free and the case 2, when the Opposition Effect is neglected, with phase angles larger than 20° (see Jehl

et al. [2008] for more details).
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Figure 15. Same as Figure 14 for Meridiani Planum using observations FRT95B8, FRT334D, and

FRTB6BS and their combination (ROI I).

scattering with a relatively broad lobe (low b and ¢) which is
consistent with artificial materials composed of round and
clear sphere or agglutinates and close to irregular or round
rough, opaque, and solid natural particles (cf. Figure 15).
4.2.2. Comparison To In Situ Measurements Taken by
Pancam/MER Opportunity

[84] Similar to the work done at the Spirit’s landing site, a
photometric study was done at Meridiani Planum by using
the Pancam instrument from Eagle crater to Purgatory ripple
in Johnson et al. [2006b]. Units were defined, for example,
as “Spherule soil” (typical soil with abundant spherules),
“bounce marks” (soil compressed by the airbags at the
landing site), and “outcrop rock” (bedrock). Our results

20

are compared to the two photometric sequences taken by
Pancam that are near the selected ROI: south of Voyager
(Sol 437-439) and Purgatory region (Sol 449-473) (cf.
Figure 2). In addition to the Spherule soil unit, Johnson
et al. [2006b] defined the soil class “striped soil”, which
characterizes soils with a striped appearance on the faces
of some dune forms. Especially for the Purgatory region,
large ripples were present and a specific class was defined.
Bright soil deposits among the striped soil unit were
defined as a Dusty soil unit which was limited in spatial
extent. Results are summarized in Table 8. In this article
the photometric results are obtained from the combination
of four FRT observations using the H93 version of the
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Table 8. Retrieved Hapke’s Parameters and Their Standard Deviation®

Site Unit ® (deg) b c Number g (deg)
South of Voyager ~ Spherule soil ~ 0.53 (+0.02, —0.07) 14 (+1, =2)  0.249 (+0.022, —0.031)  0.491 (+0.058, —0.057) 144 ~5-140
(Sol 437-439) Striped soil ~ 0.56 (+0.01, —0.01) 15 (+1, —1)  0.305 (+0.010, —0.022) ~ 0.353 (+0.033, —0.032) 119 ~5-140
Purgatory region Spherule soil ~ 0.51 (+0.00, —0.01) 10 (+0, —1)  0.230 (+0.006, —0.007)  0.761 (+0.023, —0.013) 686 ~0-135
(Sol 449-473) Striped soil ~ 0.52 (+0.24, —0.00) 11 (+0, —1)  0.117 (+0.011, —0.012) ~ 1.000 (+,—) 104 ~0-135
Dusty soil 0.66 (+0.02, —0.02) 16 (+1, —1)  0.449 (+0.011, —0.020)  0.364 (+0.019, —0.053) 64 ~0-135

Ripples 0.52 (+0.01, —0.01) 9 (+1, —1)  0.255(—0.008, —0.007)  0.434 (+0.023, —0.014) 234 ~0-135

“The unconstrained parameters are indicated by “(+,—)” from the 2-term HG model for Sol 437-439 (Spherule Soil and Striped soil) and Sol 449-473
units (Spherule soil, Striped soil, Dusty soil, and Ripples) at 753 nm from Pancam onboard Opportunity [Johnson et al., 2006b].

Hapke’s model. In this way, we use the same model as in
Johnson et al. [2006b].

[ss] 1. Single scattering albedo. Figure 10 plots means
and uncertainties as well as the PDF of the single scattering
albedo o of the selected ROI against the values of the Spher-
ule soil and Striped soil units defined by Johnson et al.
[2006b] at south of Voyager and the additional dusty soil
and ripples units in the Purgatory region. The retrieved
values of ® from CRISM are higher than those estimated
from Pancam measurements except for the spatially sparse
dusty soil unit (first maximum of the PDF around 0.65).

[s6] 2. Phase function. Figure 11 plots the asymmetric
parameter b and the backscattering fraction ¢ solutions of the
Bayesian inversion for the ROI I in comparison to results of
two photometric units (i.e., Spherule soil and striped soil) from
south of Voyager and three photometric units (Spherule soil,
Dusty soil and Ripples) for the Purgatory region. Note that the
parameter ¢ is underconstrained in the striped soil unit in the
Purgatory region area because of the relative lack of phase angle
coverage (~45-110°). As mentioned in Subsection 3.2, para-
meters b and ¢ are not well constrained in the CRISM case
but exhibit slightly more forward scattering properties than at
Gusev crater. This results is still potentially consistent with all
units in Purgatory region and south of Voyager, except for the
Spherule soil which exhibits more backscattering properties.

[87]1 3. Macroscopic roughness. Means and uncertainties as
well as the PDF of the macroscopic roughness 6 modeled from
CRISM data is higher than that retrieved at the south of Voy-
ager and at Purgatory region (cf. Figure 12).

[s8] Two principal points from the previous comparison
can be outlined. First, at the effective spatial scale achieved
from space by CRISM for the photometric characterization
(460 m), the surface behaves particularly like the Dusty soil
unit defined by Johnson et al. [2006b] at the Purgatory
region: higher single scattering albedo, more forward scatter-
ing materials, and rougher surfaces. Second, the photometric
properties estimated from CRISM data are not strongly
supported by those determined from Pancam. In fact, the
selected ROI and the Pancam photometric sequences (South
of Voyager and Purgatory region) are located several
kilometers to the south of the Opportunity landing site
where a geological transition region is observed. Indeed,
bright plains which exposed a smaller areal abundance of
hematite, brighter fine-grained dust rich in nanophase iron
oxides (such as in Gusev Crater plains), and a larger areal
of bright outcrops are observed from orbital measurements
(cf. see Figure S1 in the Supporting Information) compared
to plains near the landing site [Arvidson et al., 2006]. Inside
the ROI I, even if the bright material unit does not seem to
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be the main geological unit at centimeter spatial scale, it
seems to be more abundant from the orbit.

5. Discussion

[s9] The previous results show that the surface photometric
parameters retrieved in this study are consistent with those
derived from in situ measurements. This cross-validation
demonstrates that MARS-ReCO is able to estimate accurately
the surface bidirectional reflectance of Mars. Nevertheless,
one could question the significance of these estimates. There-
fore, this section aims at testing the non-Lambertian surface
hypothesis used by MARS-ReCO and the influences of the
surface bidirectional reflectance sampling on the determina-
tion of the photometric parameters.

5.1.

[90] The compensation for aerosol contribution represents
a great challenge for photometric studies. In planetary
remote sensing, the Lambertian surface assumption is often
adopted by the radiative atmospheric calculations that allow
retrieval of surface reflectance [Vincendon et al., 2007,
McGuire et al., 2008; Brown and Wolff, 2009; Wiseman
et al., 2012]. The surface reflectance is then assumed to be
independent on geometry (i.e., the variation of TOA
radiance with geometry is supposed to exclusively relate to
aerosol properties). This hypothesis is generally used as it
simplifies the radiative transfer modeling. However, it has
been proved that most surface materials (e.g., minerals and
ices) have an anisotropic non-Lambertian scattering beha-
viors [de Grenier and Pinet, 1995; Pinet and Rosemberg,
2001; Johnson et al., 2006a, 2006b; Johnson et al., 2008;
Lyapustin et al., 2010]. Consequently, we consider that a
Lambertian hypothesis can potentially create biases in the
determination of the surface reflectance.

[o1] For the AOT estimate some assumptions regarding
the surface properties were taken in Wolff et al.’s work
[Wolff et al. 2009]. Indeed this method assumes a non-
Lambertian surface to estimate the AOT by using a set of
surface photometric parameters [Johnson et al., 2006a,
2006b] that appears to describe the surface phase function
adequately for both MER landing sites (roughly associated
to the brighter or dusty soils). This assumption is qualitative
but reasonable for several reasons enumerated by Wolff'et al.
[2009]. However, bias in the estimation of surface bidirec-
tional reflectance can appear. For both MER landing sites
it seems from Wolff et al.’s work [Wolff et al. 2009] that
the AOT retrievals are overall consistent with optical depths
returned by the Pancam instrument (available via PDS).

[92] In order to test whether or not the non-adoption of a
Lambertian hypothesis improves the quality of the retrieved

Non-Lambertian Surface Hypothesis
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surface reflectance, we compare the surface reflectance and
the surface photometric parameters retrieved by a radiative
transfer-based atmospheric correction technique that adopts
a Lambertian assumption for the surface [Douté, 2009] and
those given by MARS-ReCO [Ceamanos et al., 2013].

[93] Figure 16 presents the initial TOA reflectance and the
surface reflectance derived from both atmospheric correction
techniques as a function of the phase angle. As can be seen,
the main difference is observed at high phase angle (greater
than 90°) where lower BRF are estimated in the case of the
Lambertian method. This difference can be explained by the
non-Lambertian assumption of the surface by MARS-ReCO.
Table 9 presents the photometric parameters retrieved from
the surface bidirectional reflectance estimated from both
techniques. First, solutions are found for the parameters ®, b,
¢, and @ with higher standard deviations from the Lambertian
method. Second, higher b is observed from the Lambertian
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Figure 16. Photometric curves corresponding to ROI I of
the FRT3192 observation and composed of 10 angular
configurations. The reflectance values (in BRF units) are
extracted at the TOA (green asterisk) and at the surface after
correction for atmospheric contribution. The latter takes into
account a non-Lambertian surface hypothesis using MARS-
ReCO (red crosses) and a Lambertian surface assumption
(blue plus sign; see details in section 5.1). In the three cases,
we plot error bars corresponding to the 1o uncertainty.

method which is not compatible with the in situ photometric
results. This shows that the consideration of a non-Lambertian
surface in the correction for aerosol contribution by
MARS-ReCO is needed for the determination of accurate
surface bidirectional reflectance and thus for the estima-
tion of accurate surface photometric parameters.

5.2. Influences of the Surface Bidirectional Reflectance
Sampling on the Determination of the Photometric
Parameters

[94] The accuracy of the determination of Hapke’s para-
meters ®, b, ¢, 0, By, and & highly depends on the quality
and the representativeness of the surface bidirectional
reflectance used for their estimation. Indeed, for a given
phase angle range, the estimation of all parameters is
essentially controlled by the degree to which the angular
space (incidence, emergence, azimuth, and consequently
phase angles) is covered rather than by the number of
available angular configurations [Souchon et al., 2011].
Also, a large phase angle domain is required. In fact,
certain photometric parameter are sensitive to the avail-
ability of low and high phase angle values. First, the
opposition effect is visible only with phase angle values
less than 20°. Second, for an accurate determination of
the macroscopic roughness, observations that span from
small phase angle out to phase angle above 90° are
needed [Helfenstein, 1988]. Finally, materials with strong
backscattering or forward scattering properties require
the consideration of large phase angles, ideally greater
than 140° [Kamei and Nakamura, 2002; Shkuratov
et al., 2007; Shepard and Helfenstein, 2011; Helfenstein
et al., 1991].

[o5] As presented previously (Subsection 2.1.1), CRISM
targeted observations are composed of 11 images which
are characterized by a constant incidence angle and 11
different emergence angles. Two modes of relative azimuth
are used corresponding to the inbound and outbound
portions of the spacecraft trajectory. Based on laboratory
experiments performed under a given incidence angle,
Souchon [2012] showed that the photometric parameters
are determined with a good reliability under the condition
of varied emergence and azimuth angles, resulting in varied
phase angle values. However, each CRISM observation has
intrinsically limited azimuthal and emergence coverage,
which affects the determination of all the photometric
parameters such as the opposition effect parameters, B,
and £, the phase function parameters, b and ¢, and the

macroscopic roughness, 6. The solution used in the present

Table 9. Retrieved Hapke’s Parameters (, b, ¢, and 0 in degrees, By, /1) and Their Standard Deviation®

ROI FRT AOT ) b c 0 B, h nb g
k k k k k k

ROIT 3192 (non-lamb. hypo.)  0.334+0.04  0.68 (0.06)  0.17 (0.20)  0.62 (0.20)  11.62(3.98) 0.52(-) 0.52(-) 10 ~56-112
1.00 1.92 0.96 1.00 0.24 0.12

3192 (lamb. hypo.) 0.3340.04  0.74(0.08) 046 (0.32)  0.64 (0.17)  12.43 (4.86) 0.52() 050() 10 ~56-112
0.99 1.12 0.74 0.98 0.25 0.03

“The underconstrained parameters are indicated by “(-)” from CRISM measurement at 750 nm using our Bayesian Inversion assuming (i) a non-Lambertian
assumption (MARS-ReCO) [Ceamanos et al., 2013] and (ii) a Lambertian hypothesis [Douté, 2009] for the surface. The Hapke’s photometric parameters
corresponding to the ROI I are retrieved by Bayesian Inversion as well as the nonuniform criterion 4. (nb: number of angular configurations, g: phase angle range

in degree).
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study is to combine several targeted observations with
different illumination conditions taken at different times in
a year (because of the MRO sun-synchronous orbit) in order
to enrich as much as possible the phase angle range by
adding low and high phase angles. Nevertheless, low (less
than 20°) and high (greater than 120°) phase angle values
are not available here.

[96] Thanks to Bayesian inversion, the shape of the a
posteriori PDF is known and will inform us whether the
bidirectional reflectance sampling is sufficient to estimate
accurate photometric parameters. In fact, a uniform or
bimodal PDF are the consequence of a lack of the bidirec-
tional reflectance sampling as confirmed by synthetic tests.

[97] Note that the surface bidirectional sampling also
influences the AOT estimate notably through the determina-
tion of the single scattering albedo. Large AOT error bars
are related to CRISM targeted observations presenting limited
geometries [Wolff et al., 2009]. However, the surface bidirec-
tional reflectance estimated by MARS-ReCO is sensitive to
the accuracy of the AOT input [Ceamanos et al., 2013].

5.3. Comparison of Surface Photometric Results From
Pancam Versus CRISM

[98] The differences regarding the acquisition geometries
between Pancam and CRISM can influence the determination
of the photometric properties. Ideally, in order to properly
compare both results, the bidirectional reflectance sampling
should be the same. However, this cannot be achieved because
of the technical constraints on the acquisition of the bidirec-
tional reflectance measurements in the case of a spaceborne
instrument and an in situ vehicle, respectively. In addition,
the atmospheric contribution does not affect the observation
in the same manner. In the orbital case the light travels twice
across the atmosphere while in the in situ case, it only travels
once before reaching the sensor.

[99] Comparison of orbital photometric results to in situ
photometric results demonstrates two main differences arising
from different acquisition modes. The first comes from the
sampling of the bidirectional reflectance. Pancam acquires a
photometric sequence by varying the illumination angles
(observations acquired at several times of day) and by varying
the local azimuth and emission angles among similar units to
order to enrich the phase angle range.

[100] The second difference comes from the spatial scale
that is accessible. CRISM photometric curves are obtained
at the hectometric spatial scale on an extended area whereas
Pancam observes at the centimeter spatial scale. Some
characteristics of the surface can be observed at a hectometric
scale but not at centimeter scale and conversely. From the
ground, Pancam is able to distinguish rocks and soils with
relatively high variability, whereas CRISM observes extended
areas for which the variability of rocks and soils may appear
relatively reduced. Despite these differences, the choice is
made here to consider the Pancam in situ photometric results
as the ground truth, taken as a reference.

5.4. Interpretation of the Retrieved Photometric
Parameters From Orbit

[101] Consistent trends were found with regard to the in situ
photometric results. At the hectometer-scale, the surface
behaves like the Soil unit defined by Johnson et al. [2006a].
The signal acquired by CRISM mixes several contributions
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coming from distinct surface materials occurring at the sub-
pixel level. This mixing can be (i) linear or (ii) nonlinear. In
the case of linear mixing (geographic mixing), the measured
signal is a linear sum of all the radiated energy curves of
materials making up the pixel. Consequently, the consistency
of our results with the Soil unit behavior can be due to their
dominant relative abundance within the CRISM pixel. In the
case of nonlinear mixing, the signal measured is the result of
a nonlinearly weighted combination of signals coming from
different units. In both cases, the apparent consistency with
the Soil unit could be coincidental.

[102] Previous orbital observations acquired at the MER
landing sites gave several clues concerning its physical
and chemical properties. This information can be used to
validate the present photometric results to provide a better
understanding of the geological meaning of the estimated
photometric properties. First, we compare our results to the
albedo estimates by the TES instrument. Spirit landed in a
relatively dark streak feature which is composed of hundreds
of dark-toned, small sub-parallel streaks created by dust dev-
ils, roughly oriented NW-SE. This feature is characterized by
low albedo values (between 0.16 and 0.22) [Martinez-Alonso
et al., 2005]. Pancam in situ analysis [Bell et al., 2004; Far-
rand et al., 2006] and coupled OMEGA measurements and
Spirit data [Lichtenberg et al., 2007] show that the Spirit land-
ing site is mainly composed of soil deposits sprinkled with
small rocks interspersed with nanophase ferric-oxide-rich
dust. These results are consistent with the intermediate sin-
gle scattering albedo estimates modeled from CRISM
observations (o~ 0.68). Meridiani Planum is characterized
by a low albedo estimated at 0.09-0.19 [Mellon et al.,
2000]. Dust-free dark sand surface is mainly observed on
the Meridiani Planum landing site. However, the intermedi-
ate single scattering albedo value modeled from CRISM
dataset is more consistent with bright plains which exposed
a smaller areal abundance of hematite, brighter fine-grained
dust rich in nanophase iron oxides (such as in Gusev Crater
plains) and a larger areal of bright outcrops are observed
several kilometers to the south of the Opportunity landing
site from orbital measurements [Arvidson et al., 2006].

[103] Second, we compare our results to the thermal in-
ertia (TI) estimated by Thermal Emission Imaging System
(THEMIS) images. This is a measure of the resistivity of
surface materials to a change in temperature which is
function of the particle size, bulk density, and cohesion.
The intermediate THEMIS-derived TI at Gusev landing
site (186—347 SI, 3 x 6km resolution; Martinez-Alonso
et al., 2005) suggests that the surface is dominated by
unconsolidated materials (cohesionless surface) which is
consistent with the photometric estimates. This shows that
the surface dominantly behaves like the Soil unit, particu-
larly those observed at the landing site which exhibit
more small clasts in soil. At Meridiani landing site, lower
THEMIS-derived TI is found (i.e., 175 SI, 3 x 6 km reso-
lution; Jakosky et al., 2006) suggests that the surface is
dominated by more fine-grained materials. Those pieces
of information are consistent with the CRISM-derived
photometric estimates showing that the area has similar
properties as the Soil unit.

[104] Even if consistent trends were found, one difference
is observed with regard to the in situ photometric results.
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The difference concerns the macroscopic roughness 6. At
Gusev Crater, the intermediate values of @ conjugated to
the presence of more small clasts on soil [Ward et al.,
2005; Johnson et al., 2006a] suggest that the parameter 0
is mainly sensitive to micro-structure. In contrast, slightly
rougher soil was modeled from CRISM data at Meridiani
Planum. This outcome can be explained by (i) the presence
of rocks but very few rocks are observed [Golombek et al.,
2005], (ii) the presence of less than 1cm hematite-rich
concretions [Calvin et al., 2008] and/or (iii) the presence
of morphological structures such as centimeter-high ripples
[Golombek et al., 2010]. The second and third explanations
could be responsible for the roughness measured at
hectometer scale, suggesting that the parameter @ is sensitive
to both the specific local micro- and macrostructure. At the
Gusev plain, it seems that the surface roughness is
dominated by small clasts in soils, whereas, at Meridiani
Planum it is dominated by the soil particles (concretions)
and ripples.

6. Conclusions

[10s] CRISM observations acquired over the MER Spirit
and MER Opportunity landing sites allow us to validate
the accuracy of (i) the Martian surface bidirectional reflec-
tance estimated by the procedure named MARS-ReCO
developed by Ceamanos et al. [2013] and (ii) the determined
Martian photometric parameters, by comparing our results to
the in situ photometric results modeled from data taken by
the Pancam instrument on-board both rovers. Indeed, Hapke’s
parameters (o, 6, b, and c¢) estimated from CRISM measure-
ments (using a combination of CRISM multi-angle images
after individually applying to each FRT observation the
MARS-ReCO atmospheric correction procedure) are mainly
consistent with parameters modeled from in situ measure-
ments taken at the Spirit and Opportunity landing sites. The
innovative assumption of a non-Lambertian surface is used
in our methodology to accurately estimate intrinsic surface
photometric properties from space. Our results appear to
improve (i) those achieved in HRSC-based photometric
studies, in which no aerosol correction was used and (ii) those
estimated from surface bidirectional reflectance derived from
atmospheric correction assuming a Lambertian surface, as
they compare better with the in situ Pancam results. This
outcome of our study shows that MARS-ReCO gives access
to consistent surface bidirectional reflectance. As a conse-
quence, surface photometric parameters can be reliably
estimated from CRISM observations, provided that the
atmospheric conditions are not turbid. As presented previ-
ously, the AOT values derived from Wolft et al.’s work [ Wolff
et al. 2009] are estimated with assumptions concerning the
surface properties, imposed to be similar as MER observations
at both landing sites. Further developments could lead to the
joint estimation of AOT and surface bidirectional reflectance
by considering the full spectral dimension.

[tos] This presented approach may suffer from intrinsic
limitations due to the scarcity of CRISM measurements with
broad bidirectional reflectance sampling. However the
combination of several CRISM observations alleviates this
problem by improving the phase angle range thus better
constraining the determination of photometric parameters.
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Furthermore, since September 2010, the inbound segment in
targeted observations is absent due to problems of the gimbal
instrument [Murchie, 2012]. Only six angular configurations
are still available after this date. Consequently, more targeted
observations must be combined in order to compensate this
limitation.

[107] The presented methodology opens the possibility to
map the surface bidirectional reflectance thus the spatial
variations of the photometric parameters. The determination
of the physical state of the surface materials (i.e., mean grain
size, grain sphericity and grain heterogeneity, mean surface
porosity, and surface brightness) through the study of their
photometric properties (phase function of the particle, single
scattering albedo, surface roughness, and opposition effects)
provides complementary information to composition. It has
implications for the characterization of different types of
terrain over Mars (i.e., extrusive and intrusive volcanic
terrains, sedimentary terrains, and impact craters) and for
identification of surface temporal modifications (i.e., acolian
process and space weathering process). Moreover, the
present work has implications for spectroscopic interpreta-
tion as it gives information about the particle (i.e., size)
and grain organization which have significant influence on
spectral properties [Poulet and Erard, 2004].

[108] In future work, both challenges of map creation and
improvements for non-flat terrains shall be taken into account,
with a particular emphasis on the complex handling of local
slope effects which is not straightforward in the case of multi-
ple reflection between surface facets. Note that MARS-ReCO
may be used for mapping the photometric properties of the
Martian surface even when using a single CRISM targeted
observation. In this case, however, the photometric inver-
sion should be focused to retrieve only single scattering
albedo for the best surface bidirectional reflectance sampling.
Furthermore, use of a single-lobed Henyey-Greenstein
function would reduce the number of unknown photometric
parameters and therefore could allow us to constrain the
asymmetry parameter besides the single scattering albedo.
Likewise, laboratory studies bearing on the photometric
behavior of natural surfaces under controlled conditions
and under a large range of observational geometries
[Souchon et al., 2011] are necessary to better document
and interpret the variations of the photometric parameters
in relation with surface geological processes such as acolian,
aqueous, and impact processes.

Appendix A: Nonuniform PDF

[109] Central moments y, (such as the variance i, of order
two) are commonly used for statistical purpose while
cumulants £, have the advantage to present unbiased statisti-
cal estimator for all orders [Fisher, 1930]. Also, the first
three cumulants are equivalent to the central moments. For
arandom variable following the PDF f{x) in (0,1), the
cumulant-generating function is

1
O(f) =InTF{f(x)} = In J e (x)dx. (A1)
0

Cumulants of order n are defined by
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_0"D(r)
n = W + 0([)‘ (A2)
The first four cumulants of a uniform PDF are
1
k=35=n, (A3)
1
kZ - E = H, (A4)
ky =0 = ps, (AS5)
ko= = = 3 A6
4= T 0 Hy Ha) - (A6)

Thus, we propose to estimate the nonuniformity of the
results of the inversion with

o =12 k=112 ks ke 1120
T T2 1600 1120

(A7)

We perform 10,000 uniform random vectors of 500 samples
(identical to the inversion procedure). Since the maximum
is k=0.47 for the most extreme event, we propose to
have nonuniform PDF for k> 0.5. For the inversion
purpose, since the a priori PDFs on the parameters are
uniform if the results of the inversion on one parameter
has k£<0.5, we conclude that this parameters is not
constrained by the observations.
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CHAPITRE 3. SPECTROSCOPIE HAUTE RESOLUTION

Les identifications de matériaux en Planétologie et en Astronomie se font généralement par des
méthodes spectroscopiques. La comparaison entre les positions et largeurs des bandes d’absorptions
observées et mesurées en laboratoire permet de déterminer les matériaux en présence. Dans ce contexte,
la spectroscopie a haute résolution spectrale (de I’ordre de 0.001 microns a 5 microns) est ~10 fois
meilleure, en comparaison avec les techniques d’imageries hyperspectrales décrites précédemment (de
résolution de 0.01 microns a 5 microns). Néanmoins, les instruments de spectroscopie a haute résolution
ne permettent pas de réaliser une cartographie trés précise car ils observent un point unique, défilant
avec le trajet du satellite. Bien que la majorité des minéraux ne comportent pas de bande d’absorption
nécessitant la haute résolution, 1’étude précise des volatils, requiert la haute résolution.

Le premier sous-chapitre décrit le contexte actuel des observations de spectroscopie a haute résolu-
tion, au travers de la détection de méthane sur Mars et de I’instrument PFS (embarqué a bord de Mars
Express). Mes contributions, développées notamment lors du séjour d’Irina Shatalina (doctorante de Bor-
tolino Saggin de I’équipe PFS) a IDES, seront détaillées au sous-chapitre 3.2 page 138] Les perspectives
de ces travaux sont décrites a la section[3.3]

3.1 Contexte

3.1.1 Le méthane sur Mars

La détection de méthane dans I’atmosphere de Mars a été suggérée par des études télescopiques
[170,[171]]. Cependant les attributions des bandes d’absorption au méthane martien peuvent étre confon-
dues avec la contribution terrestre. Le méthane a été détecté par le spectrometre Planetary Fourier Spec-
trometer (PFS) de la sonde Mars Express [93] et par les réanalyses de I’instrument Thermal Emission
Spectrometer (TES) a bord de Mars Gobal Surveyor [[89]]. Une autre équipe d’astronome [234]] a suggéré
la présence de méthane mais des réanalyses de ces données ont montré que la contribution majeure de
CHy était terrestre [343]].

Ces détections de méthane suggerent qu’il est présent a quelques dizaines de ppb (partie par milliard)
et extrémement fluctuant en fonction de la saison, de la longitude et de la latitude [[LO0]. Ces détections
ont suscité un treés grand intérét dans la communauté des planétologues et des exobiologistes. Cependant,
il n’y a toujours pas actuellement de consensus sur la réalité du méthane martien, détecté néanmoins, a
des niveaux comparables par trois instruments différents. Plusieurs raisons sont évoqués : (i) parce que la
variabilité spatio-temporelle observé du méthane exige une durée de vie courte (~1 an), contredisant les
modeles photochimiques (~300 ans) [185]], (ii) parce que les concentrations sont tres faibles a la limite
de la résolution, (iii) parce que I’instrument in situ le plus précis, Tunable Laser Spectrometer (TLS)
du rover Curosity, a montré une absence de méthane avec une limite de détection trés faible (<1.3 ppb)
[337]. Néanmoins, le caractere trés oxydant du sol suggere une oxydation hétérogéne du méthane dans
le régolite [40] qui pourrait expliquer I’absence de méthane au sol et un profil en croissance verticale
d’apres PFS [Formisano et al., non publié].

Plusieurs scénarii de formation du méthane ont été proposés : par photochimie a partir d’eau et de
CO, [13]], par serpentinisation [8, 42]], serpentinisation dans des systeémes hydrothermaux actuels ou
passés [39]], par la formation de clathrate en surface [43]], voir métastable dans 1’atmosphere [38]], ou
encore éventuellement dii a la présence de bactéries méthanogenes [9, [8]. Une synthese des travaux
concernant les implications géologiques de la présence méthane sur Mars a été proposé [[169].

Dans ce contexte, les données de PFS sont les seules données de spectroscopie a haute résolution
prises en orbite autour de Mars qui permettent d’établir une réponse claire concernant la présence de
méthane et aussi de déterminer ses éventuelles variabilités spatiale et temporelle.

3.1.2 Etude de la surface avec PFS

Au dela du méthane, les données de I'instrument PFS sont les seules disponibles a haute résolution
spectrale et permettent des études spectroscopiques de la surface et en particulier des glaces. La premiere
étude spectroscopique des glaces par PFS concerne la calotte permanente sud de Mars [[112]]. D apres
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cette étude, la calotte est composée de CO; pur. Les contours de la calotte comportent des impuretés
d’eau. Des unités de terrains brillants, détaché de la calotte correspondent a de la glace d’eau pure. Le
suivi de la calotte saisonniere sud de CO, a été fait grace a I’émission thermique [[103]. Aussi, une étude
spectroscopique de la calotte saisonniere nord, dans le domaine proche infra-rouge [104], a permis de
montrer la présence d’une couronne d’eau autour de la calotte de CO,. Cependant, a cause des artefacts
et de la relative basse résolution spatiale (>50 km), dus au traitement par stacking (voir section suivante),
ce type d’analyse de spectroscopie fine est limité.

3.1.3 Microvibrations de PFS

Bien que les données de PFS soient intéressantes pour 1’étude des composés atmosphériques mineurs
comme le méthane ou des glaces en surfaces, leur utilisation est limitée par un niveau de bruit trop impor-
tant. En effet, I’instrument a été construit pour un niveau de vibrations mécaniques nettement inférieur au
bruit de la plateforme Mars Express. Certains de ces bruits sont structurés, avec des fréquences précises,
comme par exemple :

— les modes propres de I’instrument PFS lui-méme

— les modes propres des instruments voisins

— les générateurs de bruits structurés comme les cryocoolers

— les roues de réaction (Reaction Wheels), qui permettent d’orienter la plateforme Mars Express par
effet d’inertie

— les unités de mesures inertiels (Inertia Measurement Unit), dont les détecteurs sont générateurs de
bruit.

De ce fait, les mesures se trouvent polluées par des artefacts, identifiés des la phase de croisiere jusqu’a
Mars [102, [101]]. L’instrument PES est un spectrometre a transformée de Fourier. En effet, il enregistre
les interférences du signal avec lui-méme en fonction d’un décalage entre les deux signaux [94]]. Sur
I'instrument PFS, le décalage est créé grice a la rotation d’un miroir a coin cubique (voir figure [3.1)). Le
spectre lumineux est estimé par transformée de Fourier numérique de I’interférogramme. Pour limiter
les effets des vibrations et avoir un maximum de précision, le pas du dessalage est donné par un signal
laser artificiel, parcourant le méme trajet optique que les signaux Martiens, dont la longueur d’onde est
connue. En cas de vibrations, le décalage oscille autour de la valeur du pas laser, induisant des artefacts
dans le spectre appelés fantomes ou “ghost” (voir figure [3.2). Précisons aussi que I’instrument PFS a
deux canaux de sensibilité spectrale différente : Long Wavelength Channel (LWC) entre 200 et 2000
cm~! (5 et 50 microns), de résolution spatiale maximum de 7 km et Short Wavelength Channel (SWC)
entre 2000 et 8200 cm~! (1.2 et 5 microns), de résolution spatiale maximum 12 km, avec un pas de 1.03
em~! (1.4 cm™! de résolution avec apodisation).

Pour résoudre ce probleme, deux stratégies ont été mises en place par I’équipe PFS :

— lors de I’acquisition, la vitesse de rotation du miroir cubique, c’est a dire la vitesse d’acquisition
de I'interferogramme, a été adaptée pour minimiser les artefacts. Des tests lors de la période de
navigation vers Mars ont montré que la vitesse d’acquisition de 2500 Hz (fréquence de passage
des pas du laser) optimise les artefacts sur la voie SWC et LWC (voir figure [3.3).

— un effort intense de modélisations analytique [[57, 276]] et numérique [S8] des effets des vibrations
a été réalisé dans le but de comprendre en détail la formation des artefacts. Ces résultats montrent
que pour une fréquence de vibration fixe, la phase, c’est a dire le décalage spatial ou temporel
entre I’interférogramme et la perturbation mécanique, est aléatoire. De ce fait, un moyennage ou
“stacking” d’un grand nombre de spectres permet d’éliminer les artefacts de phases aléatoires (voir
figure [3.4)). Néanmoins, il n’est plus possible d’analyser des spectres individuels mais seulement
un grand nombre de spectres, ce qui dégrade la résolution spatiale et temporelle de I’instrument.
De plus, d’autres effets instrumentaux, résultant a des phases structurées, ne sont pas corrigés par
le stacking [58]].

Au vu des enjeux, j’ai mis au point un programme de recherche pour améliorer la calibration de

I’instrument PFS. J’ai constitué un groupe de travail comportant des spécialistes du traitement du signal
a SUPELEC (Nicolas Gac et Matthieu Kowalski) et I’équipe PFS (Marco Giuranna et Bortolino Saggin).
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FIGURE 3.1: Schéma optique de I’instrument PFS d’aprés [94]
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FIGURE 3.2: Exemple de fantdme (ghost) sur une observation PFS SWC en unité DN (non calibré en
radiance) d’apres [282]
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FIGURE 3.4: Comparaison entre simulation d’artefact (extréme en rouge) et les données réelles (points
de couleurs), et la moyenne (en noir), d’apres [38]]

3.2 Contributions

Mon objectif principal est d’améliorer la calibration PFS, en estimant les effets de micro-vibrations
directement sur chacun des spectres et en utilisant des méthodes de déconvolution en aveugle. Dans
un premier temps, il s’agit d’établir un modele analytique simplifié, puis, de réaliser une méthode de
correction des spectres, ayant une implémentation rapide pour le traitement d’un grand jeux de données.

3.2.1 Modélisation analytique des vibrations

Des travaux de modélisations analytiques des effets des micro-vibrations ont été proposées pour plu-
sieurs effets découplés [276] : oscillation autour du pas d’échantillonnage et oscillation du désalignement
optique. D’autre part, ces auteurs proposent une modélisation des effets de non-linéarité du détecteur et
de réflexions internes. Cependant, ces différents effets n’ont pas été traités analytiquement ensemble,
pour plusieurs fréquences de vibrations mais de maniere indépendante analytiquement. Les effets com-
binés ont été étudiés par modélisation numérique et validés sur des données réelles [38]] (voir figure
3:4).

Nous avons réalisé une modélisation analytique de tous les effets de vibrations au premier ordre
(article est disponible au chapitre [3.4.1) et I’expression est la suivante :

Ist(G) :IMWS(G)—F[G.IMWS(G)]*K(G) 3.1

avec le nombre d’onde o, le spectre de PFS en complexe Iprs(0), le spectre de Mars en complexe
Iyars(0), le noyau de vibrations en complexe K(o) de forme suivante, somme de j fréquences de vibra-
tions :
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FIGURE 3.5: Schéma de I’effet d’une fréquence pure de vibration sur le spectre PFS, d’apres[292].

KPFS(O') = Z{C]}jexp(i(chj(G))S(G—Gdj) (3.2)
j

+Ca,jexp(i@c, ;(0))8 (0 +04,) } (3.3)

= 58(0) +A(0)e" () 1 B(c)e () (3.4)

avec la fonction dirac §().

Ou; = fj /vm avec f;la fréquence de vibrations et v,, la vitesse moyenne d’acquisition de I’interfero-
gramme. Les quantités A, B, C, ¢4, @p sont inconnus et ne peuvent pas étre évaluées quantitativement a
cause du manque d’information a propos de I’amplitude et de la phase des micro-vibrations. En pratique,
les fonctions A, B, C, @4, @p sont parcimonieuses sur o car les fréquences de vibrations sont peu nom-
breuses, et donc parcimonieuses. Les fonctions A, B, C, @4, @p ne sont pas symétriques autour de 6 =0
a cause de leur phase relative. La figure [3.5]illustre I’effet d’une fréquence de microvibration pure sur le
spectre PFS.

Pour plus de détail, I’article est disponible au chapitre

3.2.2 Traitement des données réelles de PFS

Le probléme de déconvolution en aveugle est un probleme jugé tres difficile en traitement du signal,
car il y a peu d’informations disponibles face aux inconnus. En réalité dans notre cas, les inconnus sont
deux fois plus nombreuses que les données car le noyau inconnu K (o) et le spectre de Mars corrigé des
vibrations inconnues Iy/,s(0) ont la méme dimension que les données Iprs(0 ). Néanmoins, ce probleme
peut étre résolu par des méthodes de minimisation, en introduisant des contraintes sous forme de termes
de régularisation [[138]].

Notre stratégie est aveugle (ou semi-aveugle comme présentée ci-apres), afin d’assurer une conver-
gence dans toutes les situations d’observations réelles, de maniere automatique et sans définir a priori
un domaine valide de nombre d’onde. Malheureusement, un probléme non-linéaire, comme celui de
I’équation [3.1] ne permet pas de réaliser une inversion aveugle. Nous avons donc simplifié le probleme
en supposant pour le second terme, contenant les fantdmes des vibrations, que le domaine de nombre
d’onde de Iy, , avec un signal significatif, est réduit & o ~ 2500 cm™! (il est en réalité majeure autour
de o ~ 2000 — 3000 cm™ ). Dans ce cas, l’équation se simplifie en :
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Ipps(G) :IMWS(G)*[5<G>+K(G).G/<] . 3.5

Puis, en redéfinissant le noyau Kpps(o) = 6(0) + K(0).0; :

Iprs(0) = Imars(0) x Kprs(0) (3.6)

Dans ce cas, le probleme est bien celui d’une déconvolution. Il est rappelé que toutes les quantités
sont complexes. L approximation du domaine de nombre d’onde réduit est valide a cause de la sensibilité
du détecteur et du signal martien typique (voir figure . Les écarts entre 6 ~ 2500 cm ™! et le vrai
signal o ~ 2000 — 3000 cm~! correspondent 2 un facteur d’erreur de x0.8 & x1.2, ce qui est raisonnable
dans notre cas.

Nous avons proposé une méthode de déconvolution itérative, basée sur la minimisation d’une fonc-
tion colit €, soit pour Ivars, soit pour Kprs :

Ivtars, Kpps = argmin € (Iyiars, Kprs) (3.7)

Ivars 1KPF S

Une fonction cofit convexe assure 1’existence d’une solution unique au probléme de minimisation.
Les estimateurs de la solutions sont notés : Iy.s, Kprs, €t 1a fonction cofit est la suivante :

lM ars

5 1D * Iygars||3 (3.8)

1
€ (IMars, Kprs) = 3 |Iprs — Kprs > Ivars||5 + Ak || Kprs||1 +

Trois termes apparaissent dans cette fonction :

1. Le premier terme représente 1’ attache aux données, ¢’est a dire le modele directe de I’équation[3.6]
Ce terme est sensible au bruit haute fréquence et doit €tre balancé par des termes de régulation qui
correspondent a des a priori sur la solution [[138]].

2. le second terme représente une contrainte de type parcimonie. La norme ¢; (somme des valeurs
absolues) du noyau doit étre petite, en accord avec le fait que le noyau est composé d’un nombre
réduit de dirac, définit & I’équation (3.4

3. le troisiéme terme représente une contrainte de type lissage ||D x Iyqs| % avec D I’opérateur dis-
cret de dérivé au premier ordre. Cet a priori encourage des solutions lisses pour réduire I’effet
d’amplification du bruit haute fréquence.

Tous ces termes sont pondérés par deux hyperparameétres positifs Ax and Ay.,s. La fonction cott de
I’équation [3.8|est convexe pour les variables Iy,s lorsque Kprs est fixe et vice et versa, mais pas pour le
couple (Iyars, Kprs). Notre stratégie est de suivre une procédure classique itérative : d’apreés une valeur
initiale I}),Iars, la procédure estime successivement a 1’itération n K 1’5;;; et IAI’[,;;L
Plus précisément, 1’algorithme est le suivant :
1. Premiere estimation du noyau I%},FS d’apres les données filtrées I}?,,m et Ipps, avec un terme de
régularisation de type parcimonie

2. Boucle itérative :

(a) estimation du spectre de Mars IA,’(,,Es d’apres les données non-filtrées I?I’iFS et Ippg, avec un
terme de régularisation de type lissage

(b) estimation du noyau I?;’,;; d’apres les données non-filtrées f;’,,*aig et Iprg, avec un terme de
régularisation de type parcimonie

3. Derniére estimation du spectre de Mars /" d’apres les données non-filtrées K2 et Ippg
P Mars & P PFS

11 est nécessaire de commencer cette boucle sur des données filtrées car les fonctions de Planck peuvent
étre estimées pour Mars (émission solaire réfléchie et émission thermique). Néanmoins, la structure fine
et la composition de I’atmosphere, qui composent les hautes fréquences de Iy,,s, sont difficiles a estimer a
priori. Nous avons choisi d’ajuster plusieurs fonctions de Planck d’apres les données Iprs, afin d’estimer
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FIGURE 3.6: Comparaison du traitement entre notre algorithme (a gauche) et la méthode du stacking (a
droite), d’apres [282].

IA,?M,S pour chaque spectre observé. La méthode est dite “semi-aveugle”, car il est nécessaire d’estimer
une valeur initiale ), .

Nous avons validé cette approche sur des données réelles et synthétiques. Notre approche permet une
correction de la forme générale des spectres, c¢’est a dire I’élimination des “fantdémes”, plus rapidement
que la méthode de stacking (voir figure[3.6). Globalement, notre méthode permet I’ utilisation des spectres
uniques alors que la méthode des stackings nécessite une moyenne de 11 spectres.

D’autre part, la figure [3.7] présente une comparaison entre trois techniques d’estimation du noyau de
vibration : notre méthode de déconvolution IQ}:Z’;’I, une méthode approximée basée sur le laser de réfé-
rence, les données ab initio des sources de vibrations de Mars Express d’apres la télémétrie de I’ Agence
Spatiale Européenne. L’accord est relativement bon (rms=3.1x10~%), mais le détail de tous les pics n’est
pas parfait, probablement a cause des limitations de la déconvolution en aveugle.

Pour plus de détails, I’article est disponible au chapitre

3.3 Perspectives

3.3.1 Perspectives méthodologiques

Pour I’instant, notre approche traite les spectres de maniere indépendante. Cependant, une correction
multi-spectre est envisageable pour améliorer la robustesse des estimations, car les fréquences de vibra-
tions varient peu dans le temps. En revanche, les amplitudes complexes sont a chaque fois différentes :
(i) les amplitudes sont relativement constantes mais peuvent varier dans le temps, (ii) les phases sont
toujours aléatoires entre 1’acquisition et la vibration.

D’autre part, nous avons établi une méthode de correction efficace pour I'instrument PFS. Sa qualité
peut-€tre estimée lorsque le laser est allumé, c’est a dire pour les 310 premieres orbites de Mars Express.
Lorsque le laser est éteint, il serait judicieux de développer des tests de cohérence pour estimer la validité
de la correction.

Aussi, nous avons choisi de simplifier le probleme sous forme de convolution linéaire, mais a 1’avenir
des méthodes de corrections plus précises, basées sur le modele non-linéaire exact au premier ordre
(équation [3.T), permettraient un meilleur traitement des données.

Enfin, nous souhaitons implémenter cette approche avec des outils de calculs performants pour cor-
riger I’intégralité des données PFS, soit prés d’un milliard de spectres.
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FIGURE 3.7: Comparaison entre le noyau de vibration Kprs : d’apres notre algorithme en bleu, d’apres
une méthode approximée basée sur le signal laser de référence en rouge, d’apres les données ab initio de
la sonde Mars Express en gris foncé, les combinaison des fréquences de vibrations ab initio en gris clair
(figure d’apres [282])
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3.3.2 Perspectives planétologiques

Les perspectives planétologiques sont multiples, de la structure et la composition de 1’atmosphere,
a I’étude de la surface et notamment des glaces. Une perspective intéressante serait I’étude de la source
d’eau actuelle sur Mars (voir section[6.2 page 295)) ou la possibilité de présence de clathrates actuels (voir
section [6.4.1 page 298). Ces perspectives seront développées dans le dernier chapitre de ce manuscrit.

3.4 Publications

Scientifique invité :

— 1. Shatalina (doctorante de Politecnico di Milano sous la direction de B. Saggin) invité pendant 5
mois a IDES

— M. Giuranna, Professeur invité pendant 1 mois (PI PES, chercheur & 'IAPS Rome)

Publications scientifiques :

— Shatalina, 1., Schmidt, F., Saggin, B., Kowalski, M., Gac, N., Giuranna, M. & Nhean, S. (2013),
« Analytical expression of combined microvibrations effects on Fourier Spectrometer », soumis a
“Aerospace Science and Technology” (voir section [3.4.1).

— Schmidt, F., Shatalina, 1., Kowalski, M., Gac, N., Saggin, B. & Giuranna, M. (2013), « Toward
a numerical deshaker for PFS », accepté dans “Planetary and Space Science” (voir section [3.4.2]

3.4.1 Modélisation analytique des vibrations

Cette section contient I’article suivant :

— Shatalina, 1., Schmidt, F., Saggin, B., Kowalski, M., Gac, N., Giuranna, M. & Nhean, S. (2013),
« Analytical expression of combined microvibrations effects on Fourier Spectrometer », soumis a
“Aerospace Science and Technology”
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Abstract.

Fourier spectrometers are strongly sensitive to mechanical vibrations. Even the
implementation of the optical path sampling strategy, based on a reference laser signal
used as sampling trigger, will not totally eliminate data distortion: time delays in the
acquisition chains and vibration borne cyclic misalignments of optical system, result in
modulation effects on the original interferogram. This article proposes an analytical
expression of all combined modulation effects created on the main signal and on the laser
line component. The analytical relations are illustrated and the effect highlighted on
actually observed spectral features from the PFS (Planetary Fourier Spectrometer) data
onboard Mars Express, ESA (European Space Agency). This complete modeling allows
the development of a novel data processing techniques devoted to single spectra correction.
Also, it permits to design future spaceborne high spectral resolution Fourier spectrometers
tackling this difficulty, either by reducing the microvibrations environment, or directly by
implementing a correction strategy.

Keywords: PFS; Fourier Transform Spectrometer; Micro-vibration; Distortions;
Spectroscopy; Analytical model

1. Introduction

This study is focused on spaceborne Fourier Transform Spectrometer onboard subjected to
microvibration environment. Spacecraft are usually designed to limit the onboard mechanical
vibrations [1-3], but some rotating elements (such as Reaction Wheels or dithering of Inertia
Measurement Units) may generate small perturbations,.

Our work is illustrated on the PFS (Planetary Fourier Spectrometer) onboard the Mars Express
ESA (European Space Agency) mission. The PFS is a FTIRS (Fourier Transform InfraRed
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Spectrometer) having two channels: Short Wavelength Channel (SWC) for the 1.2-5 um range
and Long Wavelength Channel (LWC) for 5-45 um one. The interferometer scheme of PFS is a
modified Michelson with swinging Cubic Corner Mirrors instead of translating flat ones. More
information about PFS and its working principle can be found in [4-8]. The problem of the
spectrum distortion due to vibrations has been evidenced since the instrument commissioning
and is mainly concerning the SWC data [9-10]. Here we deal with the SWC measurements,
affected by vibrations transmitted to the instrument by the spacecraft, and the analysis goal is
assessing the distortion generated on one single measured spectrum. The general direct problem
of modulations is divided into two sub problems: modulation of the continuum in the low
wavenumber region (up to 5000 cm™) characterized mostly by vibration effect and, modulation
in high wavenumber zone (5000 cm™ up to 8330 cm™ — the Nyquist limit) with significant
filtering and aliasing effects along with the vibration one.

The FTIS sensitivity to vibrations and resulting ghosted features have been studied in
literature [11-13] but, up to now, the usual approach for the spectra correction is based on the
stacking of considerable amount of records in order to reduce the ghosts amplitude through
averaging. Our aim is to propose a direct analytical model, allowing to achieve the inversion of
the problem i.e: extraction of the true signal from distorted data spectrum-by-spectrum.

PES utilizes the constant optical path difference sampling strategy based on the reference
laser, a monochromatic source, sharing the optical path within the interferometer with that of one
of the main IR beam. The reference laser interferogram zero crossings are used as trigger for
sampling, in this way the sampling OPD (Optical Path Difference) step should be exactly half the
wavelength of the reference laser. This approach theoretically should provide insensitivity of the
instrument to the Cubic Corner Mirrors velocity changes (in particular those due to vibrations).
In practice, however, the OPD steps will differ due to the acquisition chains [11], in particular
because of the different time delays in the reference and main signal acquisition chains. Being
the information on the actual step sampling not available, the spectra are determined assuming a
uniform sampling step and applying the usual FT computation algorithm; this results in the
distortion of the actual spectra [14-18].

Moreover, the interferogram acquired by the interferometer depends on the “modulation
factor” which accounts for the deviations of the real instrument configuration from the ideal
optical system [11]. This parameter is function of the instrument optical misalignments, which in
turn are fluctuating periodically in presence of mechanical vibrations. This effect leads to an
additional instrument sensitivity to vibrations that could not be avoided even in the ideal case of
truly uniform sampling step of the interferogram.

2. Vibrations Effects Modeling.

As pointed out above the final spectrum is affected by mechanical disturbances through two
main effects [11]:
* the implemented sampling system vibration borne sampling step errors due to the time
delays in the acquisition systems;
* the cyclic misalignments induced by the vibrations.
In the following the effects on a monochromatic radiation entering the spectrometer
subject to a purely harmonic vibration will be analyzed to derive then the effect on any complex
spectrum.
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The interferogram of a monochromatic source in a perfect interferometer can be
represented as follows:

I, (x) = ml, cos(2mo,xy), (1)

where x; is the OPD at the k" zero-crossing of the reference signal, o is the wavenumber of the
observed line and m is the modulation factor referred to the misalignments of the optical system
from its ideal position, /; the source half-intensity.

The pure harmonic vibration component generated at the source can be described by:

y =ygsin(wat + @4), ()

where y represents the vector of the vibration component generated at the source and is
characterized by its angular frequency wz = 2mf; and phase @q. It has to be noticed that the
phase is a random variable for each interferogram (though defined for each w4) and usually
follows a uniform distribution, in the 0-27 interval, through the set of the measurements.

Taking coordinates x and u respectively along and perpendicular to the optical axis of
cube corner, we obtain the vibration components Ax and Au responsible for the mirror speed
alternations and optical misalignments in the PFS:

Au = u’d Sln((odt + §0u’ d)’ (3)

Ax = xgsin(wst + ¢* ), 4)

where phases @ “'q and @ 4 generally can be different, since the vector components of the

transfer function of vibration propagation from the source to the interferometer in general will
differ.

2.1. Combination of the vibrations effects.

As it was shown in [11] the modulation factor m is a function of Cubic Corner Mirror
(CCM) position error u along any direction perpendicular to its optical axis and, as first order
approximation, it can be written in the form

N": lu=u, 0,Au + E(o,u), (5.1)

o —
o= Gs

m(ou) = m(ou,) +
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m(o,,u) & m,(0,,u,) +o,a(o,,u,) sin(wyt + (p"‘d), (5.2)
where E(ow) is the series truncation error, a is proportional to the vibration amplitude u4 and
depends on the wavenumber o; of the modulated component and the initial interferometer
alignment quality u, (would be zero for a perfectly aligned instrument with #,=0). Similarly, for
the effect of the “along the axis” vibration component it was shown that the sampling steps first
order approximation take the expression:

X, = kz—’ + v, Tp + v Tpcos(waty, + @* ). (6)

Where Tp is the time delay in the sampling chain, A, is the reference laser wavelength, # is the
time corresponding to the k™ sampling while v, is the vibration amplitude expressed as speed (i.e
Vo =Wd Xd)

By substituting Eq. (5.2) and Eq. (6) in Eq. (1) one obtains:

I (x) = [mq(0.u,) + a(o,u,)o, sin(waty, + @*)]L,

X cos [Z'TIO'S (kTAr + TDvm) + 210, v, Ty cos(wyty, + <p"‘d)]. @)

For further simplification the following substitutions will be applied:
* the time within the sine function can be written t,, = ki, /(2v,,);

* @, = 2o v, Tp;

o wafvy, = 2nfyfv, =210y, 03 = f3/V.

Developing cosine into Taylor series up to 1¥ order we can rewrite Eq. (7) as:

I, () = {mo(as,uo) + a(o,,u,)o, sin [Znad (kj’) + (p“d]}

X I_{cos [Z-Tras (k'l') + (pcs]

2

—2no, v, Ty sin [Znas (’%’) + (pl,!] cos [Znad (k—i') + (p"d]}. ®)

-
A
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The ghost studies performed on PFS spectra demonstrated that the sampling error term is
prevailing. Therefore as first approximation we neglect the m, and a coefficients dependence on
wavenumber ;. Such assumption generally can be valid or not depending on the initial
misalignment .

Developing the product and remembering that the factor "2mo, v, Tpa" is a second order

infinitesimal and so it is negligible with respect to the other terms, we obtain:

I, (x) = mgl, cos [ZTIIO'S (kfr) + ‘Pc,]

+ aog_I_ sin [Z‘TIO'd (ﬁ) + (p“d] cos [21‘(05 (kTA') + (pcs]

"
&

—2no, v, Tpm,l, sin [Zrtas (kj') + (pcs] cos [ZTTO’d (k—}“') + <p"d]. ©)]

-
A

Substituting A, = m I, 4, = a/(2m,), A, = wv,Tp and grouping the terms by the

ghosts they describe, one can rewrite the Eq. (9) as follows:

I, (x) = A, cos [Zﬂas (kj‘) + (pcs]

+A,0.A, cos [Z'T[(O'd +a,) (%’) + (", + Po, — g)]
+ AQO'BASCOS [Z'TT(O'd + as) (lelr) + (<de + (PG! + g)]

+A,0.A, cos [2‘7‘((0’5 —ay) (u

2
A

)+ (0o, — 0% + D)

+4,0,4, cos[2m(a, - o) (22) + (0o, — 9%y + )]
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= Issoz‘iginal signal + Icsright ghost + Icsleft ghost (10)

Note: it does not change physical sense of the expression if we replace ¢", — /2 by

simply @ "4 as it is generally a random unknown value.
In wavenumber domain Eq. (10) can be represented as:

1(0') = Asexp(i(pcs)a(a - as)
+ A, { ,»Cllcrsexp[i(got,5 — (p“d)]ﬁ-A:aBexp [i((pcs +o*, + g)]}ﬁ[a — (o, + 03)]

+ A, { Jﬁllcrsexp[i(cpcg - (p“d)]+Agasexp [i((pt.,5 —¢*, + g)]}&[o —(o.—0oy)], A1)

Using the Bexp(ig.s) and Cexp(ig.c) expressions (see Annex 1) we can rewrite Eq. (11) as
following:

1(0) = A, exp(ie,)8(c — o,) +
[USAS EXP(L'(PGS) &(o — as)] * { Bexp(i@5)8[o — (+0,)] + Cexp(ip,c)8lo— (o)1}

= Isignal (0‘) + [aslsignal(a)] * I(ad (O’), (12)

where gni(0) is the undistorted spectrum and K,q(0) is the single harmonic vibration kernel, “8”
and “*” are respectively the Dirac’s function and the convolution operator.
The combined modulation effect can be evidenced as on Fig. 1.
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INITIAL SPECTRUM (MONOCHROMATIC COMPONENT) VIBRATION KERNEL (PURE HARMONIC COMPONENT)
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©
Figure 1. Monochromatic line modulation by pure harmonic vibration; (a) — initial spectrum,
(b) — vibration kernel, (¢) — modulated spectrum.

The above reasoning can be extended for any non-monochromatic input spectra and
arbitrary vibration component shape (see Annex 2):

1(0) = Iontnuum (0) + (01 ontinuum(0)] * K(0) (13)
K(o)= Z; {Bjexp [i(pcgj(a)] 8 [a — (-*.-crdj)]

+ Cjexp [icpccj (a)] ) [a - (—adj:)]} (14)

The last observation becomes important as the general vibration kernel does not consist
of single vibration component but a whole set of them, each appearing as the bell-shaped
function in the wavenumber domain, although being a pure harmonic in the time domain. This
peculiarity is caused by the uneven sampling: because of non-constant mirror speed, the equal
OPD step does not correspond to the equal time step.
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2.2. Laser straylight modulation.

The above discussion concludes that to each harmonic of vibrations two ghosts are
obtained of every spectral feature: one on its right and the other on its left. A particular case will
be generated by the spectrum of the reference laser, which becomes visible in the main signal
spectrum due to straylight effects. Being the laser line on the Nyquist border, its right ghost will
be generated out of the instrument measurement range thus it will appear in the signal spectrum
through the aliasing (Fig. 2). One must also notice that aliasing changes the phase of feature into

opposite value, i.e. @, icep prarure = ~ Prearvse-

REFERENCE LASER LINE MODULATION
C |
>
—LASER LINE |
——LEFT GHOST
RIGHT GHOST
ALIASED RIGHT GHOST
— - — NYQUIST LIMIT

Intensity, [DN]
A
v

[
|
[
[
|
a | a
I
|
[
|
[

b

e
|
[
]

ser ONvauisT  Oright ghost

Wavenumber, [em™]

Figure 2. Aliasing of the laser line ghost

Another peculiarity of the laser line modulation refers to the anti-aliasing filter that
noticeably distorts data in the high wavenumber region. For more precise information about
those distortions the Transfer Function of the filter has to be discussed (Fig. 3).

It has to be noticed that the filter will affect directly the spectrum of laser line and ghosts
due to misalignment as they have physical nature; the ghosts generated by sampling error due to
their numerical nature will be not affected by filter directly. However those ghosts are built from
already filtered laser line shape thus an indirect filtering effect will still be present.

The anti-aliasing filter implemented in PFS is the 6th order Bessel filter with cut
frequency at Nyquist. Its transfer function plots are shown in Fig. 3.
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Transfer function of Gm order Bessel Filter Transfer function of 6"" order Bessel Filter (ZOOM at cut-off)
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Figure 3. 6™ order Bessel filter Transfer Function: magnitude and phase; (a) — semi log plot, (b) — zoom around cut-
off wavenumber (Ogy.ofr = 8356 cm'l).

Original signal spectrum at the Nyquist border will be distorted in amplitude and phase:

V(w) = H(w) X(w), (15.1)

H(w) = |H(w)|exp[ie, ()], (15.2)

where Y(w) and X(w) are filtered and original signal correspondingly, and H(w) is the filter
transfer function described by its magnitude and phase.
In other words:

¥ (w)] = H(w)| - 1X (w)l, (16.1)

oy(w) = oy(w) + ex(w), (16.2)

Remembering that the pulsation can be obtained from the wavenumber by the
relationship ©=27ncv,, the filter transfer function can be written as a function of the wavenumber.
Generally H(w) is varying “slowly” and can be considered constant throughout the spectral width
of the laser line and its ghosts as they are narrow features in the spectrum. E. g. throughout the
laser spectral band |H(oy)| = 0.9553+ 0.02% and ¢u(o) = -1 rad £0.04%.

Note: in the following we will use H(o) instead of |H(o)| to simplify the notation.
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Now we rewrite Eq. (11) under direct and indirect filter effects, described by Eq. (15-16):

Baser (0) = Apgeerexp{ifog, + 0u(1)]}H(01)8(0 — o)
+ AlaserAialexp{i[(pq + ", + oula + 03)|}H(01 + 05)8[0 — (61 + 5]
+ArerAraiespifo, + 0% + 2+ ou(@)|}H(@)8lo - (0 + 02)]
+Ageer Araiexp{ifo, — 0° + 0y(o + o) |}H(0) — 04)8[0 — (6 — 0]
Hhpge Argiexp i [0, — 0%, + 2+ ou(a)|}H (o8l — (6 — 02)], (17)

where o is the wavenumber of the reference laser line (with nominal value of 8330 cm™).
From the Eq. (17) we can obtain right and left ghost components in analytical form:

Liger cuost(0) = AlaserAialexP{i[‘Pq — ¢+ oyl + ad)]}
X H(oy — 04)8[0 — (0 — 04)]
tAgser A201€XP {i [‘Pq - ;+ §+ %{(‘ﬁ)]}
X H(01)8[o — (0, — a3)], (18.1)

Inscur cuost (0) = AlaserAialexp{i[(pq + ¢ud + oy(o + ad)]}

10
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X H(oy + 04)8[o — (6y + 63)]

i1
+AlaserAZalexp {i [(Pq + (pxd + ; + (PH(O'[:)]}

X H(6)8[o — (g + )], (18.2)

Igicut cHosT avasen () = Alasez‘Alalexp{_i[(pq + @ud + @ulo + 05 + 25)]}
X H(o, + 043)8[0 — (01 + 03)]

. x e ]
+AlaserAZJIexp {_l [(Pq T d + ;+ {pH(al):IJ
X H(6y)8[o — (g7 + g5 + 2¢)], (18.3)

where c is the distance from the laser peak to the Nyquist limit (Fig. 2): due to divergence of the
laser straylight they do not perfectly coincide.
Finally both ghosts superimpose and generate the distorted spectrum:

Ly(o) = Ig(0) + I (0) + Igca (o), (19)

where are /1g(o) and Irga(o) the left and aliased right ghosts correspondingly, /i r(0) is the
filtered original laser line and /. m(0) is the resulting modulated laser line spectrum.

Up to now we considered the laser line as the monochromatic feature (what is not
physically true). However the obtained solution can be easily extended to the physically
meaningful case through two additional statements: specifying the laser line feature shape by its
modulus Aser(0) and phase @ (o) as functions of wavenumber o (as it is shown in the Eq. (20)):

Iz (0) = H(6)) (Ajgee: (o) expliley (o) + @u(0)]}) * 8(0 — ), (20)

3. Testing the model.

11
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In the previous sections an analytical formulation for the ghost features was provided,
developing the analytical base. In the following we will test this vibration model on actual
spaceborne data from the PFS/SWC instrument.

The typical SWC spectrum with reference laser switched on (Fig. 4) can be divided into
two domains: the main signal continuum with its ghosts on the left side (up to 5000 cm™) and the
modulated reference laser line on the right (region between 5000 cm™ and 8330 cm™). The
reason for this division is that the analytical expression of the ghosts will be different in those
regions according to the scheme in the previous sections. However being referred to the same
interferogram, they are modulated by the same vibration kernel; i.e. once the kernel is
determined for the laser line domain, its formulation will be valid as well for the main signal one.

MARTIAN spectra #106 (symmmetrized)

€02 BAND

LASER LINE GHOSTS

€02 BAND GHOSTS €02 BAND GHOSTS

Intensity, (DN)
o
[=]

10 ’ ' 1
0 e T U e ‘-'y#-:T“rf

L 1 1 L L 1 L L
1000 2000 3000 4000 5000 8000 7000 9000
1

20 vivi wl {i‘ Vi“vc., | h[

Wawvenumber, cm’

Figure 4. Typical SWC spectrum of Martian atmosphere (data from Symmetrized spectrum #106, ORBIT0032).

Ghost formation in the main signal continuum is characterized by the convolution with
vibration kernel, as it is presented in Eq. (13). The complete demonstration of the direct vibration
model thus would be the convolution of the “true” signal and the predicted vibration kernel,
along with further comparison with the actually acquired data. The problem encountered is that
there is no precise information available neither about the signal, nor about the kernel. As the
first approximation of the model, the estimates of the signal and kernel are to be used.

3.1. Approximated estimation of the vibration kernel using laser line.
The estimate of the vibration kernel can be obtained from the modulated laser line
domain, owing to its near monochromatic properties.

The example of the laser line shape and its ghosts in the acquired PFS spectrum is shown
on the Fig. 5.

12
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SYMMETRIZED MARTIAN spectra #106: LASER GHOSTS
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Figure 5. Modulated laser line spectrum (data from symmetrized spectrum #106, ORBIT0032).

Generally the laser line modulation is not a simple convolution problem and it is not
invertible linearly (Eq. (17-20)).

Anyway it has been demonstrated in Eq. (18.1), (18.3) that the position between Laser
Left Ghost and Laser Right Ghost Aliased is shifted by 2¢, where value of ¢ can be taken from
the actual spectrum (Fig. 5) as about 1 cm™. This permits retrieving from the laser ghosts the
approximate vibration kernel, which is not valid for the absolute values of modulations, but
provides a fair estimation of oy (Fig.6).

Vibration kernel: spectrum #106
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Figure 6. Estimate of vibration kernel (data from symmetrized spectrum #106, ORBIT0032).

3.2. Direct vibration model of the main signal continuum.

For the signal estimate the measured distorted spectrum (Fig. 4) can be used. In the range
2000 to 3500 cm™ the content of the signal is mostly described by the real Martian spectrum with
the slighter ghost impact. So this spectral region was taken as the signal estimate for the direct
vibration model. The results of convolution with kernel components are presented on the Fig. 7.

13
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CONVOLUTION on MARS SEPCTRA #106
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A host, (righty |4
10 €02 BAND ghost, (right)

ghost,, (right)

ghost,, (right)
= vG ghost, {left)
(=) — — — ghost, (left)
_.g' ’ VG| — — — ghost,, (efty
g ’ — — —ghost,, (lefty |1
vy, VG,

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
wWavenumber, (crn'1)

Figure 7. Direct vibration model results.

As it is seen on the previous image, some spectral features well-agree with the direct
vibration model results, while others show less correspondence. This inconsistency can be
explained by the fact, that the kernel estimates, used in the direct vibration model, do not recover
neither actual phase nor modulus of the actual kernel.

To check the correspondence of the estimated ghost with the actual spectral feature, the
correlation analysis was performed (Fig. 8). The characteristic feature to be analyzes was taken
the CO, absorption band (2200..2300 cm™), as the one with the highest contrast in signal
intensity. The resulting correlation peaks for the ghosts in the no-signal region (up to 1500 cm™)
are summarized in the Table 1. The ghosts that demonstrate better correlation are the ones where
“phase guess” was closer to the real situation. For the vibration component II, the large shift
value is explained by the smooth variation of the signal, disabling the possibility of precise shift
determination. For vibrations II and IV, the correlation is high, showing that this methodology is
correct at first order.

14
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Table 1.

Correlation analysis result: value and position of the peak.
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Figure 8. Direct vibration model results: correlation check.
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4. Conclusions.

In this work the analytical formulation of ghosts caused by mechanical disturbances has
been derived. The adopted mathematical formulation is based on a simple linear convolution;
this approach allows the inversion of the problem using supervised blind de-convolution
techniques for the signal domain [19]. For the laser straylight, the derived non-linear
mathematical formulation shows that inversion is not trivial. Leveraging on an approximated
formulation of the laser line, it is possible however, to estimate the vibration kernel.

The direct vibration model has been tested using actual PFS data, by (i) estimating first
the vibration kernel using the approximated formulation and then (ii) applying the convolution
vibration model to the actual signal. It has been shown that, the results are in accordance with the
observed spectral features in terms of wavenumber position though the amplitude estimation still
need to be improved.

The future effort to correct for mechanical disturbances on Fourier Transform
Spectrometers should focus on inversion of these formulations using efficient and robust
algorithms to treat the dataset spectrum by spectrum. Also, the design of future spaceborne
Fourier Transform Spectrometers must take into account this difficulty by innovative conception.
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Annex 1.

Concerning the Eq. (11):

I(o) = A.exp(ip; )8(c —a,)
+4,{ 40,ex0[i(0,, + 0° D] +A0.exp[i(0,, + 075 + D|}blo = (0, + 05)]

+ A, { ,"1.1cfse:t:p[z'(<,o(75 - (p“d:)]ﬁ-A:asexp [z’(go(75 —@*, + BE:)]}S[O’ — (0, —a3)] =

Asexp(i(pcs)s(a - 05)
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+[O'SAS exp(i(pcs) 8(c — as)] * { [Aiexp(up ) + Ane\:p( ((p a T ;))] blo — (+0,)]

+

- T
Alexp(—i(p“d) + A,exp (i (—(p"‘d + 5))] §lo — (—a3)] }
For the simplification reasons the following notation can be used:
Bexp(iggs) = Ajexp(io®,) + A~exp( (o=, + 5)) :

Cexp(i@yc) = Alexp(—i ‘Pud) + Ajexp (i (_(pxd + Tz_t)) :

Annex 2.
Extension of the Eq. (12) can be performed in two steps.

Step 1. Extension for the non-monochromatic input spectra.
To go to the general source case, it has to be remembered that the non-monochromatic spectrum
Lcontinuum(0) can be expressed through its monochromatic components fignal £ (0) as following:

Icontinuum(a) = zlsignalk(a) = ZABkexp(quc”‘)S(a - ask)
k k

Modulated by single vibration component 0y, spectrum 74 (0) in its turn can be represented as
the sum of the modulated monochromatic components /; (0):

I,,(0) = X, I(0)
where I; (0) is defined in accordance with the Eq. (12) :
Ik(a) = Isignalk(a) + asklsignalk(a) * K-cd (O’) =
A, exp (i(p%k) 8(c— ask) + 0, A;, exp (i(p%k) 8(c — ask) *K, (o) =

A, exp(i(pc”‘)'d(a' — O'Sk) + A, QXP(i‘Pc,k) [08(0 — O’Sk)] ® KGd(G)

Note:
8(0),0 =
GSkS(a—aSk)=08(a— ) [ 000, e

Thus we obtain:

I,(o)= z {Ask exp (i(p%k) 8(c — ask) + A, exp (i(chk) [¢8(c — agk)] = K‘,d(a)} =

k

17
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D [t (ioe,, ) oo —a )} + ) {an e (is, ) 1050 = o] () =

k k

D Lignar () + Zafsigmk@] “K,,(0) =

k k

Z Islgnalk(a) o (4 Z ISLgnalk(a)l ® Kad(a) =
k k

Icontinuum(a) + [aIcontinuum(a)] * Kc,q(a)

Step 2. Extension for the arbitrary vibration component shape
Having the vibration kernel K(0) consisting of more than one harmonic, we obtain the final
modulated spectrum as the combination of the modulations by each harmonic component og;:

19) = Leonsmuun(®) + Y {[Tleamsimuum(@)] * Koy (@)} =

Icontinuum(o) + [a[condnuum(a)] * Z chj(O') =
j

Icondnuum(a) + [olcontinuum (0’)] * K(U)
where K (o) = X;K_, (o), or in other words:

K@) = Z,; {Bexp|i0as, ()] 6 [0 = (+4, )] + Gexp[ivec, ()] 6 [0~ (=2}
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3.4.2 Correction des données PFS

Cette section contient 1’article suivant :
— Schmidt, F.,, Shatalina, I., Kowalski, M., Gac, N., Saggin, B. & Giuranna, M. (2013), « Toward a
numerical deshaker for PFS », accepté a “Planetary and Space Science”
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Toward a numerical deshaker for PFS

Schmidt!? F., Shatalina® I., Kowalski* M., Gac* N., Saggin® B., Giuranna?®,
M.
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Abstract

The Planetary Fourier Spectrometer (PFS) onboard Mars Express (MEx) is
the instrument with the highest spectral resolution observing Mars from orbit
since 2005. It permits studying the atmospheric structure, major and minor
compounds. The present time version of the calibration is limited by the ef-
fects of mechanical vibration, currently not corrected. We proposed here a
new approach to correct for the vibrations based on semi-blind deconvolution
of the measurements. This new approach shows that a correction can be done
efficiently but not automatically due to the dependence on some regularisa-
tion parameters. It may be applied on the complete PFS dataset, correcting
the large-scale perturbation due to microvibrations for each spectrum indepen-
dently. This approach is validated on actual PFS data. A coherence check
can be performed and also validate our approach. Unfortunately, the coherence
check can be done only on the first 310 orbits of MEx only, until the laser line
has been switch off. More generally, this work may apply to numerically “de-
shake” Fourier Transform Spectrometer, widely used in space experiments or in
the laboratory.

Key words: Keyword: PFS ; Fourier Transform Spectrometer;
Micro-vibration ; Calibration; Spectroscopy; Blind Inverse problem

1. Introduction

The Planetary Fourier Spectrometer (PFS) is a double pendulum Fourier
transform infrared spectrometer instrument onboard MEx, operating in the 1.5
to 5.5 micrometers for the Short Wavelength Channel (SWC), and 5 to 45
microns in the Long Wavelength Channel (LWC) (Formisano et al., 2005). It
is based on a modified Michelson’s scheme using a double pendulum of cubic
reflectors. The optical path difference is defined by the zero crossing of a laser

Preprint submitted to Planetary and Space Science September 18, 2013
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tacking the same optical path that the signal. The spectra presented in this
article are the numerical Fourier transform of the recorded interferograms.

An experimental study of mechanical vibration impact on Fourier-transform
spectrometer has been proposed based on PFS example (Comolli and Saggin,
2005). Analytical expression of all distortion effects have been formulated sep-
arately (Saggin et al., 2007): offset of the reference laser signal, mirrors speed
variation, periodic misalignments, detector non linearity and internal reflections.
More recently, a numerical simulation model has been proposed to explore all
effects combined in order to understand the PFS signal (Comolli and Saggin,
2010). Perturbations are creating artificial features, called “ghosts”, present
in some spectra of the SWC. Since the amplitude of ghosts are small (few %
of the original signal) and its phase has a stochastic behavior, the worst cases
correspond to only few significant ghosts Shatalina et al. (2013).

Quantitatively, the ghosts are affecting few % of the total spectrum energy
(3% typically; 5% maximum). When single spectra are used, the absolute ra-
diometric calibration is degraded, and spurious spectral features may appear
in the spectrum, preventing any surface-related analysis, and introducing large
uncertainties in the quantitative retrievals of abundances of minor species in
the atmosphere. When discussing the calibration procedure for the SCW (Giu-
ranna et al., 2005b) and the LWC (Giuranna et al., 2005a), the authors suggest
to stack the data to correct for the effects of the mechanical vibrations. The
position of ghosts depends on the frequencies of the external vibrations, which
have been found to be quite stable. Since the phase of ghosts is random and the
external frequencies are stable, only the signal should be coherent during the
stack. This idea has been confirmed by numerical modeling of the perturbations
(Comolli and Saggin, 2010). Practically, averaging a few spectra (ten or so) is
enough to average out the ghosts. However, this will degrade the spatial and
temporal resolution of PFS measurements, limiting the interpretation of small-
scale features and hampering some scientific studies (e.g., the composition of
ices; detection of minerals at the surface).

Typical PFS raw measurements are shown in Fig. 1. One can identify the
major signals from Mars: thermal emission and reflection of solar energy, and
the laser line stray-light. Also the contribution due to mechanical vibrations are
shown on the signal, leading to additional energy shifted on left and right almost
symmetrically. The ghost of the laser line is only one sided due to aliasing.

Our aim is to provide a new approach to process the PFS instrument with
following constraint:

1. correct the effect of mechanical vibrations due to both misalignment and
optical path difference errors.

2. perform the correction on each spectrum separately.

3. validate the approach by using actual PFS observations.

In order to avoid unphysical solution, the algorithm is initialized with an
priori guess of the large scale structure of the spectra, adapted to each measure-
ment, reproducing the Martian thermal emission and the reflected solar light
(see section 2.2.2).
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Figure 1: Typical symmetrized PFS measurement in SWC. Signal and major CO2 band and
laser lines are noted. The four main ghosts are identified as “Vibration Component” (VC)
affecting both signal and laser line..

167



CHAPITRE 3. SPECTROSCOPIE HAUTE RESOLUTION

A check of the correction can be done but require the SWC laser diode
switched on, to estimate the vibration kernel independently (see section 2.3).

2. Method

This section contains the direct model of the Martian spectra affected by
vibrations. Then, an iterative procedure is exposed in order to invert it as well
as some criteria to measure the quality of our estimation.

2.1. Analytical formulation in the signal domain (0 to 5000 cm™1)

As it can be seen from Fig.1, it is possible to separate the whole spectrum
into two wavenumber domains to deal the effects of the mechanical vibrations
apart in each of them. From 0 to 5000 points (5000%1.02 cm™1), we define the
signal domain, where the thermal energy from Mars and the reflected Martian
energy are recorded.

The region from 1700 cm~! to 5000 cm~! is the one where the thermal
emission from Mars and the reflected Solar energy are recorded. It represents the
useful domain for scientific purpose. Below 1700 cm™! there is no meaningful
signal due to the low detector responsivity (see Fig. 15. in Giuranna et al.
(2005b)), and this region is characterized only by ghosts of the continuum. We
define the 0-5000 cm ™! as the signal domain.

At larger wavenumber than 5000 cm™?, the signal to noise ratio is too low to
expect any signal from Mars due to the detector low responsivity. This second
domain, called laser line domain, is dominated by the laser line shape and its
ghosts, directly and in aliasing. This domain will be used to test the coherence
of the results. Since the laser has been switched off after orbit 662, it could not
be used for the complete PFS archive (see section 2.3).

Using some mathematical reorganization and simplification, the analytical
expression of mechanical vibration due to periodic misalignment and optical
path errors can be written as a convolution products in complex form, see Eq.
(13) in Shatalina et al. (2013). Assuming that the domain of wavenumber with
significant signal Iysqrs around o ~ 2000 — 3000 cm~! is constant (o, ~ 2500),
the following Equation:

IPFS(G') - IA/IGTS(U) + [U~I]\/Ia7‘s(0')] * K(U) ) (1)
simplifies to:
Ipps(0) = Infars(0) x [0(0) + K(0).0k] - (2)
with §(),the dirac function.

By rewriting:

Ipps(0) = Injars(0) * Kprs(o) (3)

with Ipps(o) the measured raw spectra, Ipqrs the contribution of the raw spec-
tra from Mars, Kppg the kernel representing the mechanical vibration effects,

168



3.4. PUBLICATIONS

} U\\\‘\A ‘Llﬂ ‘m\j “‘JI}W m\"v‘wk\ﬂ

_
Intars Iprs
(desired spectra) Kpps (acquisition data)

(instrument)
€

(noise)

Figure 2: Model of acquisition by the PFS instrument

o the wavenumber, and K (o) the non-normalized complex kernel (Shatalina
et al., 2013).
From Shatalina et al. (2013), the kernel of all frequency of vibrations is:

Kprpg(o) = 6(0) + A(0)e?4(7) 4 B()e¥B (@) | (4)

The quantities A, B, pa, ¢p are unknown and cannot be evaluated quantita-
tively due to the lack of knowledge about vibration amplitude and phase. In
practice, the functions A, B, ¢ 4, ¢p are sparse over ¢ because the frequencies of
vibrations are sparse. Please note that A, B, ¢4, ¢p are not symmetric around
o = 0 due to the relative phase. We propose to estimate those functions using
an inversion procedure described in the next section.

The assumption of a reduced wavenumber domain is valid in first approx-
imation due to the sensitivity of the detector and the typical Martian signal,
leading to a misfit factor of x0.8 to x1.2 that is reasonable for this case. In
addition, our strategy is to use semi-blind deconvolution algorithm in order to
ensure the best fit any kind of spectra. This way, the wavenumber domain of
significant signal has not to be defined explicitly.

Including to our model an additive noise € which stands for the others sources
of acquisition noise besides the mechanical vibrations and the error due to our
PFS modeling by a convolution kernel Kprg, PFS spectra in signal domain as
illustrated in Fig. 2, are obtained through:

Iprs(0) = Injars(0) *x Kprs(o) + €. (5)

2.2. Inversion

From the direct model of the PFS instrument described above, see Eq. (5),
we propose here a semi-blind deconvolution method to solve the inverse problem:
estimation of the desired spectra Ipsq.s from the PFS spectra Ippg although the
convolution kernel Kppg is unknown. We qualified our method as semi-blind
because the only spectral a priori information is 19, ., known ab initio. We
also used two a priori information : Intars is smooth and Kppg is sparse. The
notation X ;means the estimation of quantity X. A classical approach consists
in introducing a cost function C whose minimum provides an estimation:
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Intars, Kprps = argmin C(Inars, Kprs)
Intars, KpPFs

o1 At
= argmin o|lIprs — Kprs * Ingars|l3 + Ak | Kprs| + 2‘"3 \
Intars, Kprs

(6)

Three terms appear in C

1. A data fit term %HIPFS — Kpps * Inars||% that quantifies how well the
estimated sources match the measured data. This term takes into account
the characteristics of the noise supposed to be white and gaussian. This
data match term is sensitive to high frequency noise and must be balanced
with regularization term which corresponds to a mathematical prior on the
expected solution (Idier, 2008).

2. A sparsity regularization term || Kppgl/1 is chosen for the kernel, i.e. : the
¢4 norm (sum absolute value) of the kernel must be low. Indeed, the PFS
kernel is supposed to be composed with few diracs at mechanical vibration
frequencies.

3. A smooth regularization term is chosen for the Mars spectra : || DxInsars||3,
where D is a discrete first-order derivation operator. This prior promotes
smooth solution in order to avoid noise improvement.

All these terms are balanced with two hyperparameters A and Apzq.5 , both
positive. The functional 6 is convex for each variables - convex in Ips4,s When
Kpps is fixed and vice versa - but not from the couple (Ipsars, Kprs). The
strategy we choose here is a classical alternative procedure: from initial guesses
19+, an iterative procedure updates successively at each iteration n, the new
estimates Kphg and I3 .

2.2.1. Iterative procedure

At each iteration n we estimate successively the kernel Kg}ls and the signal
1 Xﬁlr . until iteration N using the following steps:

1. First estimation of the kernel K},FS from filtered IAJOVIMS and Ippg with

L1 regularization

2. Iterative loop:

(a) estimation of the Mars spectra I ]’\Lj;lrs from unfiltered K trsand Ippg
with smooth regularization

(b) estimation of the kernel K5EL from unfiltered I3L  and Ipps with
L1 regularization

3. Last estimation of the Mars spectra 11/ from unfiltered K}5e" and

Iprs

For both estimations, a convex optimization algorithm converges to the solution
defined by the minimum of a criteria made of a data match and a regularizations

‘D * []\/[ars”g .
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terms. This means that the solution is unique and can be estimated either
analytically or iteratively.

Since the first step of the iterative procedure is the estimation of the kernel
Kby, the only a priori information of this iterative procedure 19, ., estimated
ab initio. Since 19,,,., can only be estimated at large scale (all absorption
lines may differ from spectra to spectra due to non-homogeneity of chemical
compounds in the atmosphere/surface of Mars), the first iteration is done in a
low-pass filtered space, as described in section 2.2.2.

Estimation of the PFS kernel. The estimation of the PFS kernel reduce to the
following ¢; regularized convex (non smooth) problem:

X 1 .
Kpts = argmin “Wprs — Kprs * 314,413 + Ac | Kprsll (7)
PFS

where f}ﬁ,am is the estimation of the Mars spectra at the iteration number n.

This problem is the well known Lasso (Tibshirani, 1996) or Basis-Pursuit De-
noising (Chen et al., 1998) problem, and can be solved efficiently with the Fast
Iterative/Thresholding Algorithm (FISTA) (Beck and Teboulle, 2009). Denot-
ing by I the adjoint of the kernel I and by Sy the so-called soft-thresholding
operator! the algorithm reads:

1. Let i=0,7"=1, k=1, Z° = Kppgand L = ||[Mam||2.
2. K;DFS = S/\K/L (Zl + %(IPFS - Zl *IAJ’?/Iars) *E@st)
Sl 14+ 14471
2

2™ = Kppg + 77;11( prs — K};Fls)
i=1+1
. Go to 2 until ¢ = 4,4,

+1 _ rrimaz
: K;;FS = Kpps

No o e w

From theoretical consideration, the kernel K pprg must be a dirac-shape on zero,
so we concentrate the energy around zero into a dirac to create the kernel esti-
mation K% ,s. We would like to emphasize that there is no analytical solution
of eq. 7 so we solve this equation with an iterative procedure, initialized with
the previous step Kppg. For the first iitialization K% g, we may use K #2e"
but any other guess (such zero) may apply when the laser line has been switch

off. Nevertheless, closer the initialization, faster the convergence.

Estimation of the Mars spectra. For the Mars spectra, the estimation reduces
to a classical Thikonov regularization (Idier, 2008):

j?\/}tjqu = argmin ||-[PFS - K}E’;}s * I]Wa'rsH% + >\Mll’l'5HD * IMaTsH% (8)

Intars

'Sx(x) = 13 max(|z| - A, 0)

[
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Thanks to the fact that a convolution is diagonal in the Fourier domain, and
the Parseval theorem, the solution reads:

F(Iyta) = ;(rgmin) |F(Iprs)~F(KpES)OF (Inrars) |3+ Mrars | F(D)OF (Inars |13
Mars
(9)

where ® is the Hadarmard element-wise product and F the Fourier trans-
form. Then, the estimation of the Mars spectra at iteration n + 1 is given in
close form by :

IAIT\Zlm =F! (f(IPFS) © (-F(KITSL';}SYZ - )‘Mars]:(D)iz)) (10)

)

where F( A;‘;}g)_z (resp. F(D)~2 ) represents the vector containing the in-
ntl
verted squared elements of the vector F(Kphy) (resp. F(D) ).
We would like to emphasize that equation 10 is the analytical solution of eq
8 that did not require initialization.

2.2.2. Initial guesses of the Martian spectra and PFS kernel

Initial Mars spectra guess. We estimate the Martian spectra large scale feature
(noted I 9 ars) by two Planck functions and the major absorption feature, repre-
senting (i) the Martian thermal emission and (ii) the solar energy reflected back
by Mars and (iii) the 2200-2400 cm™! gap, representing the CO, absorption
band. The Martian temperature is estimated by fitting the 2500-3000 cm ™!
domain, where the ghost seems to be less pronounced. The Planck function of
the sun is scaled to the 3800-4200 cm™! domain. We derive the raw spectra
using the calibrations of detector responsivity and deep space measurements
(Giuranna et al., 2005b). This initial guess is only valid at large scale because
the absorption lines of major and minor gases may change, due to local pressure,
atmospheric circulation, surface change and radiative transfer effects.

The phase of the initial guess is taken similar to the signal in the domain
where the ghosts are absent and a constant extrapolation is proposed to the
ghosted region.

Because the iterative procedure is sensitive to initialization, both PFS spec-
tra Ippg and mars initial guess 19, . are filtered with a low-pass filter with a
cut off frequency of ﬁ, where Ao = 1.02 cm™! is the spectral resolution, in
order to keep the realistic features.

The initial guess I 9 rars Will force the initial step of the iterative procedure to
find a local minimum around physical solution. Initializing the procedure with
random or constant signal lead to non physical solutions.

Initial PFS Kernel guess. Thanks to the approximation from Shatalina et al.,
2013, an estimation of the kernel K @25 from the laser line domain can be done

(see section 2.3). Neither amplitudes, nor phases are precise but the frequencies
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Figure 3: Raw measurements Ippg (on left) and initial guess of the Martian signal f?wam (on
right) for the PFS measurement ORB0032, No 106.

should be well described by this methodology. This kernel is used as initial
guess K% to reach faster the convergence of the first kernel estimation Kb -
Unfortunately, only Mars Express orbit j 634 are usable for this estimation. It
represents 310 orbits out of 6255 orbits currently available i.e., less than 5% of
the total current orbits.

2.8. Laser line domain (5000 to 8330 cm™!)

Knowing that laser line is almost dirac shaped, we could first hypothesize
that the kernel Kprg can be directly measured in the laser line domain. Unfor-
tunately due to aliasing (laser line ghosts from left and right are superposed),
from Ippg(o) it is not possible to realize an inversion to estimate Kppg be-
cause there are twice unknown variables in comparison to known variable. Un-
der strong hypothesis, it is possible to estimate an approximation of K;’;Pg“
(Shatalina et al., 2013).

Nevertheless, the recent analytical formulation of the mechanical effects on
the laser line, allows us to compute the exact effect of the mechanical vibration
on the laser line, knowing the vibration kernel Kpps (see complex expression
in Shatalina et al. (2013)). After the estimation of Kppg, one simple test of
coherence would be to compare the observed laser line ghost to the one predicted.

2.4. Quality of the results
We propose several criteria to estimate if the deconvolution is correct.

2.4.1. Distance between real and simulated PFS spectra
Because the only ground truth we could have is the real PF'S spectra Ipps,
it should be as close as possible to the final simulated PFS spectra I ,Q’;g =
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Ifmely g finel We use the Root Mean Square distance (RMS) of I7a! — Ippsg.
In this way, we evaluate at the same time the correctness of the estimated Mars
spectra I M;Zﬁ and the instrument model K {;Zlfgl.

2.4.2. Ghost removal in the signal domain (0 to 5000 cm™!)

In the 1 to 1530 cm™! wavenumber domain, no signal is expected due to
the very low signal to noise ratio but only the ghosts are present in the raw
spectra. Thus, one simple criterion to estimate the efficiency of the correction
is to measure the energy in this domain.

2.4.8. Ghosts in the laser line domain (5000 to 8330 cm™!)

The laser line modulated [ ﬂ(}al through filter, aliasing and vibrations effects

can be computed from the estimated kernel K Iff;gl using the exact formula-

tion of Shatalina et al., 2013. To check the quality of the results, we evaluate
the distance between the actually measured signal and the predicted laser line
modulated with its ghosts.

2.4.4. Distance to the approximated kernel

The estimation of the kernel K?f}fgoz from the laser line domain can be
done. Neither amplitudes, nor phases are precise but the frequencies should
well described by this methodology. The distance between K#F5 and K
is also a criteria of good results.

2.4.5. Comparison with vibration frequencies from MEz telemetry and technical
specification

Several sources of vibrations are present in the MEx platform, mainly reac-
tion wheels, Inertia Measurement Unit (IMU) dithering. PFS eigenmodes can
also be exited and are considered as “source” of vibrations. Since, these vibra-
tions are not unique onboard MEx (cryocooler, other instruments, ...) and the
uncertainties on these vibrations frequencies are not known, it is not possible to
have a supervised approach. One also have to note that all vibration frequen-
cies may not be present in a PFS spectrum, depending the coupling with PFS.
Nevertheless, a comparison between our blind estimation and the actual data is
interesting.

From each vibration frequency f, (in Hz), the perturbation is at wavenumber
o = fa/vm (Saggin et al., 2007; Shatalina et al., 2013), with the pendulum speed
Um = dye. f2c where the zero-crossing frequencies f,. is 2500 Hz and zero-crossing
length d... is 1.2 microns for typical PFS measurements at Mars (Giuranna et al.,
2005b).

Reaction wheels. Thanks to telemetry data from ESA, it is possible to estimate

the frequencies of reaction wheels for ORB0032, spectra No 106 at 56.7 Hz, 33.3
Hz, 40.6 Hz and 30.3 Hz. Uncertainties are unknown.

10
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IMU. Astrium technical specification of MEx (MEX.MMT.HO.2379) states that
the IMU dithering onboard MEx are at 513.9 Hz, 564.3 Hz and 617.4 Hz. Un-
certainties are unknown.

PFS eigenmodes. The PFS eigenmodes are around 135 Hz and 160 Hz. Uncer-
tainties are unknown.

3. Results

Due to the stochastic character of the ghosts and especially their phase, few
% of the PFS spectra in the archive, randomly distributed, present significant
level of perturbations. In some lucky cases, the ghosts are absent but typical
spectra contains few ghosts (Comolli and Saggin, 2010). We propose to illustrate
our algorithm on the ORB0032, spectra No 106 of PFS, recorded in particularly
high level of disturbances. This spectra contains several obvious ghosts (as
shown by the arrows in fig. 5).

We find that the optimum inversion is reached with a loop of N=2, with
special parameter for the first step due using the filtered initialization (Ax=50)
and then usual parameter (Aprqrs=0.001, Ax=1) using the unfiltered spectra .

8.1. Mars spectra and kernel estimations obtained

For Mars spectra estimation, the final estimation of the signal {;Z?ﬁ is pre-
sented in fig. 4 and 5. This figure presents the raw spectra, our corrected spectra
in comparison with a synthetic spectra IAR,MS (see section 2.2.2) and also the
stack of 20 spectra. Our correction clearly removes the ghosts in the region at
0-1530 ecm ™!, around 2700 cm ™!, around 3450 cm ™!, around 4150 cm ™! similar
to the stacking method. The artifact at 2900 cm™! persists, due to pollution
of hydrocarbons in the telescope (Giuranna et al., 2005b). In the 4000-5000
cm™! domain, our method improves the signal in comparison to the stacking
method and partly correct the artificial decrease of the signal. The stacking
clearly reduces the stochastic noise, that is not removed with our correction.

Figure 6 shows the evolution of the average spectra, when stacking 3, 5, 11
and 19 spectra. The plots clearly show that our method removes the ghosts
contribution, already without stacking. In contrary, the stacking methods re-
quire ~10 spectra to remove this effect. The signal to noise ratio at small scale,
estimated by the standard deviation in the 0-1530 cm™!, is not significantly
changed between both methods.

The stack of ~10 spectra correspond to ~10 spots of around 7 km each, so
that the spatial resolution can be improved by one order of magnitude. In term
of temporal resolution improvement, it depends mainly on the location due to
the very irregular observation density.

3.2. Quality of the results

As illustrated in Fig. 4, the lack of fit between the real PFS spectra Iprs
and the simulated one from our final guesses [h7e = jlinel o gfinal is very
small (~ 107%), showing that the solution is compatible with the observation.

11
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ORBIT 0032: MARTIAN filtered spectrum #106
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Figure 4: Final results of the spectra ORB0032 #106: at the top: modulus of measured

Ipps (blue) simulated I}Cll?gl = fjj\ﬁ/;;lflf *IA(If,iI?;l PF'S spectra (red) and the estimated Martian

spectra fjfv;zrusl (black); Lack of fit between Ipprg and IA'{;iI?;l is 1.8 10~ %;in the middle: modulus
final,

(in log scale) and phase of the final estimated kernel KPFS ; at the bottom: modulus and

phase of the final estimated spectrum I}{}Zfi
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ORBIT 0032: MARTIAN spectrum #106
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Figure 5: Final results of the spectra ORB0032 #106 as compared with stacking and synthetic
measurements, from top to bottom : (i) raw PFS measurements, all arrows represents ghosts
artifacts, (ii) estimated spectra from our algorithm, (iii) synthetic measurement of PFS, (iv)
stack of 11 PFS spectra, (v) stack of 11 estimated spectra from our algorithm. The arrow at
2900 cm ™! represents the telescope contamination by hydrocarbons, the arrow at 4900 cm ™1t
represents an artifact of abnormal small signal, probably due to ghosts.
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ORBIT 0032: MARTIAN spectrum #106 ORBIT 0032: MARTIAN spectrum #106
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Figure 6: Comparison of our correction versus the stacking method : (a) Stacking of corrected
spectra from our method (b) Stacking of PFS spectra. Noise standard deviation from the 0-
1530 cm~! are expressed for all spectra. Arrows at 2700 cm~! represent significant difference
in the signal domain due to ghosts, that persists for stacking of at least 5 PFS spectra but
well corrected by our method.

The ghost removal in the 1 to 1530 cm™! domain is efficient to remove the
norm by a factor of ~ 2 (the RMS is 0.0093 for the raw spectra and to 0.0042
for the corrected spectra). The only signal left in I ]{}foi seems to be random,
as expected (see Fig. 4). The theoretical value of noise standard deviation is
about 0.1 using the estimated Signal to Noise ratio of about 100 in the 2000-
2400 cm™! Giuranna et al. (2005b). The estimated noise standard deviation of
corrected spectra is in agreement with this value (see fig. 6).

The laser line modulated [{'* through filter, aliasing and vibration kernel
K Ij;i;gl are compatible with the observation I7s (see Fig. 7). The four mains
peaks are estimated and also some smaller peaks. The distance is relatively
small (~ 0.013).

The final kernel estimation K Iffﬁgl is close to the initial kernel guess K% ¢ =

K;.%’goz with a distance ~ 107°. As illustrated in Fig. 8, the main vibration fre-

quencies estimated in K%2°" are present in K5na!. The estimation of K fhr*"
has been done under strong approximation. Especially the unconstrained am-
plitude may explain the differences. Also K jﬁ,’;gl presents a smooth signal due
to the high frequencies filtering. Other methods without sparsity regularization
doesn’t succeed to get such a sparse kernel although we believe that the kernel is
sparse due to limited vibrations in the mechanical environment of PF'S onboard
MEx (eigenmode of PFS, reaction wheels frequencies, inertia measurement unit
dithering frequencies).

4. Discussion and conclusion

We described the approximated direct problem and an algorithm able to
correct, for the mechanical vibration of the PFS instrument. For the first time,
we show that it is possible to reduce significantly the ghosts from the observed
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ORBIT 0032 #106 : Laser Ghosts check
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Estimated and approximated kernel
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signal using three coherent quantities: ghosts in the signal domain, laser line
ghosts, distance to approximated kernel. Thus the global shape of PFS spectra
can be corrected with our algorithm, allowing to better estimate temperature,
and thermal profile on each PFS measurement, improving the few % of spectra
with high x? that could not be processed with current calibration (Grassi et al.,
2005). Also, our correction may avoid the continuum removal step in the minor
species retrieval (Sindoni et al., 2011). When the signal to noise ratio is high
enough, our correction will also reduce the stacking procedure.

In the future, we would like to propose an algorithm to correct the complete
archive that would require: efficient algorithm, timesaving implementation, and
fully automatic procedure. Also, new correction procedure must be developed
to treat the whole orbits currently available (6255 at the date of writing).

In order to correct any shaked FTS, semi-blind deconvolution is possible,
knowing 19, . (but without knowing K#Fe" from the “laser line domain”)
so that the “signal domain” only is required. Thus, any techniques of opti-
cal path measurement (laser line, mechanical, etc...) can be corrected with
our technique. Nevertheless, the independent estimation of the kernel K or
significantly improve the convergence of the algorithm. The only limitation to
apply this method on other instruments is about the convolution equation. Con-
volution is true if the signal from the planet Ip;,.s has a significantly reduced
wavenumber domain (as stated in eq. 1-3).
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Chapitre I

La calotte saisonniere sud de Mars

79

2/

Premiere évidence de 1I’asymétrie de la calotte permanente sud (désaxée par rapport au pole géogra-
phique) en 1784 par W. Herschel [128].
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CHAPITRE 4. LA CALOTTE SAISONNIERE SUD DE MARS

Les calottes polaires saisonnieres de Mars signent une activité actuelle la plus visible de Mars. A
I’échelle de la planete entiere, cette activité a été observée depuis plus d’une centaine d’année. Aujour-
d’hui, grace a des résolutions spatiales de plus en plus fines, de nombreux phénomenes d’activités ont
été observés, dont certains sont liés aux variations saisonnieres. Je me suis particulierement intéressé a
la calotte saisonniere sud de Mars car elle est majoritairement constituée de glace de CO» et de ce point
de vue, plus facile a étudier que la calotte saisonniere nord, comportant a la fois du CO; et de I’eau.

Le premier sous-chapitre décrit les différents aspects de I’étude de la calotte sud de Mars, d’un point
de vue historique, notre compréhension actuelle et ses incomplétudes. La synthese des contributions
de ma carriére sont détaillées au sous-chapitre Plusieurs travaux spectroscopiques et de
simulations sont en cours de développement dans la thése de Frangois Andrieu. Les perspectives sont

décrites a la section[4.3 page 212]

4.1 Contexte

4.1.1 Histoire des observations des calottes martiennes

La premiere observation d’une calotte martienne, a été faite par C. Huygens durant I’opposition de

septembre 1672. Certains historiens, exhibant un dessin de 1666, proposent d’attribuer la découverte a
J.D. Cassini. La polémique réside dans le fait que ce schéma fait apparaitre la calotte de la méme couleur
blanche que le limbe.
Néanmoins, la premiere mise en évidence de la calotte saisonniere a été produite par G.F. Maraldi, le
neveu de J.D. Cassini. Ses observations, a 1’Observatoire de Paris, montrent que la calotte saisonniere
a completement disparu en aofit et septembre 1719. Il prouve alors que les conditions physiques de la
région polaire changent au cours du temps. Cependant, il n’avance aucune interprétation.

Il faut attendre 1784 et I’émergence d’une nouvelle génération de télescopes pour que W. Herschel,
un allemand membre de la Royal Society of London, interpréte ces observations comme étant de la neige
d’eau au pdle [128]].

The analogy between Mars and the earth is, perhaps, by far the greatest in the whole solar
system. The diurnal motion is nearly the same ; the obliquity of their respective ecliptics,
on which the seasons depend, not very different ; of all the superior planets the distance
of Mars from the sun is by far the nearest alike to that of the earth : nor will the length of
the martial year appear very different from that which we enjoy, when compared to the
surprising duration of the years of Jupiter, Saturn, and the Georgium Sidus. If, then, we
find that the globe we inhabit has its polar regions frozen and covered with mountains
of ice and snow, that only partly melt when alternately exposed to the sun, I may well
be permitted to surmise that the same causes may probably have the same effect on the
globe of Mars ; that the bright polar spots are owing to the vivid reflection of light from
frozen regions ; and that the reduction of those spots is to be ascribed to their being
exposed to the sun.

Herschel observe pour la premiere fois que la calotte permanente sud est désaxée par rapport au pdle
géographique (voir page précédente). En 1877, quelques années avant la photographie, G.V. Schiaparelli
dresse sa célebre carte de Mars, a I’Observatoire de Brera, en Italie. Il utilise un vocabulaire biblique et
mythologique pour nommer les lieux martiens. De la méme maniere que pour la Lune, les zones sombres
sont désignées par des noms appartenant au champ sémantique de 1’eau, comme : Mare Sirenum (Mer
des Sirénes), Mare Cimmerium (Mer des Cimmériens),.... Les zones claires sont nommées par des termes
désignant la terre, comme : Ausonia (Italie), Hellas (Gréce), .... Il ne prétend pas la portée universelle de
sa classification :

I do not ask that the [nomenclature] be approved by astronomers in general, nor do I request
the honor of its universal acceptance. To the contrary, I am ready to accept as final
whichever one is recognised by competent authority. Until then, however, grant me the
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4.1. CONTEXTE

chimera of these euphonic names, whose sounds awaken in the mind so many beautiful
memories.

Utilisant une technique basée sur la persistance rétinienne, il parvient a dessiner des détails de la planete
Mars. Malgré son daltonisme qui lui interdit de distinguer le rouge et le vert, il observe les détails pho-
tométriques avec une précision incomparable.

En 1877, Schiaparelli observe des formes linéaires sombres qu’il appelle canali ou canal. Cette nomen-
clature et les canaux vont induire une série d’interprétations qui paraissent aujourd’hui insensées (voir
illustration page [265).

Les premiers arguments spectroscopiques datent des années 1860-1870. Notamment, le francais Jules
Janssen, relate en 1867 la détection de vapeur d’eau, d’apres ses observations effectuées au mont Etna.
Cependant, a I’époque, la correction des effets atmosphériques terrestres sur les spectres n’est pas tres
bonne.

En 1892, la récession de la calotte sud de Mars est a nouveau apparente. Percival Lowell observe
une bande noire autour de la calotte brillante qui disparait peu a peu. Il interprete cette figure comme un
océan polaire en anneau. Embrassant les visions de Schiaparelli sur les canaux formés d’eau et celle de
la végétation de Liais et Pickering, Lowell, astronome fondateur de I’Observatoire de Flagstaff, Arizona
(USA), propose la théorie suivante. Mars serait une planete habitée en voie de désertification. La seule
source d’eau liquide, nécessaire a ses habitants serait située au pole, au moment ou la glace fond. La
forme de vie intelligente construit des canaux d’irrigation qui permettent de transporter la précieuse eau
des pdles vers I’équateur. Le succes populaire de cette théorie lui vaut une renommée mondiale. Lowell
écrira beaucoup de livres grand public [198]. L’ astronome ira jusqu’a écrire que la température de Mars
est “confortable comme le sud de I’ Angleterre”.

A I’Observatoire Lick du mont Hamilton en Californie, W.W. Campbell propose des observations
spectroscopiques de Mars en 1894 [28]]. Il montre que le comportement spectral de Mars est en tout
point similaire a celui de la Lune. Il prétend que 1’atmosphére martienne est tres fine et que la détection
d’eau n’est pas possible, car elle n’existe qu’en tres petite quantité. Cependant, il ne doute pas que la
calotte soit faite d’eau.

Au début du XXeme siecle, se développe une théorie alternative sous 1’impulsion notamment de A.
R. Wallace qui critique sans égards le raisonnement de Lowell a propos de la température de Mars [334].
Dans la continuité A. C. Ranyard et G. J. Stoney emettent I’hypothese que les calottes saisonnieres de
Mars soient faites de CO,.

La premiere mesure quantitative de la température de Mars a été produite par deux équipes, a 1’Ob-
servatoire Lowell a Flagstaff, avec D. H. Menzel, W. W. Coblentz, et C. O. Lampland, et d’autre part, au
Mont Wilson en Californie du sud avec E. Petit et S. B. Nicholson. Les deux équipes ont utilisé un ther-
mocouple et ont conclu a une température maximale atteignant 20°C a 30°C dans les régions sombres
et une température minimale au pdle sud de -50°C a -70°C. Ces observations de 1924 suggerent que la
neige carbonique de CO; ne se condense pas sur Mars, a cause de la faible pression atmosphérique. Il
faudrait une température maximale de -100°C. Ces équipes ont donc conforté I’hypothese de glace d’eau
comme constituant des calottes polaires.

En 1958, des nouvelles mesures spectroscopiques par Kuiper [[173]] établissent une présence plus pro-
bable de glace d’eau que de glace de CO,.

Dans les années 1950-60, la conquéte spatiale bat son plein. La premiere sonde a destination de
Mars est russe : “Mars 17, lancée en 1962 et perdue en 1963. En 1965, la premiére sonde américaine
s’appelle : “Mariner 3”, perdue au lancement. En novembre 1965, la sonde “Mariner 4” est lancée par
les Américains, suivi deux jours plus tard de la sonde russe “Zond 2”. Seule la sonde américaine arrive a
communiquer ces surprenants résultats : la surface de Mars est cratérisée et ancienne, semblable a celle
de la Lune [186]. La premi¢re mesure de pression atmosphérique au sol est faite par transmission radar :
la pression est incroyablement faible entre 4 et 6 mbar. Apres “Mariner 47, Leighton et Murray remettent
a jour I’hypothése de la condensation/sublimation de CO; [[187].

Les sondes suivantes Mariners 6 and 7, lancées et arrivées en 1969, se font voler la vedette par
I’arrivée des premiers hommes sur la Lune. Mariner 7 prouve que la température de la calotte saisonniere
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sud est de 145 K, proche de celle de la glace de CO, en équilibre avec son gaz pour ces faibles pressions
atmosphériques [242, 243|).
Herr et Pimentel confirment avec des arguments spectroscopiques a 3 microns que la calotte saisonniére
est composée de glace de CO, [[125]]. La méme équipe montre la présence de nuage de CO, dans la haute
atmosphere [[126]] avec la bande a 4,3 microns.
Dans la foulée, le premier GCM martien, adapté d’un modele terrestre, voit le jour [188]. Il comporte
déja le processus de condensation de CO;.

A la suite de toutes ces observations, Murray et al. proposent de différencier la calotte saisonniere
composée de glace de CO; et la calotte permanente vraisemblablement composée de glace d’eau [236].

En 1976, les landers au sol Viking 1 et 2 mesurent un cycle semi-annuel de pression atmosphérique
avec deux minima de pression, a la fin des hivers nord et sud, confirmant les travaux de Leighton et Mur-
ray [129]. Les mesures thermiques confirment aussi que la calotte permanente nord est bien composée
de glace d’eau [163]].

Cet apercu historique a été en partie établi d’apres le livre suivant, disponible sur Internet [294],
repris aussi dans mon manuscrit de these [283]].

4.1.2 La calotte saisonniére sud de Mars

Une synthese des connaissances actuelles a été dressée lors de ma these [283]]. Cette section contient
un résumé de cette synthese, complétée des résultats scientifiques plus récents. Dans un premier temps,
les observations et les modélisations seront décrites. Dans un second temps, nous détaillerons trois inter-
rogations majeures concernant la calotte saisonniére sud de Mars.

4.1.2.1 Observations

La progression et la récession des dépdts saisonniers des images est 1I’observable majeure du cycle
saisonnier de CO, sur Mars. La saison est exprimée en longitude sub-solaire (°Ls), c’est a dire en 1’angle
qui décrit la position de la planete sur son orbite : I’équinoxe de printemps Nord est a Ls=0°, le solstice
d’été Nord a Ls=90°, etc, ...

Imagerie visible Il est possible de comparer les lignes crocus modélisées par les GCM et observées sur
Mars, en moyennant en longitude [191]]. La variable issue des GCM est la latitude équivalente, au dela
de laquelle la surface est entierement recouverte de dépdts saisonniers de CO,. Elle est calculée pour des
dépots symétriques autour du pdle géographique, de maniere a ce que la surface totale couverte de dépots
prédite par le GCM reste constante. La figure 4.1 page ci-contre| montre 1’adéquation entre les mesures
de Viking [144] et le GCM développé en Europe [191]. Cependant, les images visibles ne distinguent pas
de glaces de CO, et d’eau. Une premicre amélioration a été faite avec la température de surface, estimée
grace au flux thermique, mais surtout grace aux spectro-images dans I’infra-rouge proche.

Imagerie infrarouge Les instruments Infrared Radiometer a bord de Mariner 6 et Mariner 7 ont me-
suré pour la premiere fois la température des dépdts saisonniers a 148°K, indiquant la présence de glace
de CO; [243]. Les imageurs infrarouges IRTM a bord de Viking [161]], puis TES (3 km/pixel) a bord
de MGS [165]], ont permis de réaliser une cartographie des dépots saisonniers dans les zones polaires.
Des données d’infra-rouge thermiques, grice a I’'instrument PFS, ont aussi permis de tracer 1’extension
spatiale des glaces [103]].

La date crocus pour un endroit donné, correspond a la date ou la glace est en train de disparaitre de la
surface. Ce concept a été proposé par Kieffer et al. dans I’analyse des données TES [165]]. 11 correspond
a la date d’inflexion du signal temporel de température (voir fig. 4.2 page suivante]). Cette forme est
modélisée par une fonction arctan sans justification physique.

La ligne crocus a une date donnée, correspond a I’extension spatiale des dépdts saisonniers. C’est la
ligne reliant tous les points ayant une date crocus similaire. Par exemple, la figure 4.6 page T95|représente
I’évolution de la ligne crocus au cours du temps (en °Ls).
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FIGURE 4.1: Comparaison de la surface couverte de dépdts saisonniers entre le GCM “Mars Climate Da-
tabase” et les données Viking [[144] (cercle). Les différentes lignes correspondent a la latitude équivalente
pour plusieurs scenarii de profondeur optique de poussiere (figure d’apres [[191]).
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FIGURE 4.2: Définition de la date crocus. C’est le point d’inflexion dans le signal temporel de tempéra-
ture de brillance (figure d’apres [165]).

De plus, les interprétations des données TES indiquent que la calotte saisonniere sud a des com-
portements temporels complexes, impliquant du CO,, de I’eau, des poussicres [[165]. Les données plus
récentes de I’'imageur infrarouge THEMIS (100 m/pixel) a bord de Mars Odyssey, ont identifié la pré-
sence d’un anneau d’eau dans la calotte saisonnie¢re nord [333]], et proposent des interprétations de la
région cryptique au Sud [[166]. Cependant, la distinction entre CO» et eau reste tres difficile dans I’infra-
rouge thermique, car seule leur température de condensation permet de les distinguer. En cas de mélange
au sein d’un pixel, il est difficile de distinguer les especes chimiques volatiles.

Spectro-imagerie infra-rouge proche Les identifications spectroscopiques de glaces de CO; et d’eau
ont pu se faire, dans I’infra-rouge proche, grace a I’instrument OMEGA a bord MEX, puis CRISM a
bord de MRO. D’apres ces données, la calotte saisonniere sud est majoritairement constituée de glace de
CO, avec quelques zones de fortes concentrations en eau [179], contrairement aux zones polaires nord
relativement riches en eau [6]]. Les données CRISM on été utilisées pour I’analyse de certaines zones
spécifiques, notamment dans la région cryptique (voir section[.1.3.2) [261] 262].

Grice a la résolution spatiale des données OMEGA infra-rouge proche (~300m), j’ai proposé du-
rant ma these une extension de la définition des limites de pdles : les lignes crocus internes et externes
qui séparent le domaine de transition de la bordure de la calotte saisonnicre dans laquelle une certaine
proportion de surface est déja nue car les dépdts saisonniers s’y sont sublimés. La distance snowdrop ca-
ractérise I’extension spatiale de cette zone de transition (voir figure #.3)). Les données OMEGA montrent
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FIGURE 4.3: Définition de la distance snowdrop, des lignes crocus internes et externes. (figure d’apres
[285])).

clairement des variations spatiales et temporelles de cette zone de transitions (voir figure 4.4)

Pression Le signal de pression atmosphérique au sol, mesuré par Viking Lander 1 et 2, met en évidence
plusieurs phénomenes a des échelles de temps différents [320, [134] (voir figure [4.5]a). A I’échelle jour-
nalicre, I’effet des marées thermiques domine le signal. A 1’échelle de quelques jours martiens, les ondes
planétaires transitoires impriment leur passage. L’échelle annuelle comporte plusieurs phénomenes sai-
sonniers imbriqués ayant une composante orographique et dynamique. La composante orographique est
une variation horizontale de pression due aux différences d’altitude entre les deux hémispheres mar-
tiens. Tandis que la composante dynamique est due a I’équilibre géostrophique, responsable des fortes
variations de pression en latitude.

Nuages de CO, Certaines observations des poles pendant la nuit permanente, avec 1’instrument IRTM
de Viking Orbiter, ont mis en évidence des points “froids”. Il s’agit de zones trés localisées dans I’espace
et dans le temps ayant des températures de brillance inférieures a 135 K alors que la température de
condensation de la glace de CO, est de I’ordre de 145-148 K a I’équilibre de pression saturante [[164].
Deux explications coexistent actuellement, impliquant de la glace de CO, a faible taille de grains, soit
a la surface [[113], soit dans I’atmosphere [91]. Ces scenarii produisent le méme effet : un point froid,
c’est a dire une zone de température de brillance anormalement basse. La distribution annuelle & 1’échelle
globale des points froids parfois est di aux nuages mais majoritairement dil a de la neige fraiche au sol
[139]]. Aujourd’hui, les précipitations sont correctement modélisées par les GCM [54]], en accord avec les
observations de la structure atmosphérique, sursaturées a certains endroits, comme la région cryptique
[LLOSI].

Récemment, des détections de nuages de CO, en haute altitude, dans la mésosphere, ont été décou-
vertes [228, 1204, 332]], mais ils ne contribuent pas a une précipitation en surface.
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FIGURE 4.5: Pression atmosphérique martienne : (a) pression au sol mesurée par Viking Lander 1 et
2; (b) en bas : pression atmosphérique équivalente stockée dans les calottes saisonnieres ; (b) en haut :
pression atmosphérique a I’altitude 0. Figure d’apreés Hourdin et al. [[134]].

Altitude L’étude des variations des altitudes[299] montre que I’amplitude des variations augmente
linéairement avec la latitude entre 0 m & 60° de latitude et Im au pdle. Une autre étude, basée sur la
décomposition en série de Fourier du signal temporel, confirme que 1’amplitude annuelle est d’un metre

(3.

Masse Les mesures de masse peuvent se faire par plusieurs techniques : déformation du géoide [299,
341, [150]], mesure par occultation du flux de neutrons [195, [196] et de gamma [[155]]. Tous sont globa-
lement compatibles avec les GCM : 25% de la masse atmosphérique totale est impliquée dans le cycle
saisonnier de condensation/sublimation.

En combinant les informations de masse, déduites de la déformation du géoide, et les variations
d’altitude, il est possible d’estimer une masse volumique pour les dépdts de 0,9104-0,230 g.cm 3 [299].
En comparant avec les données de masse déterminées par les mesures du flux de neutrons, Aharonson
propose une masse volumique plus réaliste de 0,5 g.cm—>[3]].

4.1.2.2 Modélisations

La quantité de masse de CO, qui se condense/sublime a la surface de Mars, est déduite des équations

du bilan d’énergie et de conversion de chaleur latente, en explicitant les gains et les pertes d’énergie
[90] :

dMco i ; 1
S = Fieon = Fiiy = Feona = W) 7 (@.1)
I3 LCO2

Avec F" la perte d’énergie par émission infrarouge thermique, F, X’sz le gain d’énergie par advection
atmosphérique, W, le gain d’énergie solaire, F,,4 le bilan d’énergie échangée avec le sous-sol (ce terme
peut étre un gain ou une perte). Lco, = 590.10% [J.kg~!] 1a chaleur latente de sublimation du CO,, Mco,
[kg.m~2] la masse surfacique (intégrée sur 1’épaisseur) de la couche de glace de CO,.
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Note: Mumbers refer to Lg.

FIGURE 4.6: Récession de la calotte saisonniere sud observée depuis la Terre entre 1905 et 1965. Chaque
cercle est une ligne crocus a une date notée en °Ls (d’apres [87] repris dans [328]]). Les longitudes sont
notées en degrés croissants vers 1’Ouest.

Cette modélisation a été intégrée a des études locales, comme celle développée durant ma theése et
mon post-doc (4.4.2 page 233)) mais aussi dans les GCM [92, [190].

Malgré les récentes modélisations, basées sur les données d’albédo et de présence de glace les plus
précises, il reste plusieurs incompréhensions autour des phénomenes controlant les dépots saisonniers de
Mars.

4.1.3 Incomplétudes

Cette section décrit trois incomplétudes majeures aux modélisations classiques de la calotte saison-
niere sud de Mars, liées entre elles mais impliquant des études indépendantes.

4.1.3.1 Incomplétudes 1 : asymétrie de la récession

Les premieres évidences de 1’asymétrie de la récession de la calotte saisonni¢re sud apparaissent
des 1905 [87,1328]] (voir figure {.6). Malgré cette asymétrie, la récession est, au premier ordre, toujours
identique d’une année martienne a une autre. Afin de comparer les différentes années et les différentes
observations, James et al. proposent de modéliser I’extension géographique du dépdt saisonnier par un
disque dans une projection stéréographique polaire sud [143]]. Il s’agit d’ajuster deux parametres : le
centre et le rayon du disque. Les observations Viking [143]], au sol [142, [141] ou MOC [15] montrent
toujours une asymétrie de récession qui commence vers Ls=220°. Le méridien de longitude 120°E a
une vitesse de récession plus rapide que le méridien opposé de longitude 60°W. Cette asymétrie a été
confirmée par les observations TES [165] et OMEGA [179]. Elle est liée a la région cryptique (voir
section .1.3.2)), introduite par Kieffer, en 2000, a partir des analyses des données TES [165]].
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Cette vision simpliste du disque ne décrit pas correctement le détail de la zone couverte par les dépots
saisonniers (voir figure d.4). Il existe des ilots clairs détachés du disque et des flots sombres a I’intérieur
du disque. De plus, le bord du disque a une géométrie complexe. Les montagnes de Mitchel forment I’ilot
clair détaché le plus étendu et le plus connu. Il tient son nom du directeur de 1’observatoire de Cincinatti
qui I’a observé pendant I’opposition de 1845.

L’hypothese avancée classiquement pour expliquer cette asymétrie de la récession est un effet d’alti-
tude et de rugosité de surface [328]]. Lors de ma thése, j’ai testé et rejeté cette hypothese. J’ai démontré
que cette asymétrie de sublimation est due a une asymétrie d’albédo qui accélere la récession dans la
zone la plus sombre [285] (article disponible a la section f.4.1)). Lors de mon post-doc, j’ai pu montrer
qu’il existe néanmoins une légere asymétrie de condensation au bénéfice de la région cryptique [286]]
(article disponible a la section[4.4.2), probablement dii & une précipitation de neige préférentielle dans la
région cryptique, en accord avec les prévisions des GCM [33] et les observations indirectes des nuages
pendant la nuit polaire [[105]].

L’ origine de I’asymétrie d’albédo est toujours débattue et sera discutée a la section suivante.

4.1.3.2 Incomplétudes 2 : Région cryptique

Le concept de région cryptique a été introduit par Kieffer, en analysant la récession de la calotte
saisonniere sud avec I'instrument TES a bord de MGS [[165]. Il s’agit d’une région qui comporte deux
caractéristiques a priori contradictoires : un albédo faible (signant la présence de poussiere) et une tem-
pérature proche de 140K (signant la présence de glace de CO;). La région cryptique apparait comme un
ilot sombre a I’intérieur du disque (voir figure [4.7).

Une étude plus récente propose une définition plus précise de la région cryptique utilisant toujours les
données TES [260]. Il s’agit de I’ensemble des 1lots d’albédo inférieur a 0,38 et comportant une signature
en température de glace de CO,. Cette définition permet de dessiner les contours de la région cryptique au
cours du temps. La “région cryptique union” est I’ensemble des points qui présentent des caractéristiques
de crypticité a un moment donné pendant la récession de la calotte saisonniere (SSPC). La “région
cryptique intersection” est I’ensemble des points qui présentent des caractéristiques de crypticité pendant
toute la récession de la SSPC. Introduisons aussi la “région anticryptique” qui est le complémentaire de
la “région cryptique union” dans le domaine des hautes latitudes.

Afin d’expliquer la contradiction apparente albédo/température de cette zone cryptique, deux hypo-
theéses majeures ont été avancées :

1. La premiere explication est la présence d’une couche de glace a gros grains, trés pure et suffisam-
ment transparente pour que les photons visibles et proches infrarouges puissent atteindre le sol
sous-jacent. Dans ce cas, la couche de glace de CO, imposerait bien une température de 140 K
tandis que I’albédo serait controlé par le substrat [[165]. Les interprétations spectroscopiques de
TES sur la région cryptique montrent que les tailles de grains de CO, dans la région cryptique sont
tres grandes (> 1 cm) [[165]].

2. La seconde, plus simple, invoque de la poussiere en contact avec de la glace sous-jacente [180].
La température de la couche de poussiere superficielle serait controlée par le CO, sous-jacent,
mais 1’albédo de la couche supérieure resterait sombre. Il faut donc que la couche superficielle
soit a la fois optiquement épaisse et non isolante thermiquement. D’apres les données OMEGA, la
région cryptique a Ls=220° est compatible avec de la glace transparente recouverte de poussicre
optiquement épaisse sur 70% de la surface [[180]. Néanmoins, des zones de glaces transparentes
ont été observées en divers endroits de la calotte [[180, 278|] (voir figure 4.8).

Plusieurs phénomenes peuvent €tre a 1’origine de ces variations temporelles et spatiales d’albédo, de
transparence et de quantité de poussieres. Le plus discuté en ce moment est le modele de geysers (voir
section suivante), mais d’autres phénomenes ont aussi lieu :

— le métamorphisme [80, [81]] qui tend a faire croitre les tailles de grains.

— le mélange a une échelle sub-pixel, de zones entierement nues et de zones glacées, qui pourra étre

en partie résolu grace a I’'instrument CRISM.
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FIGURE 4.7: Propriétés a priori contradictoires de la région cryptique (notée 0) a Ls=220° d’apres I’ins-
trument TES : a) température de brillance (proche de 140K pour la zone 0), b) albédo (proche de 0.3
pour la zone 0) (d’apres [163]]).

— le mécanisme de dépdt par condensation/précipitation de neige qui peut déposer une fraction plus
ou moins importante de grains fins en surfaces [54]], en accord avec les observations de la structure
atmosphérique, sursaturé a certains endroits [105]]. L’origine de cette asymétrie est la présence des
bassins d’Hellas et d’ Argyre qui créent une asymétrie dans 1’écoulement atmosphérique induisant
plus de précipitations de neige dans la région cryptique.

— la précipitation de poussieres éoliennes sur un substrat de glace, par exemple apres une tempéte de
poussiere ou plus localement autour d’un geyser (voir section suivante).

— un mécanisme de nettoyage, suggéré par une augmentation d’albédo de la glace au cours du temps
[250, 285]]. Le nettoyage de la fraction fine peut-étre dii a la saltation en présence de CO,
[163]], ou d’enfoncement des particules les plus grosses [265]].

— un mécanisme d’ablation mécanique dii aux vents [21]].

De nombreuses études et modélisations sont nécessaires pour a la fois améliorer les contraintes ob-
servationnelles (spectroscopie quantitative, géomorphologie quantitative) afin de comprendre/rejeter les
phénomenes en compétition sur la calotte saisonniere sud de Mars.

4.1.3.3 Incomplétudes 3 : Spiders, geysers et écoulement sombre

Un unique mécanisme permet de concilier ces deux explications de couche de CO; transparente et
de couverture de poussicre : les geysers. Ce mécanisme consiste en un apport d’énergie basal au travers
d’une couche de CO, transparente [165] [162]]. Ce chauffage entraine une sublimation du CO,
sous la couche de glace. Le gaz ainsi produit monte en pression jusqu’a briser la couche de glace et
se libérer, emportant avec lui la poussiere présente dans le substratum. Ce modele est schématisé dans
la figure 1.9 et explique comment les hypotheses 1 et 2 peuvent avoir lieu. La partie droite du schéma
correspond a la situation de la premieére hypothése, tandis que la partie gauche correspond a la situation
de la seconde.

Le scénario temporel de formation des spiders et geysers est illustré dans la figure Ce modele
de geyser est conforté par I’observation de figures géomorphologiques trés particulieres : les “spiders”
[260]. 11 s’agit de formes ressemblant a des araignées creusées dans le sol minéral a 1’échelle de moins
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SSPC slab ice terrain for Ls=170-180 (year 28)
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FIGURE 4.8: Variations de I’état de transparence de la glace observé par OMEGA (d’apres [278]).
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FIGURE 4.9: Schéma de la formation des geysers. D’apres Piqueux et al. [260].
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4.1. CONTEXTE

FIGURE 4.10: Observation MOC des Spiders. D apres Piqueux et al. [260]].

d’un kilometre (voir figure d.10). Au printemps, les “spiders” sont recouverts de trainées sombres, vrai-
semblablement composées de poussieres (voir figure[4.11) interprétées comme les trainées de poussieres
déposées par les geysers.

Plusieurs étapes sont nécessaires et ont été étudiés par plusieurs auteurs :

1. Dépdt de CO, par condensation/précipitation [54], puis nettoyage des poussieres par enfoncement
[263] ou saltation [163].
2. Etat de glace transparente, probablement aprés métamorphisme

3. Effet de serre a I’état solide, rupture mécanique et éjection de gaz et poussiere.

(a)

(b)

©

Effet de serre a 1’état solide da au flux solaire qui pénetre dans la glace pour étre absorbé dans
le substratum. La glace étant opaque en infrarouge, les rayons sont donc piégés et absorbés en
base de la couche transparente. L’ énergie ainsi absorbée permet de sublimer la glace de CO,
par le dessous. Des calculs thermiques ont montré qu’il est possible de réaliser cet effet de
serre a I’état solide [265] 256]. Une étude expérimentale sur de la glace d’eau a bien montré
la validité de ce phénomene [152]]. Le terme de conduction de chaleur dans le sous-sol F,,4
(voir eq. dans le cas d’un sol d’une forte inertie thermique, a été proposé
pour expliquer la présence tres tot des éjections [2]. Néanmoins, d’aprés une modélisation
thermique plus complete [256]], une forte inertie thermique tend a une condensation plus
tardive et donc & une couche de CO; plus fine, mais aussi un chauffage plus difficile de la
couche de poussiere. Cette modélisation montre qu’une forte inertie thermique tend a retarder
I’apparition des geysers.

La rupture mécanique du CO; intervient lorsque le seuil de contrainte est atteint. Cependant,
aujourd’hui, les mesures de seuil d’élasticité de la glace de CO; ne sont pas connues. Deux
géométries ont été proposées : (i) la couche de glace de CO, repose sur des bords, c’est a dire
des endroits ol la sublimation basale n’a pas eu lieu [263] (ii) la couche de CO, se décolle et
1évite au dessus du sol [162]. Les flux de gaz sous la surface pourraient étre a I’origine d’une
remobilisation du substratum et a la formation des spiders [162].

L’éjection des gaz et poussieres a été modélisée par des simulations d’écoulements fluides
315]]. Dans I’hypothese d’un écoulement a I’ équilibre (tout le gaz sublimé par le dessous
sort par un tunnel dans la glace), le gaz sort a une vitesse d’éjection de 25 m/s, avec une
accélération significative du gaz dans le voisinage de I’embouchure (<0.5 m), indiquant une
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CHAPITRE 4. LA CALOTTE SAISONNIERE SUD DE MARS

FIGURE 4.11: Observation MOC a Ls=208° des liens entre les “spiders” et geysers. Les trainées sombres
de dépot de poussiere ont comme point d’origine les centres des “spiders”. D’apres Piqueux et al. [260].

érosion localisée autour du point d’éjection [314]]. Une étude analogique a montré qu’il est
possible de simuler des formes dendritiques convergentes en cas d’une éjection unique [65].

4. Dépdt des poussieres entrainées par les geysers. D’apres les observations HIRISE, les dépots se
font majoritairement le long de la pente, dus soit a des vents catabatiques, soit a la géométrie des
conduits d’éjection [313]]. Les simulations confirment qu’une forte pente permet une sublimation
plus intense liée a une insolation intense et donc un entrainement de particules relativement plus
grand alors que I’effet des vent locaux peut déplacer les fractions fines sur des distances impor-
tantes [315]]. Ces simulations sont compatibles avec les observations de dépots observées. Concer-
nant la formation des halos clairs, I’hypothese d’un refroidissement adiabatique lors de 1’éjection
des gaz, a été proposée mais les simulations numériques d’écoulements montrent qu’il ne
dure que 0.2 s et que les particules ainsi formées ne sont pas déposées [315]]. En revanche, lors de
la descente, les particules entrainent du gaz de CO, atmosphérique et amenerait a une surpression
qui aboutirait a la condensation de particules de CO, [315]. Les données HiRISE suggerent la
formation de dépdts bleutés au centre des éjections qui seraient dus a des particules fines de CO».
Tandis qu’a la limite extérieure, le halo bleuté pourrait provenir d’un enfoncement de la poussiere
[261]]. Les premicres analyses des données CRISM suggerent une évolution complexe de 1’eau et
du CO,, avec une sublimation précoce de 1’eau et un nettoyage des poussieres [261]].

5. Sublimation totale de la glace et mise a jour des spiders. Les spiders sont les tranchées laissées par
I’écoulement sous-glaciaire. Deux modeles persistent : les écoulements a 1’équilibre [314]
impliquant des pressions maximum de 1 000 Pa, ou des écoulements sous la glace en lévitation
[162] impliquant jusqu’a 4 000 Pa. Une étude analogique a montré qu’il est possible de simuler
des formes dendritiques convergentes en cas d’une éjection unique [65]. Les observations sont
compatibles avec un fluide gazeux car le conduit s’agrandit en remontant la pente [L11]].

Malgré ces différentes études, de nombreux points restent obscurs :

Localisation des spiders Initialement, les geysers, spiders et la région cryptique ont été mis en corres-
pondance : d’apres ces auteurs, tous les spiders sont situés dans des lieux appartenant a la fois a la
région cryptique union et a une unité géologique de terrains contenant de la poussiere (SPLD pou South
Polar Layered Deposit). La glace y est translucide au printemps ce qui assure le chauffage du sol et donc
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FIGURE 4.13: Localisation des spiders dans la zone polaire Sud de Mars (d’apres [260]).

la formation de gaz sous pression. Les geysers résultants peuvent étre matérialisés en surface et causer
une contamination (voir figure d.13).

A I’aide de Romain Dupire, stagiaire en M2, j’ai mené une étude plus complete comprenant la to-
talité des images MOC et des centaines d’image HiRISE, soit au total 5000 images (voir figure #.14).
Cette étude, en cours de rédaction pour publication montre que la corrélation n’est pas aussi bonne que
présentée précédemment, puisqu’une part significative des spiders se trouve en dehors des SPLD.

Néanmoins, le maximum de contamination est observé par MOC et OMEGA [[180] a Ls=230°.
D’autre part, la contamination vue par OMEGA est assez uniforme sur de grandes surfaces alors que la
présence des spiders et des geysers est assez localisée.

Liens entre spiders et geysers D’apres le modele classique, le centre des spiders correspond au point
d’éjection des geysers. Mais les images HiRISE a haute résolution (voir figure [4.15) montrent qu’au
contraire les geysers sont situés sur les bords du spiders [313]]. Dés lors, se pose la question du lien
entre ces deux objets. Une possibilité serait le contrdle des geysers par ’insolation différentielle dii a
la micro-topographie sur les pentes des tranchées du spider. Pour tester une telle hypothese, un Modele
Numérique de Terrain (MNT) est nécessaire.
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FIGURE 4.14: Localisation des spiders dans la zone polaire Sud de Mars (d’apres [280, 281])).
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FIGURE 4.15: Liens entre geysers et spiders (d’apres ).
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FIGURE 4.16: Geysers sous forme de cracks en réseau dans la partie Nord et sous forme de point dans la
partie Sud (d’apres [266]]).

Ejections sous forme de cracks D’apres le modele classique, les geysers émanent d’un conduit unique
mais les images HiRISE (voir figure [4.16) montrent que les éjections peuvent aussi provenir d’une zone
fracturée [266]. Les cracks ne sont pas dans le substratum car ils sont différents d’une année martienne a
I’autre [266]). Quelle est I’origine de ces différents mode de rupture ?

Liens entre geysers et glace transparente Le modele classique et les calculs thermiques montrent que
la présence de glace transparente conduit rapidement a la formation d’un geysers. Cependant, la mise en
correspondance d’un indice de transparence de glace des données OMEGA et des geysers actifs (voir
figure [4.17) ne montrent aucune corrélation évidente. Est-ce que les informations spectroscopiques de
glace transparente sont cohérentes avec les données d’imagerie de présence de geysers ?

Activité trés précoce de certains geysers Pour I’instant les premiéres images disponibles, juste apres
la nuit polaire, comportent déja des geysers et il est donc tres difficile de dater précisément la premieére

apparition [313]], par exemple avant Ls=174° a Inca City. Le terme de conduction de chaleur dans le
sous-sol a été proposé pour expliquer la présence trés tot des éjections [2]. Mais finalement, un sol de
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(f) Ls=220° (g) Ls=238° (h) Ls=241° (1) Ls=243° (j) Ls=248°

FIGURE 4.18: Ecoulement sombre dans la dune de Richardson (d’apres [3]).

forte inertie thermique tend a retarder 1’apparition des geysers [256]]. Est-ce que le chauffage solaire seul
peut expliquer les geysers précoces ?

Liens entre geysers, écoulement sombres Un lien entre les écoulements sur les dunes (voir illustration
page[293) et le phénomene de geyser a été proposé sur la dune de Russel [99]. Depuis, plusieurs études
ont montré la corrélation temporelle entre les écoulements et la présence de glace de CO, 78,167, [110].
Certains auteurs ont proposé, un écoulement d’un film visqueux [240], de saumures [157] ou d’eau
interfaciale [156]. Les travaux de thése de Frangois Andrieu en cours, concernent le cas de la dune de
Richardson (voir figure [4.18)). Sur cette zone, les premieres étapes suggerent la présence d’un geyser au
sommet de la dune. Les étapes suivantes correspondent a un écoulement gravitaire. Ces morphologies
sont aussi présentes sur les inter-dunes plates, connues sous le nom de “Dark Dune Spots”. Méme si
certaines équipes proposent des hypotheses hasardeuses, comme par exemple des colonies de bactéries
[133 O8]}, les liens entre geysers et écoulements sombres ne semblent pas encore compris. Est-ce que
I’écoulement se fait sur le dessus ou sur le dessous ? Quel est le matériel qui s’écoule ?

De nombreuses questions restent en suspens car aucune observation directe d’un geyser n’a été pos-
sible jusqu’a présent [313]. Le phénomene de geyser et de formation des spiders est probablement le
mécanisme majeur d’évolution morphologique sur Mars, le plus efficace pour la remobilisation des pous-
siéres sur Mars, 100 fois plus qu’une tempéte de poussiere globale [259, [111][259, [111]]. La compréhen-
sion de ce phénomene est donc essentielle pour comprendre a la fois le climat actuel et passé de Mars,
mais aussi son évolution géomorphologique.

4.2 Contributions

Mes recherches concernant la calotte saisonniere sud de Mars peuvent étre découpées en plusieurs
axes : la cartographie de présence de glace, la modélisation des échanges de glace de CO; en surface,
caractérisation de la glace par la spectroscopie, caractérisation géomorphologique des processus de sur-
face.

4.2.1 Cartographie de présence des glaces par spectro-imagerie

Lors de ma these, j’ai introduit des nouveaux concepts pour décrire 1’extension spatiale de la calotte
saisonniére : les lignes crocus internes et externes, ainsi que la distance snowdrop (voir figures 3] et

@4).
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J’ai sélectionné 544 observations OMEGA de I’année 2005-2006 (Année Martienne 27) de Ls=110°
a Ls=320°, pour les latitudes 30° S jusqu’a 90°S. J’ai analysé ces images grace a I’algorithme WAVAN-
GLET (voir section[[.2.T)) pour détecter la présence de glace au sol (voir figure[4.19)). Puis, j’ai déterminé
les lignes crocus internes et externes, ainsi que la distance snowdrop. Grace a ces nouvelles observables,
j’ai montré que 1’asymétrie de sublimation est due a une asymétrie d’albédo qui accélere la récession
dans la zone la plus sombre (région cryptique) [2835]].

Ce travail a été publié dans un article disponible a la section

4.2.2 Modélisation des échanges de glace

Lors de mon post-doc, j’ai pu montrer qu’il existe néanmoins une légere asymétrie (22 £ 9%, voir
figure 4.20) de condensation au bénéfice de la région cryptique [286]] (article disponible a la section
K.4.2), probablement dfi a une précipitation de neige préférentielle dans la région cryptique, en accord
avec les prévisions des GCM [53] et les observations indirectes des nuages pendant la nuit polaire [103]].

Ce travail a été publié dans un article, disponible a la section[#.4.2]

4.2.3 Spectroscopie

La question de la nature des écoulements sombres, décrit a la section et de leur lien probable
avec les geysers, est toujours ouverte. Au cours d’une collaboration avec A. Kereszturi, j’ai développé
des arguments spectroscopiques pour tester la possibilité d’eau liquide. L’article présentant ce travail est
disponible i la section[d.4.3]

Les écoulements sombres sur la pente, de taille de I’ordre de quelques metres de large, ne sont
pas directement observables sur un pixel CRIM de 18m. Nous avons donc choisi de s’intéresser aux
phénomenes actifs situés sur la plaine inter-dune de Richardson (voir figure B.21). 11 s’agit de tiches
sombres circulaires dont la croissance est radiale, souvent isotrope.

Les signatures de CO, sont dominantes sur les spectres CRISM. Grace a I’outil de démélange linéaire
FCLS (voir section et[1.2.3), j’ai pu montrer qu’il n’y a aucune évidence spectroscopique de la
présence d’eau sous forme liquide ou sous forme de saumures (voir figure[.22). En revanche, la présence
de glace d’eau est nécessaire pour expliquer les bandes d’absorption des spectres CRISM de la région.
Les résultats montrent que la glace d’eau persiste plus longtemps que le CO,, comme attendu d’apres
les modélisations climatiques [92]. En fin de sublimation, les conditions sont réunies pour créer une
couche d’eau liquide interfaciale d’épaisseur 30 microns [159]. Le rdle de I’eau dans le mécanisme des
écoulements n’est pas encore tout a fait compris.

D’autre part, j’ai contribué a développer une méthode permettant d’estimer la présence de glace
transparente de CO, a partir des données OMEGA, grace a la méthode GR-SIR [278]]. Les résultats
préliminaires sont représentés a la figure .17]et un article est en cours de préparation.

4.2.4 Géomorphologie

Durant le stage de Master 2éme année de Romain Dupire en 2010, nous avons abordé une cartogra-
phie exhaustive de la présence de spiders et geysers sur la totalité des images MOC et HiRISE disponibles
a cette date (voir figure [4.14), venant en complément a des travaux similaires sur un nombre d’images
tres réduit [264] ou ayant un échantillonnage inconnu [260]. Ce travail d’analyse géomorphologique a été
présenté a des congres scientifiques internationaux Europlanet [279] et LPSC [281]]. Nous avons pu mon-
trer que les spiders étaient présents tout au long de I’année martienne, contrairement aux traces sombres,
présentes majoritairement au printemps (voir figure [4.23). Aussi, la distribution spatiale des spiders est
plus complexe que celle proposée initialement (uniquement sur I’unité “South Polar Layered Deposits™)
[260]. Aussi, nous avons souligné un manque de corrélation entre la présence de glace transparente et la
formation des jets (voir figure [d.14).

Ce projet est en cours de rédaction pour une publication scientifique.
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o

FIGURE 4.19: Evolution temporelle de la calotte saisonni¢re sud. Le fond en niveau de gris représente
les altitudes MOLA. Les couleurs représentent les mosaiques des images hyperspectrales OMEGA : en
jaune la poussiere, en pourpre le CO; , en bleu I’eau (a) Ls=150-160° (b) Ls=180-190° (a) Ls=220-230°
(a) Ls=275-280° (d’apres [283]]).
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FIGURE 4.20: Flux de sublimation totales dans le demi-espace cryptique et anti-cryptique : a gauche,
flux absolue, a droite flux relatif. Le flux anti-cryptique est légerement dominant entre Ls=220° et 300°

(d’apres [286])).

FIGURE 4.21: Evolution temporelle de I’inter-dune dans le cratere de Richardson entre Ls=166° et 218°

(d’apres [138]).
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FIGURE 4.22: Modélisation d’un spectre du coeur sombre d’un dark spot. en noir : observation CRISM,
modele 1 : avec glaces uniquement, modele 2 : avec glaces et eau liquide sans gypse, modele 3 : avec
glaces, gypse et eau liquide. Le RMS n’est pas significativement différent, signant la présence peu pro-
bable d’eau liquide (d’apres [158]).
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FIGURE 4.23: Probabilité d’occurrence des spiders et de geysers en fonction de la saison (d’apres [279]).
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D’autre part, j’ai contribué a I’étude en géomorphologie quantitative des gullies situés dans la dune
de Russel pour montrer qu’ils se sont formés probablement dans un environnement périglaciaire, en
présence d’une couche active (saturée en eau liquide) [149]].

4.3 Perspectives

Cette thématique offre plusieurs perspectives de caractérisation des écoulements et d’identification
des processus actifs liés a la sublimation de la glace de CO,. Les enjeux principaux de ces travaux sont
la compréhension du climat actuel de Mars mais aussi la compréhension de la dynamique des processus
actuel sur Mars. Pour cela, il est nécessaire de bien établir la part des geysers dans les sources de poussiere
sur Mars. En effet, les poussicres atmosphériques sont des noyaux de condensation des glaces mais aussi
un agent important dans le bilan radiatif de la planete [227,205]]. D’ autre part, il est nécessaire de mieux
appréhender les mécanismes de surface (nettoyage, métamorphisme, ...) de la glace afin de les intégrer
aux GCM pour simuler correctement le cycle climatique du CO,, majeur de Mars. Aussi, il est important
de mieux comprendre le role de la glace d’eau, a la fois traceur de la dynamique atmosphérique martienne
actuelle mais également agent trés important dans 1’évolution géologique de Mars [210].

A mon sens, toutes les informations pertinentes des observations n’ont pas encore été extraites. En
particulier, je souhaite réaliser une étude de spectroscopie fine, quantitative pour estimer I’évolution spa-
tiale et temporelle des propriétés micro-physiques de la surface (taille de grains, transparence, rugosité,
contenu en impureté, mode de mélange). Le but principal est de tester les différentes étapes du mo-
dele de geyser, et en cas de validation, de proposer des données quantitatives fiables pour établir une
modélisation physique des processus.

La theése de Francois Andrieu en cours, se focalise sur I’étude des dark spots a petite échelle sur la
dune de Richardson. Dans un premier temps, elle permettra de développer des outils méthodologiques
pour estimer les caractéristiques de la surface, en utilisant la théorie de I'inversion bayésienne. Grace
a ces outils, les valeurs des parametres et leurs incertitudes seront estimées de maniere efficace pour
I’ensemble des spectres des images hyperspectrales. Dans un second temps, une extension régionale de ce
travail sur toute la zone sud de Mars me semble important, pour estimer des comportements d’évolutions
globaux de la calotte.

D’autre part, je souhaite réaliser une étude géomorphologique quantitative d’apres les images Hi-
RISE a résolution de 50cm/pixel pour décrire finement 1’évolution des écoulements, leur vitesse appa-
rente, leur extension latérale,... L’idée est de coupler cette étude avec un modele numérique de terrain
pour connaitre quantitativement la pente. Cette étude permettra de contraindre le mécanisme d’écoule-
ment et de déstabilisation des reliefs martiens.

Enfin, je souhaite développer des modeles numériques et analogiques en chambre froide pour simu-
ler les différents phénomenes macroscopiques (nettoyage des poussieres, écoulements, ...), en complé-
ment des simulations thermodynamiques de I'IPAG (thése de Florence Grisolle soutenue en 2013), en
chambre froide a IDES, en chambre controlée & I’Open University de Londres. Il s’agira de réaliser des
expériences simplifiées en laboratoire afin de tester et calibrer des simulations physiques qui pourront
étre transposées aux conditions martiennes actuelles. Seule la concordance entre expérimentations en
laboratoire, simulations numériques et observations, pourra nous permettre de saisir les mécanismes en
jeux sur Mars.

A plus long terme se tient I’enjeu de compréhension des cycles climatiques anciens et de 1I’évolution
géologique de Mars. Je souhaite développer des outils de simulation pour étudier le phénomene majeur
d’érosion martien dans les périodes passées. Il s’agirait de simuler le bilan de la déstabilisation des
surfaces, en fonction de I’ensoleillement (dépendant a la fois de la saison, de la latitude et des pentes).
A I’'image des études sur la formation des calottes polaires [181]] et du “mantle terrain” [[189], existe-t’il
la trace géologique des condensations de CO; et des phénomenes de geyser formées dans le passé de
Mars ?
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Over the last few decades, General Circulation Models (GCM) have been used to simulate the current
martian climate. The calibration of these GCMs with the current seasonal cycle is a crucial step in
understanding the climate history of Mars. One of the main climatic signals currently used to validate
GCMs is the annual atmospheric pressure cycle. It is difficult to use changes in seasonal deposits on the
surface of Mars to calibrate the GCMs given the spectral ambiguities between CO, and H,O ice in the
visible range. With the OMEGA imaging spectrometer covering the near infra-red range, it is now possible
Mars, surface to monitor both types of ice at a spatial resolution of about 1 km. At global scale, we determine the
Mars, polar caps change with time of the Seasonal South Polar Cap (SSPC) crocus line, defining the edge of CO, deposits.
Ices This crocus line is not symmetric around the geographic South Pole. At local scale, we introduce the
Spectroscopy snowdrop distance, describing the local structure of the SSPC edge. Crocus line and snowdrop distance
changes can now be used to calibrate GCMs. The albedo of the seasonal deposits is usually assumed to be
a uniform and constant parameter of the GCMs. In this study, albedo is found to be the main parameter
controlling the SSPC recession at both global and local scale. Using a defrost mass balance model (referred
to as D-frost) that incorporates the effect of shadowing induced by topography, we show that the
global SSPC asymmetry in the crocus line is controlled by albedo variations. At local scale, we show
that the snowdrop distance is correlated with the albedo variability. Further GCM improvements should
take into account these two results. We propose several possibilities for the origin of the asymmetric
albedo control. The next step will be to identify and model the physical processes that create the albedo
differences.

Keywords:

© 2009 Elsevier Inc. All rights reserved.

1. Introduction range of Ls = 220°-250°. On the other hand, the seasonal North

Polar cap involves both H,0 and CO, frosts (Schmitt et al., 2006).

A significant fraction of the martian atmosphere, mainly com-
posed of COy, is trapped during winter on the planet’s surface at
high latitudes in the form of CO, frost. When the sunlight returns
in spring, the frost radiative balance becomes positive and CO;
sublimates and returns into the atmosphere. This main features of
the martian seasonal cycle were revealed by the pioneering work
of Leighton and Murray (1966).

The OMEGA imaging spectrometer confirmed that the Seasonal
South Polar Cap (SSPC) of Mars, during its recession phase, is es-
sentially composed of CO; ice. As discussed by Langevin et al.
(2007), the H;O ice signature, detected in the solar longitude range
Ls = 110°-193°, is probably due to clouds in the atmosphere. Sur-
face HyO ice is present only at some specific locations over the

* Corresponding author. Presently at: ESA - ESAC, PO Box 78, E-28691 Villanueva
de la Cafiada Madrid, Spain. Fax: +34 91 81 31 325.
E-mail address: fschmidt@sciops.esa.int (F. Schmidt).

0019-1035/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2008.12.014

In this article, we will consider only CO, in the SSPC.

During the recession phase, different processes of energy
loss/gain are involved in the defrost mass balance, namely la-
tent heat consumption due to CO; frost sublimation, thermal
emission, absorption of direct and indirect (scattered) sunlight,
absorption of thermal emissions from the atmosphere and the sur-
rounding terrain and conduction of thermal energy in the ground.
Different parameters are involved in those processes, including
albedo as suggested by Piqueux et al. (2003) and Colaprete et al.
(2005), thermal emissivity as accurately modeled by Forget et al.
(1998), slopes and surface roughness (Veverka and Goguen, 1973;
Aharonson and Schorghofer, 2006), thermal inertia of the ground
(Aharonson, 2004), annual surface pressure change, altitude and
heat advection from the atmosphere.

Recent General Circulation Models (GCMs), integrating pro-
cesses involved in the CO; cycle (including CO, snow formation
and precipitation), are able to reproduce the Viking Lander 1 pres-
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sure measurements (Forget et al, 1998, 1999), assuming a uni-
form and constant albedo value for the seasonal caps and no
surface slope effects. Nevertheless, albedos observed by Viking
(James et al., 1979) and more recently by MOC (James et al., 2001;
Benson and James, 2005) and TES (Kieffer et al., 2000) and OMEGA
(Langevin et al., 2007) are changing in space and time.

Current GCMs are able to reproduce the time evolution of the
surface area covered by CO; frost (Lewis et al., 1999). In order to
enhance our confidence in both present and past climate studies,
the next generation of GCMs should reproduce the latitude of the
so called “crocus line” at local scale as a function of longitude and
time. For that purpose, they must take into account the changes in
time and space of the parameters controlling the processes listed
above.

The aim of this article is to determine the relative importance
of these factors in controlling SSPC recession.

We will pursue the following objectives:

(1) Monitor the spatial distribution and albedo of H,O and CO,
ices in the SSPC as a function of time using a set of OMEGA
observations for the time period ranging from Ls = 110° to
320°. For that purpose, we use an automatic detection algo-
rithm called Wavanglet (Schmidt et al., 2007). Concepts de-
scribing the structure of the SSPC edge (“inner crocus line,”
“outer crocus line” and “snowdrop time”) are introduced,
based on detection statistics inside latitudinal bins. The evo-
lution of the latitude and structure of the SSPC edge as a
function of time and longitude constitutes our main constraint
(Section 2).

Model, for an ice layer, the daily and cumulative CO, frost
mass budget by integrating the radiative gains and losses from
or toward space as well as the conductive heat coming from
the ground. Special care will be taken in the modeling of the
topographically induced shadows. The mass balance is calcu-
lated for individual facets with their own altitude and slope
orientation based on MOLA DTM (Section 3).

Perform a sensitivity study of the model regarding to its prin-
cipal parameters, namely thermal inertia of the ground linked
with subsurface heat release, altitude linked with the temper-
ature of the CO, layer, surface roughness linked with shadow-
ing effects and thus with absorption of solar light, emissivity
linked with thermal emission of the ice (Section 4).

Challenge the model with various measurements of the SSPC,
including spatial and temporal distributions of the CO; ice oc-
currence as determined by OMEGA (see objective 1), spatial
and temporal distributions of the CO, ice albedo as measured
by OMEGA (see objective 1), total mass accumulation retrieved
from neutron flux measurements by GRS and HEND. This anal-
ysis is done at two spatial scales:

(a) global scale (i.e. flat South Polar region divided into two
longitude sectors, cryptic and anti-cryptic). We show that
the model is compatible with all measurements, using
simple analytical laws for the visible and infrared albedo
dependence with latitude and time (Section 4.1.8),

local scale (i.e. rough South Polar region, divided into
facets at a resolution of 1 km). We demonstrate that the
structure of the SSPC edge cannot be predicted by the
model using the smooth albedo variation already used at
global scale. We found a correlation between the structure
of the SSPC edge and the distribution of albedo observed
by OMEGA at the location of the transition zone, but more
than 10 martian days before its passage (Section 4.2).
Discussion of the processes that potentially govern the albedo
global asymmetry between the cryptic and anti-cryptic sectors
and that can explain the albedo variability at the lower spatial
scale (Section 5).
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2. Analyzing a sequence of OMEGA/MEX observations for
monitoring CO; and H,0 ices

The aim of this section is to present how we monitor the SSPC
during the recession phase, when ice sublimates.

2.1. Selection of OMEGA observations

The imaging spectrometer OMEGA on board Mars Express has
acquired the most comprehensive set of observations to date in
the near-infrared (0.93-5.1 pym) on the SSPC from winter solstice
to the end of the recession at Ls = 325° (Langevin et al., 2007).
Monitoring the spatial distribution of CO; and H,O ice requires
their automatic detection due to the large number of images. For
that purpose, we developed a method called “Wavanglet” (Schmidt
et al,, 2007) that is described briefly in the next section.

From Ls = 110° to 320° of martian year 27 (early 2005 to mid
2006), we select a total of 605 OMEGA/MEX observations with a
positive detection of CO, ice at high southern latitudes.

2.2. Wavanglet detection method

The detection is carried out by comparing each spectrum of
an image with reference spectra of compounds we want to de-
tect in an optimized subspace of wavelets. The correlation be-
tween the reduced observed and reference spectra is calculated
and compared to a threshold in order to declare detection (1) or
absence (0). After the processing of an OMEGA image, the Wa-
vanglet algorithm provides one binary image with the same spa-
tial dimensions—called the detection mask—for each reference com-
pound (Schmidt et al., 2007).

We take into account the information about corrupted spectels
and lines and we systematically remove spectra acquired with inci-
dence angles higher than 85° and/or emergence angles higher than
70° (low signal to noise ratio). In this study we use four references,
namely one synthetic (i.e. generated by a radiative transfer model)
spectrum of CO, ice, one synthetic spectrum of H,O ice, one end-
member spectrum of dust extracted from an OMEGA image and
one endmember spectrum of water ice clouds observed over Hel-
las.

2.3. Position and structure of the polar cap edge

Previous studies on the south seasonal cap recession in the
visible range have been completed by several authors (James et
al,, 1979, 2000; Iwasaki et al, 1990; Benson and James, 2005).
Other studies in the infrared range were conducted by Kieffer et
al. (2000) using the TES instrument. These authors consider that a
sudden rise of surface temperature, from around 145 K (the tem-
perature of CO; ice in equilibrium with the atmosphere) to about
230 K (the temperature of the mineral bare ground) indicates the
passage of the sublimation front. For a given location, fitting the
temporal evolution of the temperature by an arctangent empirical
law provides the crocus date which, by definition, coincides with
the inflection of the curve. The crocus line is the set of locations,
where the crocus dates are equal to a given Ls. In the visible range,
another specific law is used to parametrize the decrease of albedo
and evaluate the crocus date, assuming such event coincides with
CO, disappearance. These studies already suggested that the edge
of the seasonal cap is a transition zone where patches of CO, ice
and dust coexist geographically over a certain spatial extent.

In this article, we propose to characterize the transition zone
by defining “inner and outer crocus lines” using CO, detection by
OMEGA in the near infrared. We define a bin, an element 0.3°
by 10°, respectively in latitude and longitude, belonging to a ge-
ographical grid. Hundreds of OMEGA pixels usually fall into such
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Fig. 1. Structure of the SSPC edge, definition of the inner/outer crocus lines and the snowdrop distance.

a bin making it possible to calculate statistics for different physi-
cal quantities. A meridian profile is the latitude sequence of values
calculated for the bins falling into the same longitude range (see
Appendix A).

First we segment all CO, detection masks (see Section 2.2)
into bins. The OMEGA spatial resolution can change from 2 km
to 700 m depending on observation conditions but the bin size is
constant. The same grid is used to represent the model results (see
Appendix A for definition of scales). For each bin, the CO, ice cov-
erage indicator fco, is the number of pixels with positive detection
of CO, divided by the total number of pixels. In case of sub-pixel
mixing, fco, is an approximation of the real coverage.

Second, we build a meridian profile of CO; ice coverage for each
individual OMEGA image corresponding to a given Ls. The bins that
contain a border (border of the observation, border of corrupted
portions of an image) are eliminated in order to prevent biases.

Third, from each meridian profile, we extract the inner/outer
limits of the SSPC according to 3 rules:

outer crocus line, i.e. the bin that contains a CO; ice coverage
fco, higher than 1% and that is the closest to the equator;
inner crocus line, i.e. the bin that contains a CO; ice coverage
fco, lower than 99% and that is the closest to the pole;

inner and outer crocus line, i.e. the bin that contains the in-
ner/outer crocus line is valid only if its adjacent neighbor bins
contain no image border.

When treating our selection of OMEGA images, we determine the
latitude of both crocus lines at discrete values of Ls (time) for 36
intervals 10° wide in longitude. At a given location, following the
definition by Kieffer et al. (2000), we propose to name the date
when the inner crocus line (respectively, outer crocus line) crosses
that location the “inner crocus date” (respectively, the “outer cro-
cus date”).

The latitudinal distance (resp. temporal gap) between the inner
and outer crocus lines (resp. crocus date), that defines the width
(resp. time) of the CO; snow drop, can be named SNOW-DROP.
Incidentally, the term “snowdrop” also denotes a flower that grows
through snow in spring on Earth. For convenience, and because we
prefer flowers to inelegant acronyms, we propose the more simple
term “snowdrop” (see Fig. 1).

At global scale, the position of the SSPC observed by OMEGA,
described by the mean crocus line, is usually not symmetric
around the geographic South Pole. At local scale, the structure
of the SSPC edge, described by the snowdrop time, changes with
time/latitude and longitude. The mean value of the snowdrop time
is 15° Ls, but it can vary from a few degrees up to more than
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Fig. 2. Definition of the snowdrop distance at Ls = 222.19° for two extreme cases:
(a) meridian profile in the cryptic sector (longitude range 115°-125° E) where the
transition zone of CO; ice coverage is wide and chaotic, and (b) meridian profile in
the anti-cryptic sector (longitude range 195°-305° E) where the transition zone of
CO; ice coverage is regular and narrow.

30° Ls. In some extreme situations, the snowdrop time can reach
half of the total sublimation duration showing that this transition
period can be very long. One goal of this paper is to understand
these patterns and link them to processes and physical parameters.
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Fig. 3. Empirical relation between the reflectance R?_07 measured by OMEGA at
1.07 pm and the bolometric albedo Aeis calculated (see Eq. (2)). The points represent
the population of spectra of the observation ORB17886_1. We can find a regression
line that fits the cloud of points with a chi-square of 1.41096. The same relation has
been found for the observation ORB1868_1.

2.4. Monitoring the albedo with OMEGA

Calculating the instantaneous or integrated mass budget re-
quires monitoring of the ice bolometric albedo, under the aerosols
layer. Definition of the bolometric albedo Agpyis, spectrally in-
tegrated (weighted by the solar spectrum) and directional-hemi-
spheric (dependent on the incidence direction and integrated on
all emergence directions of the upper hemisphere) can be found in
(Hapke, 1993).

Practically speaking, accurate evaluation requires either consec-
utive (Paige and Ingersoll, 1985) or simultaneous (for instance with
the CRISM instrument by Murchie et al., 2004) multi-angular sam-
pling of the bidirectional reflectance distribution function (BRDF)
of the icy terrain. Multi-angular OMEGA data (EPF) that would al-
low us to constrain the BRDF prior to directional integration are
very sparse in space and time. As a consequence, monitoring the
bolometric albedo of the entire SSPC from OMEGA images lies out-
side the scope of this paper. We will suppose that the surface is
lambertian.

For quantitative studies at global scale (see Section 4.1), we pro-
pose to estimate the bolometric albedo, noted A&is, in a two step
process. First, estimation of the CO; ice reflectance R‘{_m(ei, Oe, 03)
at 1.07 pm in the continuum using Vincendon’s approach to re-
move the contribution of aerosols (Vincendon et al., 2008). The
use of this spectral channel was also proposed by Langevin et al.
(2007) who argues that it combines a high signal to noise ratio,
high radiometric accuracy and no absorption bands due to CO;
ice, HyO ice and CO, gas. We can note that, after Ls = 220°, wa-
ter ice clouds are completely absent in the South Polar region.
At 1.07 pm, dust aerosols significantly modify the apparent sur-
face albedo, notably for bright icy surfaces which appear darker.
Vincendon’s method evaluates the contribution of the aerosol scat-
tering and attenuation at all wavelengths from a narrow spectral
region where the entire signal comes from the aerosols (saturated
bands of CO, ice). Second, estimation of the spectrally integrated
albedo from the reflectance R‘{m(ei, e, 02) using an empirical law
(see Fig. 3). Indeed we found a linear relationship between Ay;s
and Rpg7, on the one hand, by weighting and integrating the
OMEGA visible and near IR channels and, on the other, using the
lambertian hypothesis. As a first approximation, we suppose that
the aerosol contribution always has the same spectral shape, such
that the linear relationship is always valid. For global scale, the fi-
nal relation is:

Adh,vis(0) = A

vis

=0.812 x RY 4 (6, Be, 62) + 0.009. 1)

For albedo studies at local scale (see Section 4.2), it is not possi-
ble to use Vincendon’s method to estimate the aerosol contribution
everywhere because the CO, ice absorption bands are not always
saturated. As a crude approximation, we will use instead the re-
flectance R?m measured by OMEGA in the continuum at 1.07 pm
for a combination of incidence and emergence angles that vary
weakly from pixel to pixel. We will assume that the local maxi-
mum of albedo variability, if constant over a long period of time,
is more likely to be at the surface rather than in the atmosphere.
For local scale, the final equation is:

Adh.vis (65 = A% = 0.812 x R? (61, be, 62) + 0.009, )
with 6; the incidence angle, 6. the emergence angle, and 6, the
azimuth.

In this study, we calculate the average and the variance of the
“albedo” in each bin of the grid based on the pixels with positive
detection of CO, (see Appendix A for definition of scales). Such
quantity will be denoted A% and A2_.

3. D-frost, the daily and cumulative CO, frost mass budget model

The aim of this section is to introduce the D-frost mass balance
model used to solve the equations of a terrain facet (defined by
location and slope) that is already covered by a layer of CO, ice.

3.1. Topography and roughness measured by MOLA

The MOLA topographic dataset covers the South Polar region
at a resolution of 1/64 degree (available on line!). The dataset is
interpolated where no data is recorded, especially near the geo-
graphic South Pole from latitude 90° S to 86° S. We use a map
built according to a South Polar stereographic projection and a res-
olution of 920 m, comparable to the best OMEGA spatial resolution
(A~700 m). Better spatial resolution is available but, in this case, the
calculation time of our model would be too long (in excess of one
month). We define each pixel of the MOLA dataset as a facet (see
Appendix A for definition of scales).

3.1.1. MOLA topography

We calculate the local slope as a function of the geographic
coordinates by differentiating the MOLA topography h(x, y) with
the following operator (see Appendix B for details):

ad _ 2R cos(¢) o i 3
L= 1—sin(@) sin(e) < sin(L) ay +cos(L)3X>,

0 _ 2R cos(L) 9 + sin(L) 0

d¢ 1 —sin(¢) dy ox )’

L being the east increasing longitude, ¢ the latitude, R the radius
of the planet and (x, y) the map coordinates.

This method has the advantage of producing a result for all
points in this projection. Nevertheless, the errors due to the map
projection and to the interpolation of several MOLA points are dif-
ficult to estimate.

(3)

3.1.2. MOLA roughness

Surface roughness is defined relatively to all scales higher than
the facet size. Several statistical descriptors of this quantity can
be found in the literature (Shepard et al., 2001; Aharonson et al.,
2001), namely the standard deviation of the altitude h(x, y) from
the mean or more robustly from the median, interquartiles and the
decorrelation length. Pioneer work on roughness as an instance of
fractal distribution was done by Sayles and Thomas (1978). Such

1 http://pds-geosciences.wustl.edu/missions/mgs/megdr.html.
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description was applied for the north polar cap using MOLA data
by Malamud and Turcotte (2001). They used wavelets to estimate
roughness as the local value of the power law dependence of the
power spectral density on frequency. They estimated the exponent
B ~3.5 for the south permanent cap and 8 =~ 2 for the surround-
ing terrain. An alternative theory describes roughness as the local
value of the exponent of the RMS slope as a function of baseline,
i.e. the Hurst exponent H. Recently Aharonson and Schorghofer
(2006) estimated a local value of H which is about 0.8 for both
Mars as a whole and the region occupied by the seasonal South Po-
lar cap. In this study, we use the Hurst exponent fractal description
of the roughness because an adapted model of a self-shadowing
function is provided by Shepard and Campbell (1998).

The study by Campbell et al. (2003) suggests that the MOLA
dataset cannot be extrapolated for roughness scales lower than
15 m. In addition, no datasets are available for the complete South
Polar region of Mars. In this article, the roughness at scales below
the facet size are ignored.

3.2. Daily averaged radiation absorbed by frost

Computing the seasonal radiation budget is an important step
in understanding the climate of the polar regions. From the
parametrization of the “instantaneous” absorbed energy Q by
Kieffer et al. (1977), Schorghofer and Aharonson (2005), Aharonson
and Schorghofer (2006), we will compute the daily averaged ab-
sorbed radiation W at a given location on the surface of Mars
using the integration method used by (Laskar et al., 1993). There
are four sources, namely direct sunlight Qsyn, sunlight scattered
by the atmosphere Qcar, thermal emission by the atmosphere Qg
and thermal emission by the neighboring facets Qfoor:

W= /(qun + Qscat + QIr + Qfioor) dt. (4)

All these terms depend on local slope y. We will use the follow-
ing notation for three normalized vectors, that is Feur(L, ¢) for
the radius vector pointing at a location on the surface assuming
a spherical planet, Fsun(c, 8) for the radius vector of the sub-solar
point and gy r(Ln, ¢n) for the direction normal to the local surface.
The coordinates are expressed in increasing east longitude (L, «, Ly
are from 0 to 27) and latitude (¢, 8, ¢, are from —3 to ). The
local slope y is defined as:

2 2
_ dtopo atopo
y_arctan\/( ” ) +( oL ) . (5)

In order to simplify the equation, the integration of the “instan-
taneous” insolation is performed relative to longitude L instead of
time as in Laskar et al. (1993), assuming that the relative orienta-
tion of the planet rotation axis and the sun direction is constant
during a day, which is a reasonable assumption for planet Mars.
The integration method is described in Appendix C.

Integration of the different contributions Qgsun, Qscat, Qir and
Qoor are explicitly described below:

(1) Direct solar illumination

S L
Qsun = r;un a1- f)1/max(('surf'fsun),0,04)(] — Avis)
sun

X (fsurt @ Fsun) ¥ (Fsurf @ Fsun, H, 7). (6)

The first ratio is the solar constant at the heliocentric distance
of Mars, the second factor expresses the absorption of radi-
ation by the surface, the third represents the parametrized
atmospheric attenuation (Kieffer et al., 1977; Schorghofer
and Aharonson, 2005; Aharonson and Schorghofer, 2006), the
fourth term expresses the geometrical effect and the fifth term

¥ quantifies the loss of illumination due to self-shadowing ef-
fects linked with roughness. In the following, these five factors
will be noted Fq to Fs. We use the empirical shadowing func-
tion for fractal surfaces ¥ (Fgyt ® Tsun, H, ), truncated to the
6th term, determined by Shepard and Campbell (1998):

¥ (Fsurt ® Fsun, H, V)
6

1 1 nl-H
=1—— Z 1 erfc . (7)
252371\ 51 Gern?

n=1 (Fsurf®Tsun) tan(y)

We estimate the integral quantities using a Simpson numerical
integration scheme (Press et al., 1986-1992).

Indirect solar illumination by scattering in the atmosphere
(half of the scattering lost in space) and absorbed by the
surface according to Kieffer et al. (1977) and Aharonson and
Schorghofer (2006):

—
N
—

S 1
Qscat = %fscati(l — Avis) COSZ (%) . (8)

rSLll"l

—
w
=

Surface heating by thermal emission of the atmosphere ac-
cording to Kieffer et al. (1977) and Aharonson and Schorghofer
(2006):

S —
Qr = ;un fR(1 = AR) cos? (Z> (Tm ® T'sun)noon- (9)
Tsun 2
The cosine of the incidence angle at noon for a flat surface:
. (T
(Tsurf ® Tsun)noon = (m L] m)L:a = 51“(5 +¢— 3)- (10)

=

Surface heating by thermal emission of the surrounding soil, as
in Kieffer et al. (1977) and Aharonson and Schorghofer (2006):

Qoor = €0 T4(1 — Apg) sin? (g) (11)

The parameter values used for the surface radiation budget are
summarized in Appendix D.

3.3. Daily and cumulative defrost mass balance

3.3.1. Estimation of the “instantaneous” CO, defrost balance

We estimate the instantaneous CO; frost mass balance using
the energy balance at the surface. We compute the daily radiation
budget and neglect the heat advection from the atmosphere, which
is a correct hypothesis for the sublimation phase as suggested by
GCM studies (Forget, 1998). The flux of mass resulting from the
energy balance is:

dMco. . .
ot t= (Fto}:letrm - W;rle - W;rclat
) ) ) 1
- WIIII{1 - tl][:mr - Ftl:gnd) Lco . (12)
2

This equation can also be used for the daily balance assuming that
the albedo and surface temperature of the facet do not change
within the course of a day. A possible recondensation of CO; dur-
ing the night on bare ground during the SSPC recession is not
taken into account in this modeling. We neglect heat diffusion
within the frost deposits by absorption and release of latent heat
due to sublimation/recondensation and gas diffusion. We assume
no metamorphism.
The different contributions of Eq. (12) are described below:

(1) Energy loss is the outgoing thermal flux from CO, frost at the
surface. This term is estimated by a gray body emission as pro-
posed by Warren et al. (1990):

FOU —goT? (13)

therm surf*
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Surface temperature Tg,f is determined assuming that CO;
frost at the surface is in equilibrium with atmospheric CO;
gas at surface pressure Pg,. We use the surface pressure cal-
culated by the GCM of Forget et al. (1999) for a given date
(season), location and altitude. This estimation takes into ac-
count the annual pressure cycle measured by Viking.

We use the empirical parametrized saturation curve proposed
by Brown and Ziegler (1979) to convert Py into temperature
Tsurf- This method is correct only when CO;, frost is already
present on the facet.

(2) Energy gain is the absorbed radiative flux:
_Wsirle - W;‘gat - Wlllr(1 - Wfil‘:mr' (14)

Those terms are estimated according to the method described
in Section 3.2 (Eq. (4)).

Energy gain is the conducted internal heat flux from planet
Mars. It has two different origins.

(a) Annual heat wave in the ground. This term can be ne-
glected during the recession phase, as demonstrated in
Section 4.1.3.

Geothermal heat flux. There is no direct measurement of
the heat flux from planet Mars but several authors esti-
mated it to be between 15 and 45 mWm~2 on average
(Shchuko et al., 2003). For comparison, on Earth the av-
erage value is around 80 mWm~2. We assume that it is
spatially and temporally constant:

Fin =40 mWm™2. (15)

—
w
-

(b

=

The order of magnitude of this flux is generally negligi-
ble in the cumulative frost balance when compared with
the other terms. Nevertheless, for facets in the shadow, it
could accelerate the occurrence of the crocus date by typ-
ically one martian day.

3.3.2. Cumulative mass loss during recession

We can estimate the cumulative mass loss of frost during the
SSPC recession by integrating the “instantaneous” frost mass bal-
ance. We perform the integration between 2 dates Tt';’ég and Té\gd
expressed in solar longitude Ls with a time step of 5°. We start the
calculation at Ls = 90°. The integration begins when the balance
becomes negative, at a date noted T]'JV; (beginning of the recession
as determined by the model M) that is, when the seasonal polar
cap begins to sublimate. The date Té"ég depends mainly on latitude,

M FRY the “mean” crocus date, the date of the

albedo and slope. Tq
end of the sublimation, TM .

To convert Julian time expressed in seconds into time expressed
in ° Ls, we use the J2000 relations which can be found in Allison
and McEwen (2000).

The parameters used for modeling the defrost mass balance are
summarized in Appendix E.

3.4. Latitudinal profiles of W and Mco,

We perform the calculation of the absorbed radiation W and
of the frost mass balance Mco, for all the facets of the MOLA grid
expressed in stereographic south projection. In order to compare
both modeled and observed crocus lines, we arrange the facets
inside the set of bins described in Section 2.4. For each bin, we
calculate the mean and the variance of W and Mco,, both based
on the population of facets within the bin. We present the results
in the form of meridian profiles (see Section 2.3).

Both daily absorbed radiation and defrost mass are estimated
every 5° Ls (almost 10 martian days). This time sampling inter-
val is a compromise between accuracy and computational time
(1 month for the Mco, on a bi-processor AMD Opteron 250,
64 bits, 2.4 GHz).

4. Results

At global scale, we show that the asymmetry of the SSPC cro-
cus line is a consequence of a pre-existing asymmetry of the visible
albedo. For both the cryptic and anti-cryptic sectors, we find that
our sublimation model is compatible with the net accumulation
measurements by HEND and GRS, as well as with the crocus line
and albedo determined by OMEGA. At local scale, the SSPC snow-
drop distance is controlled by the state of albedo distribution more
than 5° Ls before the crossing of the inner crocus line.

We performed a sensitivity study that demonstrates that during
the recession phase, the following effects/parameters have limited
effects on CO, stability, namely heat exchange with the ground,
altitude, surface roughness (slope and shadow), emissivity and
albedo in the thermal infrared.

The high resolution accumulation field is difficult to estimate
accurately because the only available measurements come from
instruments with low spatial resolution. In addition, no accurate
modeling of the SSPC CO, sublimation at such small scales is cur-
rently available (neither the temporal and spatial albedo variation,
nor the effect of slope have been incorporated in the model). We
assume in our calculations that the net accumulation has a smooth
latitudinal dependency.

4.1. Recession at global scale

The global SSPC recession is not symmetric around the geo-
graphic South Pole as previously observed by Viking (James et al.,
1979). Using TES data, Kieffer et al. (2000) define the cryptic re-
gion where CO, ice (at low temperature) has a low albedo. As seen
in Fig. 4, this region recesses faster. This asymmetry is also ob-
served with OMEGA data as mentioned by Langevin et al. (2007).
We define the cryptic sector between longitude 60° E and 260° E,
the anti-cryptic sector being the complementary, i.e. between lon-
gitude 100° W and 60° E.

In order to roughly describe the asymmetry, we estimate the
mean OMEGA crocus line (or simply crocus line) for both sectors.
We take the middle line between the inner and the outer crocus
lines (Fig. 2) to ensure coherence with the definition by Kieffer et
al. (2000). The crocus date can be noted Teond, as the date of the
end of the recession observed by OMEGA. We estimate the crocus
date for 4 latitudes that are also considered in a HEND study by
Litvak et al. (2007). At latitude 65° S, the typical crocus date is
Ls = 220° for the cryptic sector and Ls = 225° for the anti-cryptic
sector. At latitude 85° S, the difference goes up to 20° Ls.

In the cryptic sector, some seemingly defrosted points (outliers)
are present at latitudes higher than 70° S in the time period from
Ls = 180° to 230° (Fig. 4). This is due to the fact that some CO, de-
posits of the cryptic sector are covered by an optically thick mantle
of dust as suggested by Langevin et al. (2006).

The near infrared view by OMEGA differs from the one offered
by TES in the thermal infrared at 30 um (see Fig. 4). The OMEGA
crocus lines are at significantly lower latitudes compared to TES,
even outside the interannual variability measured by TES for mar-
tian years 25, 26 and 27. This fact is probably due to subpixel
mixing of ice and dust near the seasonal cap edge. The thermal
infrared range is more sensitive to dust than the near infrared, ac-
cording to the non-linearity of the thermal flux. In addition, the
fact that the OMEGA inner crocus line is similar to the TES cro-
cus line evolution suggests that the linear mixing occurs at a scale
lower than OMEGA spatial resolution. An accurate comparison be-
tween different datasets is lies outside the scope of this paper, but
would be interesting work in the future.

Now we discuss the origin of the SSPC recession asymme-
try which we illustrate by two representative meridian profiles,
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Fig. 4. SSPC recession for both the cryptic (between longitude 60° E and 260° E) and the anti-cryptic sectors (between longitude 100° W and 60° E). Small cross symbols
represent the crocus line points respectively determined by OMEGA using our algorithm (+ and x) (see Section 2.3) and by TES (x) (Titus, 2005). Large symbols represent

the average position of the OMEGA crocus line for four reference latitudes.

(a) within the cryptic sector (140°-150° E) and (b) within the anti-
cryptic sector (270°-280° E).
For that purpose, we performed a sensitivity study of the de-

. - M
frost model, relative to the following effects/parameters on actoz,

namely annual heat wave in the ground, altitude, surface rough-
ness, albedo and emissivity in the IR and finally albedo in the
visible. We also discuss the degree of spatial asymmetry of accu-
mulation Mco, ot and the date of the beginning of sublimation
Tpeg as well as of the previous parameters.

4.11. CO; ice accumulation Mco, ot

From a theoretical point of view, according to Forget (1998),
the mass balance during the net accumulation phase is governed
by this equation:

IMco C : A
ot 2= (Ffl:lerm - Felxr(‘iv - Fg;nd - W;En
) ) ) 1
- W;‘gat - Wlllr(1 - Wflll:mr)g (16)
2

The term Ffﬁ‘e‘rm represents the thermal flux (Eq. (13)). It depends
on emissivity & and altitude via the CO, temperature. During the
polar night, € is estimated by 1 — BDy5 with TES measurements
by Eluszkiewicz and Moncet (2003). Before Ls = 140°, at latitude
87° S, they estimate that emissivity is around 0.9 for the cryptic
sector and 0.75 for the anti-cryptic sector, leading to a lower accu-
mulation mass in the latter. This difference in accumulation is in
apparent contradiction with a longer recession time for the anti-
cryptic sector. Section 4.1.4 shows that altitude can be considered
as symmetric around the South Pole and thus the same is true for
the equilibrium temperature.

Equation (16) is slightly different from Eq. (12) that expressed
the defrost mass balance. The additional term F;‘Zjv represents the
heating due to internal, potential and kinetic energy advected by
atmospheric motion. Pollack et al. (1990) shows that this term is
no longer negligible because it can reach 40 Wm™2 near the cap
edge. This heating can be asymmetric due to the topographic forc-
ing of Hellas and Argyre (Colaprete et al., 2005).

Moreover, the annual heat wave contribution Fi‘;nd becomes
one of the dominant sources of energy (Aharonson, 2004). On
average, for the average SSPC, this term was estimated by Paige
and Ingersoll (1985) to be up to 20-30 Wm™2. An asymmetrical
thermal inertia of the subsurface would lead to an asymmetrical

accumulation. However, thermal inertia observed by TES is sym-
metrical around the pole (Putzig et al., 2005).

All radiation terms W are negligible because the main accumu-
lation phase occurs during night time.

From an observational point of view, Viking, TES and OMEGA
have observed that the SSPC is symmetric around the pole before
Ls = 220° at the end of the net accumulation phase (James et al.,
1979; Kieffer et al., 2000; Langevin et al., 2007). Moreover a study
by (Aharonson et al., 2004) using MOLA data reveals that the am-
plitude of the semi-annual cycle of elevation of the deposits shows
no clear asymmetry in the accumulation phase. The HEND (Litvak
et al,, 2007) and the GRS (Kelly et al., 2006) instruments do not
have enough spatial resolution to measure several meridian pro-
files of accumulation according to longitude.

We conclude that accumulation is likely symmetrical around
the geographic South Pole.

4.1.2. Date of the beginning of sublimation Tpeg

From a theoretical point of view, Tpeg is the date when the
balance expressed by the right hand side of Eq. (16) equals 0. Thus
the asymmetry of Tne; depends on the asymmetry of all terms.
The first three terms were previously discussed in the last section.

The radiation terms W are no longer negligible and will be dis-
cussed in Sections 4.1.5 to 4.1.7. The most likely parameter that can
be asymmetric is the albedo, but the measurement by TES shows
that albedo is symmetric from Ls = 175° to 200° (Piqueux et al.,
2003).

The date Tpeg is difficult to evaluate by observation. The only
direct measurement is by the HEND (Litvak et al., 2007) and the
GRS (Kelly et al., 2006) instruments which do not have enough
spatial resolution to measure Tpeg as a function of longitude. Indi-
rect measurement of altitude using MOLA data shows (Aharonson
et al.,, 2004) no clear asymmetry.

Following the same argumentation as in the last section, we
conclude that the date of the beginning of sublimation Tpeg is
likely symmetrical around the geographic South Pole. In the next
models, Tpeg Will be a free parameter, fixed by the model itself.

4.1.3. Annual heat wave in the ground

As suggested by Aharonson (2004), the excess of heat absorbed
by the ground during summer is partially released in winter. The
amount of heat involved in this annual wave depends on the ther-
mal inertia of the subsurface. We use the LMD 1D model (model
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Fig. 5. Topography of the SSPC region expressed as a series of MOLA meridian pro-
files, each with its own color representing the longitude (see Appendix A).

M1), developed by Forget et al. (1999), to estimate the amount of
energy that comes from the ground during the recession phase. We
consider the cryptic and anti-cryptic sectors at four latitude points,
55° S, 65° S, 75° S and 85° S. Following the study by Aharonson
(2004), the parameters of the bare soil are albedo Ay = 0.29,
emissivity € = 0.99. In the visible, the albedo of the frost is set
to the equivalent albedo in the time independent scenario, model
M2 (see Section 4.1.8). We compute the subsurface heat released
during the net sublimation phase for two extreme thermal iner-
tia values, 20 and 1000 Jm~2s~Y2K~!, compatible with the range
of apparent thermal inertia estimated for the South Polar region
determined by Putzig et al. (2005). The integration is conducted

from the Tll;'eg(L’,dy) date of the beginning of net sublimation as

measured by HEND to TML(L’, ¢), the date of the total sublima-
tion of the CO, ice layer computed by model M1. We run the
model over three consecutive martian years to make it insensi-
tive to the initial conditions. Subsurface heat is converted to an
equivalent sublimated CO; mass.

The results are displayed in Table 4 for the cryptic sector and
in Table 5 for the anti-cryptic sector. At maximum, 6% of the total
mass sublimated is due to subsurface heat (at latitude 55° S), lead-
ing to a shift of the crocus date of less than 2° Ls. For comparison,
the difference in crocus dates between the cryptic and anti-cryptic
sectors is about 20° Ls.

In conclusion, this source of energy can be neglected in all cal-
culations concerning the recession phase. Nevertheless, subsurface
heat is one of the most important sources of energy during the
polar night.

4.14. Altitude

Topography around the pole is quasi symmetric (Fig. 5). The
maximum altitude difference between the anti-cryptic (orange-red
profiles) and cryptic (blue-green profiles) sectors is ~1000 m at
latitudes higher than 84° S. Two particular regions depart from
the general trend at latitudes lower that 60° S, namely the Hellas
basin (between 40° E and 90° E) with a minimum altitude of less
than —6000 m and the Argyre basin (between 300° E and 330° E)
with a minimum altitude of —3000 m. Table 1 summarizes the
reference altitude profiles taken for the model.

A difference in altitude produces a difference in equilibrium
temperature that, in turns, leads to a difference in thermal emis-
sion and thus in defrost mass balance. We solve the equation of
energy balance at the surface (see Section 3.3.1) for the cryptic

Table 1

Reference altitudes for both the cryptic and anti-cryptic sectors.

Latitude (° S) 55 65 75 85
Altitude cryptic sector (m) 1000 1000 2000 2500
Altitude anti-cryptic sector (m) 1000 1000 2000 3500
Table 2

Altitude effect on defrost mass balance at latitude 55° S. The defrost mass model
is used for the SSPC anti-cryptic sector recession with the time independent albedo
scenario (model M2) discussed in Section 4.1.8.

Altitude (m) —6000 0 1000 2000
Defrost mass (kgm~2) 107 152 159 166
Table 3

Same as Table 2 at latitude 85° S.

Altitude (m) 1500 2500 3500
Defrost mass (kgm’z) 1214 1201 1189

and anti-cryptic sectors at four latitude points, 55° S, 65° S, 75° S
and 85° S. We use the empirical law of time independent but lat-
itude dependent albedo (model M2) as discussed in Section 4.1.8.
Emissivity is set to 0.99 in order to maximize the effect of altitude
on the defrost mass.

At latitude 55° S (Table 2), a difference of £1000 m in altitude
leads to a difference in defrost mass of +7 kgm~2 (£4.4% of the
total mass sublimated during the recession phase) and thus a shift
of the crocus date of £1° Ls. At 85° S, the difference in defrost
mass represents +12 kgm~2, i.e. =1.1% of the total mass, and thus
a shift of the crocus date of +0.6° Ls (Table 3). For comparison,
the observed difference in crocus dates, which is about 20° of Ls
at 85° S, corresponds to a defrost mass of 300 kgm~2.

In conclusion, the small altitude differences of ~1000 m be-
tween the cryptic and anti-cryptic sectors cannot explain the SSPC
recession asymmetry.

4.1.5. Radiation on a rough surface

This section presents a sensitivity study of our model regard-
ing surface roughness. In order to estimate the effect of slope and
shadow induced by surface roughness on the daily average ab-
sorbed radiation W (Eq. (4)), we compute it using the parametriza-
tion presented in Section 3.2. We choose the following configura-
tion, Ayis =0, Agr =0.01 and & = 0.99 to maximize the effect of
slope and shadow.

Fig. 6 represents the meridian profiles of W as a function of Ls
for the cryptic and anti-cryptic ranges of longitudes. One can see
that the spatio-temporal pattern of W is nearly identical for both
sectors despite the fact that the distribution of the facets orienta-
tion as well as the roughness of the terrain could be different. This
suggests that these factors do not play a role at a first order in the
asymmetry.

4.1.6. Emissivity and albedo in the thermal infra-red
Emissivity and albedo are linked through the Kirchhoff law:

ARB, M) =1—¢(6,1), (17)

with 6 the zenith angle and A the wavelength. The directional
hemispheric albedo for a beam of light with incidence 6 is
noted ARr(6, A). The emissivity at the emergence angle 6 is noted
£(0,1).

Neither the emissivity nor the albedo of the surface of Mars in
the thermal infrared can be directly measured from space because
of ambiguities with temperatures. Nevertheless, some estimation
of emissivity with TES measurements using a band ratio of & =
1 — BD35 has been done by Eluszkiewicz and Moncet (2003). This
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cryptic sector (140°-150° E) and (b) for one the anti-cryptic sector (270°-280° E)
compared to the spatio-temporal pattern of the mean daily absorbed radiation W
(gray scale) for an albedo of 0.

study shows that, during the first year covered by MGS (martian
year 25), the emissivity remains at levels higher than 0.9 for the
polar region after Ls = 140°. A small asymmetry in emissivity is
apparent at this date and then tends to disappear.

Theoretical studies or laboratory measurements provide some
other clues. Warren et al. (1990) and more recently Hansen (1999)
propose to model CO; ice spectral emissivity using the Mie theory
applying the delta-Eddington approximation and using laboratory
measured optical constants. In the first study Warren et al. (1990),
emissivity is weighted by the Planck function for a temperature of
148 K, representative of the SSPC CO, frost temperature and av-
eraged from 6 to 25 pum. This spectral domain contains only half
of the black body energy, but no optical constants were available
at wavelengths longer than 25 pum. For pure CO; ice, the emissiv-
ity increases with grain size, ranging from 0.29, for a grain size of
5 pm, to 0.91, for 2000 pm. As discussed by Langevin et al. (2007),
the grain size of SSPC CO, observed by OMEGA ranges from a few
millimeters to several dozens of centimeters, leading to an emis-
sivity higher than 0.91. Warren et al. (1990), Hansen (1999) also
shows that the presence of dust and water ice increase the emis-

sivity. Local variability of grain size, water ice and dust content can
lead to differences in emissivity from 0.91 (pure CO, ice with grain
size of 2 mm) to 1.0 (maximum value).

We will use the range of emissivity from 0.91 to 0.99 in agree-
ment with both TES measurements and theoretical considerations.

To estimate accurately the effect of emissivity, we simulate the
cumulative frost sublimation mass, by solving the equation of en-
ergy balance at the surface (see Section 3.3.1) for the anti-cryptic
sector at two extreme altitudes and latitude.

At 85° S, the cumulative defrosted mass with & = 0.99 (resp.
£=0.91) is 1213 kgm—2 (resp. 1242 kgm~2). This difference rep-
resents 1.6% of the total mass sublimated during the recession
phase and accelerates the crocus date by a shift of —1.6° Ls.
At 55° S, the cumulative defrosted mass with & = 0.99 (resp.
£=0.91) is 159 kgm~2 (resp. 177 kgm~2). This difference repre-
sents 13% of the total mass and should accelerate the crocus date
by a shift of —2.4° Ls. These values are small compared to the
difference in crocus dates of ~20° between the cryptic and anti-
cryptic sectors.

In conclusion, the effect of emissivity is negligible in the asym-
metry of the SSPC recession.

4.1.7. Albedo in the visible range

As an approximation, we estimate the bolometric albedo Ay;s in
the visible range following the procedure exposed in Section 2.4. In
that case, we implicitly assume that the variability of the albedo
with the observation conditions (observation geometry, lighting
condition) is weak compared to the variability linked with the sur-
face physical properties.

In order to be compatible with our model, we average the ob-
served OMEGA albedo for each bin, according to our reference grid
(Section 3.4) with a integration time step of Ls = 5°. This albedo is
noted AB._.

Different investigations conducted in the visible and in the near
IR have shown that the SSPC is asymmetric in albedo (James et al.,
1979; Kieffer et al., 2000). Fig. 7 shows that OMEGA measurements
confirm this conclusion. The A\?is of the cryptic sector is 20 to 60%
lower than the albedo of the anti-cryptic sector. This leads to a
sublimation rate that can be up to three times higher.

We observe that the crocus date at latitude 85° S occurs 29° Ls
later at 270°-280° E longitude than at 140°-150° E. This seems
to be very well correlated with the difference in observed albedo
(Fig. 7). In addition, the divergence, between the cryptic and anti-
cryptic sectors, of the albedo evolution and the crocus line reces-
sion occur nearly simultaneously at Ls &~ 220° (see Section 4.1).
Therefore, albedo seems to be a good candidate to explain the
asymmetry in the SSPC recession. This qualitative result will be
tested quantitatively in the next section. The origin of the albedo
asymmetry, such as frost deposition, dust content, cleaning process
and slab ice, will be discussed in Section 5.

4.1.8. Quantitative test

We tested the global coherence between the D-frost model (de-
scribed in Sections 3.2 and 3.3), the mean latitudinal propagation
of the crocus line with time Tgnd(L’,db) (see Fig. 4), the bolomet-
ric albedo A&is estimated by OMEGA (see Section 2.4) and the GRS
and HEND net CO; latitudinal accumulation curves M?Oz /tot(qS) at
the end of winter (Litvak et al., 2007; Kelly et al., 2006). As be-
fore, we consider two reference sectors of longitude (cryptic and
anti-cryptic).

The albedo Ayis = Avis(L, ¢, Ls) is a field depending on lon-
gitude, latitude and time (expressed here in ° Ls) that is only
sparsely sampled in space and time by our observations. As a
consequence, we parametrize Ayjs using simple laws for its depen-
dencies with latitude and time, according to two basic scenarii:
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e Time independent albedo (model M2), where Ayis(L, ¢,Ls) =

A\')’i[SZ(L/,¢). L’ represents the considered longitude sector do-
main, cryptic or anti-cryptic, ¢ is the latitude. This scenario
assumes that the seasonal polar cap has latitudinal variations
of albedo that do not change with time (Ls). We reproduce dif-
ferent regression speeds of the crocus line by modulating the
latitudinal distribution of energy absorbed by the frost since
the beginning of the sublimation phase. For instance, an ac-
celeration of the crocus line corresponds to the crossing of a
region with a lower albedo than the adjacent regions at lower
latitude.
Latitude independent albedo (model M3), where Ayis(L, ¢, Ls)
= AM3(L', Ls). The same definition is used for L'. This scenario
assumes that the seasonal polar cap has a constant latitudinal
albedo that does change with time (Ls). We reproduce dif-
ferent regression speeds of the crocus line according to time
and longitude by modulating the temporal repartition of the
energy absorbed by the frost since the beginning of the subli-
mation phase. For instance, an acceleration of the crocus line
corresponds to a simultaneous decrease of the albedo for the
whole remaining cap.

In both cases we consider flat and horizontal surfaces, but use re-
alistic altitudes.

4.1.8.1. Time independent albedo (model M2) For a given latitude ¢,
we compute the equivalent albedo AM2(L’, ¢) required to sublimate

vis
the CO; frost initial mass M?Oz/wt(qﬁ) measured by HEND/GRS, in

the interval of time [T} (L', ¢), TS (L, ¢)1. The date To(L', )
is the beginning of the net sublimation, when the local mass bal-
ance becomes negative in our model (Eq. (12)), whereas Tgnd(L’, b)
is the crocus date determined by OMEGA (end of the sublimation
phase, Fig. 4). The error bar on the equivalent albedo is mainly de-
fined by the error bar on the initial mass. We use a high emissivity,
e =0.99, and a low albedo in the thermal IR, Ajg = 0.01, in order
to estimate the lower limit of the equivalent albedo. We show in
Section 4.1.6 that the effect of emissivity in its realistic range of
occurrence (between 0.91 and 1) is minor on the defrost mass and
thus on the equivalent albedo.

We test the validity of the model by evaluating (i) the agree-
ment between the equivalent albedo Af)’i'SZ(L’, ¢), estimated for the
four latitudes at 85° S, 75° S, 65° S and 55° S in concordance
with the HEND study (Litvak et al., 2007), and the observed albedo
AB2(L' ¢) = (AB (L', ¢, Ls)), averaged over the whole recession pe-
riod, (ii) the agreement between T;‘eg(d)), the date of the beginning
of the net sublimation according to HEND, and this same date
Tt'}g(L’, ¢), according to the model.

The first evaluation (i) can be done by analyzing Fig. 8, showing
albedo vs. latitude for the cryptic and anti-cryptic sectors.

For both sectors, there is a general agreement between
AM2(L ¢) and the time averaged albedo AB2(L’,¢) observed by
OMEGA. Albedo increases with latitude, more strongly for the anti-
cryptic sector than it does for the cryptic sector. The high disper-
sion of the albedo around 85° S in the cryptic sector is due to the
high variability of ice type (slab ice, frost and mixing with dust)
with time in this region (Kieffer et al., 2000; Piqueux et al., 2003;
Langevin et al., 2006; Kieffer et al., 2006).

The second evaluation (ii) is done through the analysis of Ta-
bles 4 and 5. We can analyze the match between T,*jeg(d)) and

T{J‘ﬁé(ﬂ,m as an indicator of the validity of our scenario. The
agreement is relatively good at low latitude ¢ for both sectors L'.
The misfit increases as latitude increases. The effect of slope may
be at the origin of this effect. For latitudes higher than 65° S, so-
lar illumination becomes more grazing and the effect of slope may
no longer be negligible. This effect does not affect the global de-
frosted mass, but changes the date of the beginning of sublimation
for equator facing facets.

In conclusion, the model shows good consistency between the
different datasets, i.e. albedos observed by OMEGA, crocus lines ob-
served by OMEGA, net accumulation measured by HEND/GRS and
altitudes measured by MOLA. Nevertheless, the low spatial resolu-
tion in latitude of the HEND/GRS measurements precludes the full
testing of this model.

4.1.8.2. Latitude independent albedo (model M3) This second sce-
nario (model M3) is based on a simple model of albedo A\')’i[f(L/, Ls),
depending on longitude (cryptic/anti-cryptic) and time. It does not
have the limitation of latitude resolution implied by the use of
HEND/GRS data. Based on the OMEGA images, we determine two
empirical laws of temporal evolution for the albedo of the cryptic
and anti-cryptic sectors (Fig. 9). For the cryptic sector (longitudes
between 60° and 260° E) is (mean = 0.0000; variance = 0.0012):

M3
AM3(Ls) = —0.1967 + 0.0029 x Ls. (18)
For the anti-cryptic sector (longitude between 100° W and 60° E)
(mean = —0.0067; variance = 0.0013):

A\I)’if(ls) =min(—0.3920 + 0.0044 x Ls, 0.63). (19)
The albedo increases with time until Ls = 230°. The increase is
much larger for the anti-cryptic sector than for the cryptic sec-
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Fig. 8. Evaluation of the time independent scenario (model M2) for both cryptic and anti-cryptic sectors. Diamonds are equivalent albedo AM?(L’,(})) required to sublimate

the frost observed by HEND and GRS. Errors bars are due to the CO, thickness measurement uncertainties. Crosses are time averaged albedo Affizs(L/,q)) of CO, (gray scale
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Table 4

Models for the SSPC recession in the cryptic sector. The first two lines are the measurements by HEND/GRS. The next three lines summarize the results of the time
independent albedo scenario (model M2). The next two lines summarize the latitude independent albedo scenario (model M3). The last four lines show the heat released by
the annual heat wave (model M1) as presented in Section 4.1.3.

Latitude 55° S 65° S 75° S 85° S
HEND + GRS Mass [kgm—2] ME, 1o (6) 180+ 40 450 + 80 750 4 100 1050 = 100
- Sublimation duration [° Ls] Tl‘;’eg(d))/— 140/- 160/- 170/- 180/-
Model M2 Sublimation duration [* Ls] Tpi2 (L', ¢)/Tg,q (L', ¢) 135/170 165/220 185/245 200/270
- Equivalent albedo [1] AM2(L’, ¢) 0.25 0.43 0.43 0.53
= Min/Max equ. albedo [1] AM2(L’, ¢) 0.17/0.32 0.50/0.37 0.49/0.37 0.57/0.50
Model M3 Mass [kgm=2] MG, ior (L', #) 176 513 715 1118
= Sublimation duration [° Ls] T{,‘g(u /TS (L', ¢) 135/170 160/220 180/245 195/270
Model M1 (I =20) Subsurface heat [kgm~2] 0.5 0.5 0.6 0.6
= Sublimation duration [° Ls] Ty, (¢)/Tihg (L', ¢) 140/185 160/235 170/260 180/280
Model M1 (I = 1000) Subsurface heat [kgm~2] 12 24 29 21
= Sublimation duration [° Ls] Tg*eg(zp)/rm(u,w 140/155 160/215 170/245 180/265
Table 5
Same as Table 4, but for the SSPC recession models in the anti-cryptic sector.

Latitude 55° S 65° S 75° S 85° S
HEND -+ GRS Mass [kgm™2] Mo, o ($) 180+ 40 450 + 80 750 + 100 1050 + 100
- Sublimation duration [° Ls] T;‘eg(zp)/— 140/- 160/- 170/- 180/-
Model M2 Sublimation duration [° Ls] TH2(L', ¢)/Tg4(L', ¢) 135/170 170/225 190/260 205/290
£ Equivalent albedo [1] AM2(L’, ¢) 025 0.5 0.59 0.65
= Min/Max equ. albedo [1] AM2(L’, ¢) 0.17/0.33 0.44/0.56 0.55/0.63 0.63/0.68
Model M3 Mass [kgm=2] MG, o (L', ¢) 159 449 743 947
- Sublimation duration [* Ls] ThE (L', ¢)/Tg,4(L', ¢) 135/170 165/225 185/260 205/290
Model M1 (I =20) Subsurface heat [kg m~2] 0.5 0.6 0.7 0.5
= Sublimation duration [° Ls] T;'eg(¢)/rgf|:1(L’,¢) 140/185 160/245 170/280 180/315
Model M1 (I = 1000) Subsurface heat [kgm—2] 12 27 29 27
| Sublimation duration [° Ls] Tg'eg(¢)/rm(u,¢) 140/155 160/215 170/245 180/265
tor. Both laws fit well with the observed albedo AE?S(L’, Ls) = We invite the reader to perform the first evaluation (i) by
(AEiS(L’,qb,Ls)) averaged in latitude, as a function of time (Fig. 9). studying Tables 4 and 5. The mass M%"O32/mt(L/,¢) predicted by

We test the validity of this scenario by evaluating (i) the the model fits well within the error-bar of the measured masses
: M3 ’ _ H

agreement between the sublimated CO, mass MCOZ/tot(L ,¢) pre Mcoz/tot(¢>-
dicted by the model M3 and the mass M?Oz/wt«ﬁ) measured by The second evaluation (ii) can be done using the same Tables 4
GRS/HEND; (ii) the agreement between the date TM3(L',¢), the ~ and 5. The agreement between Theg(L',¢) and TS (L', ¢) is good
date of the beginning of the net sublimation according the model at low latitudes for both sectors. However, the misfit increases as
M3, and T{feg(zp), the same according to HEND. latitude increases. Again, the explanation is that the slope effect
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increases with latitude. At this point, the latitude independent sce-
nario M3 is preferable compared to the time independent scenario
M2 because it does not suffer from the coarse latitude resolution
imposed by GRS.

In conclusion, confronting the model with the observations
shows that the albedo is the most determinant parameter and that
it increases globally during the recession for both (albeit differ-
ently) the cryptic and anti-cryptic sectors. The relative agreement
between the model and the observations Langevin et al. (2006),
in particular for the cryptic sector, suggests that all the solar en-
ergy absorbed by the mineral substrate underlying the CO, ice slab
and/or the upper layer of dust contamination should be transferred
efficiently to the CO, deposits for their sublimation. Future inves-
tigations should take into account the time and space variations
of the albedo field, but this is not possible with OMEGA because
the sampling is very sparse. Other datasets, such as MOLA or MOC,
should help to achieve accurate modeling of the SSPC recession.

4.2. SSPC recession at local scale

Already at the end of the XIXth century, the irregular SSPC wan-
ing was noticed via telescopic observations by Campbell (1895).
Using Mariner 9 photographs, Veverka and Goguen (1973) con-
cluded that surface topography controls this irregularity. Here we
characterize the edge structure of the SSPC by the snowdrop dis-
tance that we evaluate thanks to meridian profiles of CO, detection
by OMEGA.

In Section 2.3, we define the inner and outer crocus lines for
a given date (Ls) as well as the inner and outer crocus dates for
a given latitude. The time elapsed between these two dates is the
snowdrop time. According to OMEGA CO, ice detection, the snow-
drop time ranges from a few ° Ls to more than 40° Ls depending
on location and time. In this section, we will discuss the origin of
this phenomenon.

We will address the following key questions. Is the local vari-
ability of snowdrop time due to local variations of accumulation?
subsurface annual heat wave? CO, ice stability linked with altitude
differences? radiation absorption controlled by roughness? differ-
ence in albedo in the visible range? difference in emissivity/albedo
IR? These variations typically occur at spatial scales on the order
of 1 km. For that purpose, we seek correlations between the vari-
ations of the snowdrop time and the previous parameters.

4.2.1. Statistical index

The inner and outer crocus lines are defined on the basis of
spatial bins (see Fig. 1). The appearance of the first 1% of defrosted
pixels defines the inner crocus date whereas the disappearance of
the last 1% of frosted pixels defines the outer crocus date. Thus, the
snowdrop time is a measure of the time elapsed between these
two extreme defrost situations. In other words, the snowdrop time
is an estimation of the distribution width of Tenq inside the bin.
Such a distribution is a function of three distributions, namely the
initial CO; mass Mco,tot, the date of the beginning of the sub-

limation Tpeg and the mass flux of sublimation alvg#. If these
distributions inside the bin are narrow, all facets will defrost at al-
most the same time and the snowdrop time will be short. On the
contrary, if these distributions inside the bin are wide, all facets
will defrost at different times and the snowdrop time will be long.
In short, the snowdrop time must be correlated with a combina-
tion of the three distributions Mco, jtot, Theg and dlv:,ctoz.

We propose to describe the distribution width of the random
variable X, with N occurrences named X;, with the following sta-
tistical parameter:

NZ

Pgac(X) =

(20)
[ and & being the usual estimators of the mean and variance:

Xi, (21)

=
[

z|~

M=

i=1

1 N
A X A2
U_iN_1 El(le,u,).
=

Now we define a statistical index Rgi¢(X) that describes the dis-
crepancy between the lower and upper parts of the population of
the distribution of X. Assuming that X is Gaussian, 32% of the pop-
ulation should be outside the range [/1 — v/&, ji + v/6], with 16%
in the bottom wing and 16% in the top wing. The lower limit of
the ratio between an occurrence of the upper population and an
occurrence of the lower population is:

(22)

A+v6 1+ Poa
f—v6 11— Pga
Assume that Mco,tot and Tpeg take a unique value. If we esti-

Rstat = (23)

A M, . -
mate that Pgg¢ for the defrost mass flux actoz inside a bin is
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equal to 0.4, it means that 16% of the population (upper wing)
will have a sublimation time duration Tenq half of the other 16%
(lower wing).

Now we must test the correlation, for a given latitude and lon-
gitude range, between the snowdrop time (distribution width of
Tend) and the statistical index Pear Of (i) the initial accumulated
mass Mco,tot; (ii) the date of the beginning of the sublimation

Theg; (iii) the mass flux d’\/fﬁoz or any physical parameter that
controls it. In the special case of the albedo (that partly controls
(Wé#), we sort all pixels of the OMEGA observations from Ls = 0°
to 360° in the bins of our geographical grid (see Section 3.4) and
by intervals of 5° Ls. Then we calculate for each bin containing
pixels the mean /1, the variance & and the statistical index Pg, of
the albedo.

4.2.2. COy ice accumulation Mco, /tot

The total CO;, ice accumulation, previously discussed at global
scale in Section 4.1.1, can vary at local scale.

According to Eq. (16), the local scale variation of accumula-
tion depends on different terms which can have a local expression,
namely (i) thermal emission controlled by temperature and emis-
sivity; (ii) atmospheric heat advection; (iii) subsurface heat con-
duction which depends on slope, albedo and thermal inertia of the
subsurface; (iv) absorbed radiation linked with the VIS and IR albe-
dos, slope, and roughness.

The accurate modeling of accumulation at local scale, including
atmospheric dynamic effects, lies outside the scope of this paper.
Thermal inertia observed by TES is uniform near the South Pole
(Putzig et al., 2005). In this study, we will assume that accumula-
tion varies smoothly with latitude, as measured by HEND (Litvak
et al.,, 2007). This apparent smoothness could be an effect of the
large instrument footprint. Thus ambiguities between Mco, /tot, ON

aMco,
at

the one hand, and Thegs , on the other, will not be resolved

properly in this work.

4.2.3. Date of the beginning of sublimation Tpeg

As discussed in Section 4.1.2, Tpeg is related to all terms of
Eq. (16). In the next models, Tpeg will be a free parameter, set by
the model itself.

4.2.4. Annual heat wave in the ground

As previously discussed in Section 4.1.3, the maximum subli-
mated mass due to the annual heat wave in the ground represents
6% of the total sublimated mass (at latitude 55° S) leading to a
shift of the crocus date of less than 2° Ls. For comparison, the
maximum snowdrop time is more than 40° Ls. This energy source
can thus be neglected at a first order in all discussions concerning
the recession phase even at local scale.

4.2.5. Altitude

The effect of altitude, as previously discussed in Section 4.1.4,
is very low at global scale. At local scale, the typical standard de-
viation of altitude inside a bin is between 10 m and 1000 m. We
estimated the effect of a 1000 m difference in altitude for two ex-
treme points of the anti-cryptic sector. At 85° S, an increase in
altitude of 1000 m from the 2500 m level leads to a increase of
defrosted mass of 13 kgm~2 during the complete recession time.
The corresponding snowdrop time delay is 0.5° Ls. At 55° S, from
the 1000 m level, the defrosted mass increase represents 7 kg m—2
and a snowdrop time delay of 1° Ls, much less than most observed
snowdrop times. The altitude effect alone is not sufficient to ex-
plain the snowdrop time evolution in space and time.

4.2.6. Radiation budget on a rough surface
In order to estimate the effect of surface roughness on the
local daily absorbed radiation W (Eq. (4)), we compute it using

P statistical index daily radiation (%)

0 5 10 15

SSPC Recession at longitude 260° — 270°E

Latitude (°)

220 240 260 280 300 320

o —

Qo ) 10

SSPC Recession at longitude 270° — 280°E

=75

Latitude (%)

—80
-85

220 240 260 280 300 320

(b)

Fig. 10. SSPC recession compared to local radiation modulated by surface roughness
for two meridian profiles in the longitude ranges (a) 260°-270° E and (b) 270°-
280° E. Symbols + and x represent the outer and inner crocus lines respectively.
The gray scale represent the statistical index P (Eq. (20)) calculated for the lo-
cal absorbed radiation W with a special configuration that maximizes the effect of
surface roughness (see text).

the model presented in Section 3.2. We set the albedos Ayijs =0,
Ar =0.01 and the emissivity ¢ = 0.99, a configuration that maxi-
mizes the effect of slope and shadow on all radiation terms. Slope
and altitude given by the MOLA database are at a resolution of
920 m. If roughness of the martian surface is the parameter that
controls the recession at local scale, the snowdrop time and the
local statistical index P_:tat for the daily absorbed radiation must
correlate. Fig. 10 represents the statistical index Potat along two
meridian profiles (a) 260°-270° E and (b) 270°-280° E.

In both Figs. 10a and 10b, we can note that the effect of slope
distribution on the variability of absorbed radiation is particularly
noticeable when the sun elevation at local noon is low. On pro-
file (a), the maximum snowdrop time (about 30° Ls) occurs at
latitude 85° S, but does not correlate with high values of the sta-
tistical index Psac. On profile (b), the snowdrop time is constant
(about 10° Ls) despite the fact that the statistical index at the cro-
cus line decreases with time. It seems that the snowdrop time is
independent of the local absorbed radiation modulated by surface
roughness. This result stands for all other directions around the
geographic South Pole.
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Fig. 11. SSPC recession compared to the albedo distribution observed by OMEGA for six meridian profiles in the longitude ranges (a) 0°-10° E, (b) 70°-80° E, (c) 200°-210° E,
(d) 260°-270° E, (e) 270°-280° E and (f) 320°-330° E. Symbols + and x represent the outer and inner crocus lines respectively. The gray scale represents the statistical

index Pt (Eq. (20)) calculated for the local absorption factor Abs?is inside each bin.

In order to completely reject the hypothesis of the surface
roughness effect, the snowdrop time must be compared with the
local distribution of defrost mass rather than with the radiation
budget. Section 4.2.9 will discuss this point.

4.2.7. Emissivity and albedo in the thermal infra-red

As discussed in Section 4.1.6, emissivity likely ranges from 0.91
to 1.0 for CO; ice. Using the same calculation at both 85° S and
55° S, we can estimate the effect of emissivity distribution on
snowdrop time. If emissivity is distributed between these two ex-

treme values, the snowdrop time is increased by 1.6° Ls at 85° S
and 2.4° Ls at 55° S. This is not enough to explain the local vari-
ations of snowdrop time. Emissivity cannot be the key parameter
that controls the SSPC recession at local scale.

4.2.8. Albedo in the visible range

In order to estimate the effect of albedo on the snowdrop time,
we estimate its distribution from our selection of OMEGA obser-
vations arranged into bins. We use the absorption factor Absyis =
1 — Ayjs that appears in Eq. (6). As an approximation, we estimate
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the bolometric albedo A,ijs with A\(/)is =1- AbssiS (see Eq. (2)). If
the albedo is the parameter that controls the recession at local
scale, snowdrop time and the local statistical index P;tat of AbseiS
must be correlated.

We choose to represent in Fig. 11 six typical meridian profiles
to illustrate the test of our hypothesis, namely (a) 0°-10° E, (b)
70°-80° E, (c) 200°-210° E, (d) 260°-270° E, (e) 270°-280° E and
(f) 320°-330° E. We restrict the time window of this investigation
to Ls = 220°-330° because, before Ls = 220°, pollution by atmo-
spheric dust and water ice is likely (see Section 2.4) and their
contribution to R?m will affect its correspondence with surface
albedo.

On profile (a), the snowdrop time is maximum (about 40° Ls)
at 84° S and correlates with a high value of P;m present at this
latitude since Ls = 255°.

On profile (b), the snowdrop time is intermediate (about 15° Ls)
from 75° S to 83° S, where P;tat is low. At latitudes between 83° S
and the pole, the snowdrop time reaches 30° Ls and is well corre-
lated with a local high Pgtat.

Profile (c) presents a uniform snowdrop time of about 10-15° Ls
and the estimation of P is low.

On profile (d), from latitude 84° S to 86° S and starting at
Ls = 220°, albedo is very dispersed with high Py values. This is
correlated with a very high snowdrop time of more than 30° Ls.

Profile (e) shows the most homogeneous snowdrop time
(10° Ls) of all profiles around the south pole, in agreement with
constantly low levels of Petat.

On profile (f), we note three very distinct regimes of albedo
dispersion. At latitudes below 78° S, P;m is close to zero. Between
78° S and 80° S, P;tat is higher than 20% starting at Ls = 220°. Be-
tween 82° S and 87° S, Pqy increases with time. This is correlated
with a low snowdrop time for the first part (less than 10° Ls) and
a high snowdrop time (more than 20° Ls) for the second as well
as the third regimes.

Another phenomenon occurs on all profiles, as suggested by
close examination of Pqg. The albedo dispersion increases just be-
fore the transition zone. This is easily explained by the fact that
subpixel mixing occurs at this time and that OMEGA sees pixels
with various levels of sub-pixel mixing and thus various albedo,
all with positive detection of CO,. This is particularly obvious on
profiles (a), (d), (e) and (f) where the global albedo level is high
and the subpixel mixing can produce a high variance.

Local dispersions of albedo show a quasi-systematic correlation
with the snowdrop time. This result is also valid for all other direc-
tions around the geographic South Pole. For the complete dataset,
the correlation coefficient between the snowdrop time and the sta-
tistical parameter P;m calculated for the 22.5-18.5° Ls albedo be-
fore the inner crocus date at a given location is 0.640 (see Fig. 12).
We conclude that albedo is likely the key parameter that controls
the SSPC recession at local scale.

4.2.9. Quantitative test
In Sections 4.2.4 to 4.2.8 we have shown that:

e local variations of subsurface heat flow, altitude and emissivity
alone cannot control the snowdrop time for a given latitude
since their influence on the cumulative mass of sublimated
CO, is weak compared to the influence of other factors;

e the snowdrop time is well correlated with the local variability
of albedo whereas it is not with the absorbed radiation vari-
ability due to the slope distribution alone.

In order to confirm the prevailing nature of the albedo, we per-
form a more detailed simulation of the cumulative mass of subli-
mated CO, frost for each facet of our geographical grid. We take
the altitudes and slopes from the MOLA data at a resolution of
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Fig. 12. Scatterplot to test the correlation between the snowdrop time and the sta-
tistical index Pg,e calculated for the albedo, for all longitude ranges (correlation =
0.640). Albedo is taken to be 22.5 to 18.5° Ls before the inner crocus date.

920 m. Conversely, we ignore the local variation of the albedo by
taking a homogeneous value that increases with time, i.e. the lat-
itude independent scenario, model M3 (see Section 4.1.8) for the
whole cap. At global scale, such a simplified model allowed us to
reproduce the recession of the mean crocus line (Section 4.1.8).
All the other parameters are set to the standard values given in
Appendix E.

If surface roughness is the parameter that controls the recession

at local scale, the snowdrop time and the local statistical index

N . M
Pgta of the daily defrost mass actoz must be correlated.

In Fig. 13, we choose to represent the spatio-temporal behavior
of Peac for the six meridian profiles and the time window already
considered in Section 4.2.8, namely (a) 0°-10° E, (b) 70°-80° E,
(c) 200°-210° E, (d) 260°-270° E, (e) 270°-280° E and (f) 320°-
330° E.

On profile (a), the snowdrop time is maximum (about 40° Ls)
at 84° S and is well correlated with a high value of Ps}at already
present starting at Ls = 220°. There is also a correlation with a
high dispersion of albedo (Section 4.2.8), but at 79° S, a high snow-
drop time occurs with a low P;at.

On profile (b), the snowdrop time is intermediate (about 15° Ls)
from 75° S to 83° S, when P;tat is latitude dependent. At lati-
tudes above 83° S, the snowdrop time reaches 30° Ls and is anti-
correlated with Ps}at.

From 80° S to 90° S, profile (c) presents a homogeneous inter-
mediate snowdrop time of about 10-15° Ls corresponding to very
low values of P;tat.

On profile (d) from latitude 84° S to 86° S and starting at Ls =
220°, the defrosted mass is very uniform from place to place (low
values of P;tat). This is anti-correlated with a very high snowdrop
time of more than 30° Ls.

Profile (e) shows the best constant snowdrop time (10° Ls)
of all profiles around the South Pole despite the fact that the
dispersion of defrosted mass Pstat strongly fluctuates with lati-
tude.

On profile (f), no correlation between defrosted mass Pytar and
snowdrop time appears. For instance, at latitudes between 78° S
and 80° S, the snowdrop time is more than 20° Ls and P;m is
close to zero. Very close to latitude 84° S, the statistical index P;tat
is always higher than 2%, but no increase of the snowdrop time is
observed.
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statistical index Peac (Eq. (20)) calculated for the local daily defrosted mass

For the complete dataset, the correlation coefficient between
the snowdrop time and the statistical parameter P;tat calculated
for the daily defrost mass at 22.5-18.5° Ls before the inner crocus
date at a given location is 0.358 (see Fig. 14).

This quantitative test confirms that the combined effects of al-
titude distribution, slope distribution and surface roughness on the
defrost mass distribution are not sufficient to explain the variabil-
ity of the snowdrop distance. Albedo remains the most pertinent
parameter. This result stands for all other directions around the
geographic South Pole.

inside each bin.

5. Discussion

At global scale, the asymmetry of the SSPC recession around
the geographic South Pole is due only to the albedo asymmetry.
Indeed it can be reproduced by our defrost mass model with only
two asymmetrical parameters, the mean crocus date and albedo
with the latter increasing with time. In the model, the initial mass
at the end of winter is symmetrical, in agreement with the mea-
surements made via the loss of neutron flux (Litvak et al., 2007)
or gamma rays (Kelly et al., 2006). Nevertheless, asymmetry in

229



CHAPITRE 4. LA CALOTTE SAISONNIERE SUD DE MARS

390 E Schmidt et al. / Icarus 200 (2009) 374-394

Correlation test

0.20] * ‘ w ]
0.15 {
[ r + 4
4] + +
(@)
£ b ]
% 010} |
% 0.10 . ‘
8 F + * "" -
£ A
% [ Mt + ]
.
a b i
0.05F +5 * ™ + .
N TU
L ) ]
PRI + B
M T *
N A ' B
0.00 L. Brs St i 2k . ‘ L
0 20 40 80 80

snowdrop time (°Ls)

Fig. 14. Scatterplot to test the correlation between the snowdrop time and the sta-
tistical index P;m calculated for the daily defrost mass with a homogeneous albedo
and heterogeneous slopes, for all longitude ranges (correlation = 0.358). The mod-
eled sublimed mass is taken to be 22.5 to 18.5° Ls before the inner crocus date.

the accumulation process remains an alternative possibility that
our study cannot rule out completely. The time dependence of the
equivalent albedo is in very good agreement with the OMEGA ob-
servations. This fact makes us confident that our model is valid at
a first order. We have shown that neither the effect of the annual
heat wave, nor the altitude, the surface roughness or the emissiv-
ity are important compared to the albedo effect. Thus albedo is the
key parameter that controls the recession SSPC at global scale.

At local scale, we describe the fine structure of the SSPC edge
with inner and outer crocus lines, the two being separated by
the snowdrop distance. Since the SSPC recession involves space
and time, all those indicators have an equivalent in the tempo-
ral domain, i.e. inner and outer crocus dates, snowdrop time. We
concluded in Section 4.2 that the local albedo distribution which
characterizes a region at a given latitude is the key parameter that
controls the SSPC disappearance several weeks later.

The effect of surface roughness at a scale lower than the res-
olution of the MOLA data could be relevant, but is not tested in
this work. The test may be done in the future trying to address
the difficulties of extrapolating to the 1 m scale (Campbell et al.,
2003).

At both global and local scales, albedo is the most pertinent
parameter that controls the seasonal South Polar cap recession.
Different physical parameters can induce asymmetry or variabil-
ity in the albedo field.

e Subpixel mixing. Inside the footprint of the OMEGA instru-
ment, a linear mixture as well as an intimate mixture of bright
frost and dark rock/dust materials could occur. Such mixtures
can produce an apparent albedo variability if quantities inside
the pixel are variable.

Grain size. As suggested by Warren et al. (1990), grain size
significantly reduces albedo especially if the ice is slightly
contaminated by a strong absorber. More recent calculations
(Hansen, 1999; Douté et al., 2008; Douté et al., in preparation)
using an optical constant of higher accuracy (Hansen, 1997;
Schmitt et al., 1998) mitigate, but do not rule out this effect for
pure ice. An extreme situation occurs when the SSPC deposits
are made of a slab of pure CO; ice, so transparent that a large
fraction of photons can reach the bottom and be absorbed by
the dust substratum, thus producing a low visible albedo. This
extreme scenario was suggested for the cryptic region from

TES data (Kieffer et al., 2000). At this point, we should note
that OMEGA observations also suggest the presence of slab ice
outside the cryptic region (Langevin et al., 2006). For instance,
at latitude 59° S in the anti-cryptic region (longitude 344° E)
the albedo of the icy terrains is only 20%.
e Dust content. As suggested by Warren et al. (1990), dust within
ice deposits significantly reduces albedo.
Ice thickness. As suggested by Warren et al., 1990, the albedo
of an optically thin CO, granular layer has a positive correla-
tion with the snow depth.

Different processes can produce a global asymmetry and/or local
variability of the previous physical parameters.

5.1. Subpixel mixing

The temperature of a completely defrosted terrain can go up to
300 K, a temperature which strongly increases its thermal emis-
sion, in particular towards the surrounding still frozen terrain, thus
accelerating their sublimation.

Subpixel mixing should happen between the inner and outer
crocus dates as suggested in Section 4.2.8. But subpixel mixing is
not a good scenario for the whole SSPC because that would lead to
a recession velocity much higher than observed. In the longitude
sector 320°-330° E, the high albedo dispersion is present at least
40° Ls before the crossing of the inner crocus line (see Fig. 11).

5.2. Ice deposition process

During the phase of CO, frost accumulation, the SSPC is mainly
formed by direct condensation, but some snow events can occur
(Forget et al., 1998). GCM studies show that a topographic forc-
ing by the Hellas basin creates an asymmetry in the mode of
deposition. Precipitation events are more frequent for the anti-
cryptic sector than for the cryptic sector (Colaprete et al., 2005;
Giuranna et al.,, 2008). This suggests that the texture should be
more granular (smaller grain sizes) for the former compared to the
latter. This texture difference produces a relatively higher albedo in
the anti-cryptic region.

Local topographic forcing could create local variability of snow
precipitation (Colaprete and Toon, 2002), leading to a variability of
grain size and ice thickness. No simulation has been done yet by
GCM at local scale for the South Polar region, but this effect is a
good candidate to explain the local variability of albedo.

During the SSPC recession, recondensation during the night can
occur and the new condensate would cover dusty ices, enhancing
the albedo. This process, that likely happens at local scale, tends
to decrease albedo variability.

The usual defrost mass balance proposed in Section 3.3.1 can
produce local differences of defrost mass due to slope orientation,
shadows or altitude. However, the statistical index of these param-
eters is not correlated with that of albedo. Thus, slope orientation,
shadows or altitude effects are not likely to produce relevant thick-
ness distribution.

5.3. Metamorphism

Metamorphism tends to increase the optical mean free path
within the ice through both grain growth and ice sintering, lead-
ing to an apparent grain size larger than the physical grain
size (Eluszkiewicz, 1993). Thus, metamorphism tends to decrease
albedo. This model shows that metamorphism is controlled by
ice temperature, but could also be enhanced by the vertical dis-
tribution of solar energy absorption, boosting the internal vapor
transport (sublimation, recondensation). At this time, there is a
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lack of experimental results to constrain the CO, metamorphism
regime on Mars.

Nevertheless, the differential boost by differential solar energy
absorption, modulated by slopes and shadows, cannot explain ei-
ther the asymmetry or the local variability of albedo. At global
scale, both cryptic and anti-cryptic sectors undergo this effect with
the same magnitude (Fig. 6). At local scale, there is no correlation
between the snowdrop time and the radiation budget distribution
(Figs. 10 and 11).

The differential boost may be relevant only if there is a dif-
ference in albedo, controlled for instance by grain size or dust
load, leading to a difference in the amount of absorbed energy.
There is a strong positive feedback between albedo and metamor-
phism. Lower albedo induces more solar energy absorbed, induces
stronger metamorphism, induces higher grain size, induces lower
albedo. Such a process can enhance small differences. For instance,
metamorphism may be appropriate to enhance initial asymmetry
due to grain size or initial local variability due to difference in dust
load.

5.4. Dust precipitation

The dust content within the ice deposit can be incorporated
during the accumulation phase or can be added later due to dust
precipitation. Different scenarios could imply various dust sources
such as the atmosphere or local geysers.

If dust particles have an aeolian origin, they can be deposited
in variable amounts due to differential dust loading in the atmo-
sphere. Furthermore, surface wind can reshuffle the dust on the
ground, leading to local variability of albedo.

An alternative scenario, more likely to occur in the cryptic re-
gion (Piqueux et al., 2003; Kieffer et al., 2006), implies CO, geysers
ejecting dust at the surface of the ice. Piqueux et al. (2003) sug-
gest that this process is at the origin of the asymmetry in albedo at
global scale. In addition, the detection of optically thick, but ther-
mally thin dark materials, that would overlay a layer of CO; ice
and thus would be kept at low temperatures, has been recently
suggested by Langevin et al. (2006) for the cryptic region.

Moreover, there is a positive feedback involving albedo and dust
content. More dust induces lower albedo, induces more solar en-
ergy absorbed, induces faster sublimation, induces less thickness,
induces lower albedo. Such a mechanism tends to increase differ-
ences in albedo.

5.5. Cleaning process

Some authors found a correlation between albedo of the resid-
ual ice cap and insolation (Paige and Ingersoll, 1985; Kieffer et al.,
2000) and claim that a cleaning process, controlled by insolation,
progressively frees the ice from its dust. Different candidate pro-
cesses can occur on the residual ice cap, but on the seasonal cap
too, depending on the dust particle size. Dust can burrow through
the ice or be ejected in the atmosphere (Kieffer et al., 2000;
Portyankina et al., 2003). Such mechanisms increase the albedo by
decreasing the dust content within the ice deposit.

However, these mechanisms alone cannot explain the asymme-
try or the local variability of albedo. Both cryptic and anti-cryptic
sectors should be cleaned with the same intensity if the initial dust
load is identical (Fig. 6). At local scale, the snowdrop time and the
radiation budget distribution, which would govern the magnitude
of the cleaning process, are not correlated (Figs. 10 and 11).

However, differences of dust load/size/shape distribution at the
top of the CO, ice layer associated with the cleaning process can
be a clue to explain the variability of albedo. Nevertheless, there is
a negative feedback between albedo and cleaning. Lower albedo
induces more solar energy absorbed, induces stronger cleaning,

induces higher albedo. Such a mechanism tends to smooth differ-
ences in albedo.

5.6. Mechanical ablation

A process of mechanical ablation of the ice deposits, caused by
atmosphere turbulence, would decrease the ice thickness and the
albedo. In this scenario, suggested on Earth for the formation of
the blue ice area by catabatic winds in Antarctica (Bintanja, 1999),
turbulence is linked with wind and surface roughness. Due to the
low density of the atmosphere on Mars, this effect is likely only
for small ice particles. Thomas et al. (1979) is of the opinion that
some frost streaks have a wind origin.

6. Conclusions

We introduce and use a CO, ice sublimation model called D-
frost and estimate its validity at global scale using (i) the ac-
cumulation estimated by GRS/HEND, (ii) the date of the end of
sublimation estimated by OMEGA, (iii) the CO, ice albedo esti-
mated by OMEGA. We propose two ways to test model consistency,
namely time independent albedo (model M2) and latitude inde-
pendent albedo (model M3). In both cases, albedo increases with
time and the model matches the observations.

We also introduce the snowdrop time/distance to character-
ize the SSPC edge. This new quantity, complementary with the
crocus date/line, is a new and promising observable to constrain
efficiently the martian GCM.

We propose an efficient way to calculate the CO; ice sublima-
tion mass using D-frost in a case of rough surfaces, taking into
account statistically the shadow induced by the topography. We
show that the snowdrop time is correlated with the albedo distri-
bution. Also we estimate a very low level of correlation between
(i) the snowdrop time and (ii) the sublimated mass distribution
due to surface roughness estimated by the model. This suggests
that the effect of topography can be neglected at a first order.

In conclusion, we show that the CO, ice sublimation in the
SSPC is mainly controlled by albedo at both global and local scales,
but additional investigations are required to point out the major
processes controlling this quantity. One suggestion would be the
use of other datasets, such as MOLA or MOC, to study in more de-
tail the dependence of the increasing albedo trend with latitude,
longitude and time. In addition, a modeling effort of ice cloud
precipitation at local scale and geyser activity is necessary. Also,
several experiments should be designed to measure the modalities
and magnitude of CO; metamorphism, cleaning process and me-
chanical ablation. Finally, the physical analysis of the OMEGA and
CRISM observations with surface radiative transfer models should
produce quantitative maps of surface properties of the SSPC that
will greatly help to understand the physical process acting to pro-
duce the observed albedo, crocus line and snowdrop distance.
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Appendix A. Scales of interest

Bin: element of the geographical grid drawn regularly in lon-
gitude and latitude on the planetary surface. Sampling is 10° in
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longitude (from 0° E to 360°
90° S).

Meridian profile: sequence of values taken by a parameter along
a meridian (constant longitude) for consecutive bins which span
10° in longitude. Latitudinal range covered is 53° S to 90° S for
the model and from 30° S to 90° S for the OMEGA observations.

The bins are at a lower resolution than following objects:

Facet: pixel in MOLA data that is used for the calculation of the
insolation modulated by roughness. Spatial resolution is 920 m in
a South Polar stereographic projection;

Pixel: element of detection in the OMEGA observations, the spa-
tial resolution can vary from 2 km to 700 m.

E) and 0.3° in latitude (from 53° S to

Appendix B. Slope in the stereographic South projection

The map and geographic coordinates are related by those for-
mula:

2Rcos¢sinL
= 7¢ (B.1)
1—sing
_ 2R cosd.)cosL (B.2)
1—sin¢g
The derivative are:
d 2R cos d 2R cos d
—:—,¢cos ———_¢sinL—, (B.3)
dL 1-—sing 0x 1—sing ay
d 2R . .0 2R 9
sL—. (B.4)

- =" [— 4+ ——
do 1—sin¢Sm 3x+1—sin¢co ay

In order to use the dimensionless slope, we use h’' = % in radian

instead of h in meter.
The slope calculation is:

8’ 9h'1  8h 1 h(xiy1,yi) —hxi yi) (B.5)
X XA X RA R.A ’ )
o' 9h' 1 8h 1 h(x, yir1) —h(x, yi) (B.6)
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Finally, we obtain both dimensionless slopes:

dh’ 2cos¢p 1 oh . oh

— =————(cosL— —sinL— |, (B.7)
dL 1-—sing A ox’ ay’

dh’ 2 1 oh oh

— =" nlL— L— B.8
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Appendix C. Integration of insolation

Unfortunately, the direct and indirect solar illumination Qgyp
and Qscar can be negative depending on L. Thus we multiply these
two terms with a door function I7 that bounds the integration of
the absorbed energy to the interval of L values [Lpin, Lmax] when
it is positive (when the facet is illuminated).

1, for Lmn <L <L here fTsgr ® Foun > 0,
Z,max =1 or min < L < Lmax where ngyfeTsyn >0 (1)
min 0, otherwise,
Tsurf ® Tsun = Sin(¢) sin(8) + cos(¢) cos(8) cos(L — ), (C2)
Tsurt ® Tsun = Sin(¢n) Sin(8) + cos(¢n) cos(8) cos(Ly — ). (c3)

The N/S slopes along a meridian are given by the following re-
lations:

T—¢p—¢, foro+¢ >Z,
tn=1-m—¢—¢, foro+¢ <-1I, (C4)
o+, otherwise,
and the WJE slopes along a parallel by:
Le=2m, for L+ L <0,
Ln=L+L +Lc{L.=—2m, forL+L >2m, (C5)
L.=0, otherwise.

Using those relations:

ot
¢>’:arctan(— 30;:0), (C.6)
, atopo
L' =arctan| — oL ) (C.7)

We assume that insolation is null when the sun is on the op-
posite side of the facet. This condition corresponds to a virtual
displacement of the considered surface point from its real longi-
tude L to L.

Our assumption can be written:

0 < cos(Ly — o) > —tan(¢py) tan(d). (C.8)

Ngurf @ Tsun 2>

There are 3 different solutions for the equations depending on
latitude and slopes.

(1) The sun never rises:

T surf ® Tsun < 0 < 1 < — tan(¢y) tan(s), (C9)

T
_ 1 0 0 0
W= T qunno + Qscatng + QIRH()

+ Qoor 13" dL. (C10)
(2) The Sun never sets:
T surf ® Tsun > 0 & —1 > —tan(¢y) tan(8), (C11)
27
= % f QeunlTg"™ + Qscat T3 + QRITE”
0
+ Qaioor 157 dL. (€12)
(3) There is a sunrise and a sunset on the facet:
Tsurt ® Tsun > 0 & —1 < —tan(¢p) tan(8) < +1 (C13)
We can define Hyg the local horary angle on the facet:
cos(Hpo) = — tan(¢y) tan(s). (C14)
In this case, the Sun illuminates the facet only when:
Tlsur ® Fsun > 0 € o — Hpo < Ln < & + Hpo. (C.15)
Using Eq. (C.5), the condition for L is:
Lmn=0¢—Hpo—L' —Le<L<a+Hp—L —L¢
= Lmax, (C16)
= % / Quun T{™ + Qucac TL™ + QRITY™
0
+ Qfoor [1g™ dL. (C17)

Analytical integration The following integrals can be solved ana-
lytically:

T
1
Wscat = E / QscatngndL = Qscats

(C.18)

H
Wi = /Qscatnf:";de ioncat» (C19)
Wir=— / QrIT§™dL = Q. (€.20)
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2
1
Wﬂoor = E / Qﬂoorngﬂdl- = Qﬂoor- (C-21)
0

Property Using Eqgs. (C.2), (C.3), (C.5) and (7), we can see that Qgyp
depends on L only through the scalar products:

Qsun = F1 - F2 - F3(cos(L — @)) - F4(cos(L — o + L' + L¢))

- Fs(cos(L — a)), (€.22)
a+D D
Weun = L / qun(L) dL = L / qun(i) di_, (C-23)
2 27
a+C C

with L=L—a, C=—Hp—L —Lc, D=Hpg— L —Lc and Qgyn =
F1 - Fa - F3(cos(L)) - Fa(cos(L + L' 4 Lc)) - Fs(cos(L)).

This shows that Wy, is independent of «, the longitude of the
sub-solar point. We set this parameter to zero to estimate the in-
tegral (C.23).

Appendix D. Summary of the parameter values used for the
surface radiation budget

Model parameters. Units are noted in brackets []; [1] denotes
the absence of units.

R =3,386,200 [m] radius of the planet

h [m] altitude

K’ [radian] normalized altitude

(x,y) [m] map coordinates

x,y") [1] image coordinate in pixel

A [m] pixel size (identical on x and y direction)

(L, ¢) [radian] East longitude (from 0 to 27), latitude (from
-Zt0l)

local slope

instantaneous absorbed energy from the
direct sunlight

instantaneous absorbed energy from the
sunlight scattered by the atmosphere
instantaneous absorbed energy from the
thermal emission of the atmosphere
instantaneous absorbed energy from the
thermal emission of the neighboring facets
normalized radius vector of a point at the
surface assuming a spherical planet
normalized radius vector of the sub-solar
point

normalized vector of the direction normal to
the local surface

I fl:‘:‘ (L) door function

Ssun = 589 [Wm™2] solar constant at the mean distance between
Mars and the Sun (dsyn)

ratio of mean distance between Mars and
the Sun over the distance at time t
(dsun)/dsun(t). We calculate this distance
dsun(t) for any date t using the astronomical
parameters determined by the celestial
measurements of Pathfinder at J2000 by
Allison and McEwen (2000).

bolometric albedo in the visible. We assume
a lambertian surface Agp vis(6i) = Avis and
no dependence on the incidence angle (see
Eq. (1)).

y (1]
Qsun [Wm™2]

Qscar [Wm™?]
Qr [Wm™?]
Qfioor [Wm 2]
Tsurt(L, ¢) [1]
Tsun (@, 8) [1]

Msurt (Ln, ¢n) [1]

Tsun [M]

Avis [1]

bolometric albedo in the thermal infra-red.
We assume a lambertian surface

Adn.1r(6i) = Ar and no dependence on the
incidence angle. Albedo in the IR is linked to
emissivity through Agr =1 — & (Warren et
al., 1990).

fraction of light attenuated by the
atmosphere. This value was used in the
modeling by Kieffer et al. (1977), Aharonson
and Schorghofer (2006). f =~ fscat + fir.
fraction of the direct sunlight scattered by
the atmosphere. This value was already used
in the modeling by Kieffer et al. (1977),
Aharonson and Schorghofer (2006).

AR [1]

f=0.06

fscat =0.02 []]

fir=0.04 [1] equivalent fraction of noon time direct
sunlight emitted by the atmosphere. This
value, discussed by Haberle and Jakosky
(1991), was already used in the modeling by
Aharonson and Schorghofer (2006).

H=0.8]1] Hurst exponent, describing the topographical
roughness

e [1] thermal emissivity (see Ajr)

0 =567x10"8 Stefan Boltzmann constant

[Wm—2K™4]

T [K] temperature of the surrounding soil. This

temperature is assumed to be the same as
that for the considered facet. If the current
facet is frosted and the surrounding ones are
defrosted, Qfoor is underestimated.

Appendix E. Summary of the parameters used for modeling the
defrost mass balance

In addition to the radiative parameters described in Appendix D,
there are the parameters below.

Lco, =590 x 103 []l(g_]] latent heat for CO, sublimation

Tsurf [K] temperature of the facet
Mco, kg m—2] CO, mass of the frost layer
t [s] time

References

Aharonson, O., 2004. Sublimation at the base of a seasonal CO, slab on Mars. In:
Mackwell, S., Stansbery, E. (Eds.), Proc. 35th Lunar Planet. Sci. Conf., p. 1918.
Aharonson, O., Schorghofer, N., 2006. Subsurface ice on Mars with rough topogra-

phy. J. Geophys. Res. (E) 111. 11007.

Aharonson, 0., Zuber, M.T., Rothman, D.H., 2001. Statistics of Mars’ topography from
the Mars Orbiter Laser Altimeter: Slopes, correlations, and physical models.
J. Geophys. Res. (E) 106, 23723-23736.

Aharonson, O., Zuber, M.T,, Smith, D.E., Neumann, G.A., Feldman, W.C,, Prettyman,
T.H., 2004. Depth, distribution, and density of CO, deposition on Mars. J. Geo-
phys. Res. (E) 109. 5004.

Allison, M., McEwen, M., 2000. A post-Pathfinder evaluation of areocentric solar co-
ordinates with improved timing recipes for Mars seasonal/diurnal climate stud-
ies. Planet. Space Sci. 48, 215-235.

Benson, J.L., James, P.B., 2005. Yearly comparisons of the martian polar caps: 1999-
2003 Mars Orbiter Camera observations. Icarus 174, 513-523.

Bintanja, R, 1999. On the glaciological, meteorological, and climatological signifi-
cance of antarctic blue ice areas. Rev. Geophys. 37, 337-360.

Brown, G.N.J., Ziegler, W.T., 1979. Vapor pressure and heats of vaporization and sub-
limation of liquids and solids of interest in cryogenics below 1-atm pressure.
Adv. Cryogenic Eng. 25, 662-670.

Campbell, B.A., Ghent, RR., Shepard, M.K., 2003. Limits on inference of Mars small-
scale topography from MOLA data. Geophys. Res. Lett. 30. 15-1.

Campbell, W.W., 1895. The irregular waning of the South Polar cap of Mars. Publ.
Astron. Soc. Pacific 7, 40-43.

Colaprete, A., Toon, 0.B., 2002. Carbon dioxide snow storms during the polar night
on Mars. ]. Geophys. Res. (E) 107. 5-1.

233



CHAPITRE 4. LA CALOTTE SAISONNIERE SUD DE MARS

394 E Schmidt et al. / Icarus 200 (2009) 374-394

Colaprete, A., Barnes, ].R.,, Haberle, R.M., Hollingsworth, J.L., Kieffer, H.H., Titus, T.N.,
2005. Albedo of the south pole on Mars determined by topographic forcing of
atmosphere dynamics. Nature 435, 184-188.

Douté, S., Schmidt, F, Schmitt, B., Langevin, Y., Vincendon, M., Bibring, ].-P., Omega
Team, 2008. Physical characterization of the south seasonal cap of Mars during
recession from OMEGA observations. Lunar Planet. Sci. 39, 1736.

Eluszkiewicz, J., 1993. On the microphysical state of the martian seasonal caps.
Icarus 103 (1), 43-48.

Eluszkiewicz, J., Moncet, ].-L, 2003. A coupled microphysical/radiative transfer
model of albedo and emissivity of planetary surfaces covered by volatile ices.
Icarus 166 (2), 375-384.

Forget, F., 1998. Mars CO; ice polar caps. In: Schmitt, B., de Bergh, C., Festou, M.
(Eds.), Solar System Ices. In: Astrophysics and Space Science Library, vol. 227.
Kluwer, Dordrecht, pp. 477-507.

Forget, F, Hourdin, F, Talagrand, O., 1998. CO, snowfall on Mars: Simulation with a
General Circulation Model. Icarus 131, 302-316.

Forget, F., Hourdin, F, Fournier, R., Hourdin, C., Talagrand, O., Collins, M., Lewis, S.R.,
Read, PL., Huot, J.-P, 1999. Improved general circulation models of the martian
atmosphere from the surface to above 80 km. J. Geophys. Res. (E) 104, 24155-
24176.

Giuranna, M., Grassi, D., Formisano, V., Montabone, L., Forget, F., Zasova, L., 2008.
Pfs/mex observations of the condensing CO, south polar cap of Mars. Icarus 197
(2), 386-402.

Haberle, R.M., Jakosky, B.M., 1991. Atmospheric effects on the remote determination
of thermal inertia on Mars. Icarus 90, 187-204.

Hansen, G.B., 1997. The infrared absorption spectrum of carbon dioxide ice from 1.8
to 333 pm. J. Geophys. Res. (E) 102, 21569-21588.

Hansen, G.B., 1999. Control of the radiative behavior of the martian polar caps by
surface CO, ice: Evidence from Mars Global Surveyor measurements. J. Geophys.
Res. (E) 104, 16471-16486.

Hapke, B., 1993. Theory of reflectance and emittance spectroscopy. In: Topics in Re-
mote Sensing. Cambridge Univ. Press, Cambridge, UK.

Iwasaki, K., Saito, Y., Nakai, Y., Akabane, T., Panjaitan, E., 1990. Martian south polar
CAP 1988. ]. Geophys. Res. (E) 95, 14751-14754.

James, PB., Briggs, G., Barnes, J., Spruck, A., 1979. Seasonal recession of Mars’ south
polar CAP as seen by Viking. ]. Geophys. Res. (E) 84, 2889-2922.

James, P.B., Cantor, B.A., Malin, M.C., Edgett, K., Carr, M.H., Danielson, G.E., Ingersoll,
AP, Davies, M.E., Hartmann, W.K., McEwen, A.S., Soderblom, L.A., Thomas, P.C.,
Veverka, J., 2000. The 1997 Spring regression of the martian south polar cap:
Mars orbiter camera observations. Icarus 144, 410-418.

James, P.B., Cantor, B.A., Davis, S., 2001. Mars orbiter camera observations of the
martian south polar cap in 1999-2000. J. Geophys. Res. (E) 106, 23635-23652.

Kelly, NJ., Boynton, W.V,, Kerry, K., Hamara, D., Janes, D., Reedy, R.C,, Kim, KJ.,
Haberle, R.M., 2006. Seasonal polar carbon dioxide frost on Mars: CO, mass
and columnar thickness distribution. ]. Geophys. Res. (E) 111, doi:10.1029/
2006JE002678.

Kieffer, H.H., Martin, T.Z., Peterfreund, A.R., Jakosky, B.M., Miner, E.D., Palluconi, F.D.,
1977. Thermal and albedo mapping of Mars during the Viking primary mission.
J. Geophys. Res. (E) 82, 4249-4291.

Kieffer, H.H., Titus, T.N., Mullins, KF, Christensen, P.R,, 2000. Mars south polar
spring and summer behavior observed by TES: Seasonal cap evolution controlled
by frost grain size. J. Geophys. Res. (E) 105, 9653-9700.

Kieffer, H.H., Christensen, P.R,, Titus, T.N., 2006. CO, jets formed by sublimation be-
neath translucent slab ice in mars’ seasonal south polar ice cap. Nature 442,
793-796. 7104.

Langevin, Y., Douté, S., Vincendon, M., Poulet, E, Bibring, J.-P., Gondet, B., Schmitt, B.,
Forget, F., 2006. No signature of clear CO, ice from the ‘cryptic’ regions in Mars’
south seasonal polar cap. Nature 442 (7104), 790-792.

Langevin, Y., Bibring, ].-P., Montmessin, F,, Forget, E, Vincendon, M., Douté, S., Poulet,
F., Gondet, B., 2007. Observations of the south seasonal cap of Mars during re-
cession in 2004-2006 by the OMEGA visible/near-infrared imaging spectrometer
on board Mars Express. ]. Geophys. Res. (E) 112, doi:10.1029/2006JE002841.

Laskar, ], Joutel, E, Boudin, F, 1993. Orbital, precessional, and insolation quantities
for the Earth from —20 Myr to +10 Myr. Astron. Astrophys. 270, 522-533.

Leighton, R.R., Murray, B.C., 1966. Behavior of carbon dioxide and other volatiles on
Mars. Science 153, 136-144.

Lewis, S.R., Collins, M., Read, P.L., Forget, F, Hourdin, F, Fournier, R., Hourdin, C.,
Talagrand, O., Huot, J.-P,, 1999. A climate database for Mars. ]J. Geophys. Res.
(E) 104, 24177-24194.

Litvak, M.L.,, Mitrofanov, L.G., Kozyrev, A.S., Sanin, A.B., Tretyakov, V.1, Boynton, W.V.,
Kelly, N.J., Hamara, D., Saunders, R.S., 2007. Long-term observations of southern
winters on Mars: Estimations of column thickness, mass, and volume density
of the seasonal CO, deposit from HEND/Odyssey data. ]. Geophys. Res. (E) 112,
doi:10.1029/2006JE002841.

Malamud, B.D., Turcotte, D.L, 2001. Wavelet analyses of Mars polar topography.
J. Geophys. Res. (E) 106, 17497-17504.

Murchie, S.L, and 42 colleagues, 2004. CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars) on MRO (Mars Reconnaissance Orbiter). In: Nardell, C.A.,
Lucey, P.G., Yee, J.-H., Garvin, ].B. (Eds.), Applications with Weather Satellites. II.
Menzel, W.P,, Iwasaki, T. (Eds.), Proc. of the SPIE, vol. 5660, pp. 66-77.

Paige, D.A., Ingersoll, A.P., 1985. Annual heat balance of martian polar caps—Viking
observations. Science 228, 1160-1168.

Piqueux, S., Byrne, S., Richardson, M.L, 2003. Sublimation of Mars’s southern sea-
sonal CO, ice cap and the formation of spiders. . Geophys. Res. (E) 108,
doi:10.1029/2002JE002007.

Pollack, ].B., Haberle, R.M., Schaeffer, ]., Lee, H., 1990. Simulations of the general
circulation of the martian atmosphere. I. Polar processes. J. Geophys. Res. (E) 95,
1447-1473.

Portyankina, G., Markiewicz, W.J., 2003. Model for formation of spider patterns in
the Cryptic region. In: Clifford, S., Doran, P, Fisher, D., Herd, C. (Eds.), Third Int.
Conf. on Mars Polar Science and Exploration, p. 8026.

Press, W.H., Flannery, B.P, Teukolsky, S.A., Vetterling, W.T,, 1986-1992. Numerical
Recipes in Fortran 77: The Art of Scientific Computing. Cambridge Univ. Press.
Chap. 4.4, pp. 110-114.

Putzig, N.E., Mellon, M.T., Kretke, K.A., Arvidson, R.E., 2005. Global thermal inertia
and surface properties of Mars from the MGS mapping mission. Icarus 173, 325-
341.

Sayles, R.S., Thomas, T.R., 1978. Surface topography as a nonstationary random pro-
cess. Nature 271, 431-434.

Schmitt, B., Quirico, E., Trotta, F,, Grundy, W.M., 1998. Optical properties of ices from
UV to infrared. In: Schmitt, B., de Bergh, C., Festou, M. (Eds.), Solar System Ices.
In: Astrophys. Space Sci. Libr., vol. 227. Kluwer, Dordrecht, pp. 199-240.

Schmitt, B., Schmidt, F, Douté, S., Langevin, Y., Forget, F, Bibring, ].-P., Gondet, B.,
Omega Team, 2006. Recession of the northern seasonal condensates on Mars by
OMEGA/Mars Express. LPI Contributions 1323, 8050.

Schmidt, F,, Douté, S., Schmitt, B., 2007. Wavanglet: An efficient supervised classifier
for hyperspectral images. Geosci. Remote Sensing, IEEE Trans. 45 (5), 1374-1385.

Schorghofer, N., Aharonson, O., 2005. Stability and exchange of subsurface ice on
Mars. ]. Geophys. Res. (E) 110. 5003.

Shchuko, 0.B., Kartashov, D.V., Picardi, G., Orosei, R., 2003. Martian underground
water detection: Thermal model and simulations of radar signal propagation.
J. Geophys. Res. (E) 108, doi:10.1029/2002JE001879.

Shepard, M.K., Campbell, B.A., 1998. Shadows on a planetary surface and implica-
tions for photometric roughness. Icarus 134, 279-291.

Shepard, M.K., Campbell, B.A., Bulmer, M.H., Farr, T.G., Gaddis, LR, Plaut, ., 2001.
The roughness of natural terrain: A planetary and remote sensing perspective.
J. Geophys. Res. (E) 106, 32777-32796.

Thomas, P, Veverka, J., Campos-Marquetti, R., 1979. Frost streaks in the south polar
CAP of Mars. J. Geophys. Res. (E) 84, 4621-4633.

Titus, T.N., Mar. 2005. Mars polar cap edges tracked over 3 full Mars years. In: Mack-
well, S., Stansbery, E. (Eds.), 36th Annu. Lunar Planet. Sci. Conf. p. 1993.

Veverka, ., Goguen, J., 1973. The nonuniform recession of the south polar cap of
Mars. ]. Royal Astron. Soc. Canada 67, 273.

Vincendon, M., Langevin, Y., Poulet, F,, Bibring, ]., Gondet, B., Jouglet, D., the OMEGA
Team, 2008. Dust aerosols above the south polar cap of Mars as seen by OMEGA.
Icarus 196, 488-505.

Warren, S.G., Wiscombe, W.J., Firestone, J.F.,, 1990. Spectral albedo and emissivity of
CO; in martian polar caps—Model results. ]. Geophys. Res. (E) 95, 14717-14741.

234



4.4. PUBLICATIONS

4.4.2 Sublimation de la calotte saisonniére Sud de Mars

Cette section contient 1’article suivant :

Schmidt F., Schmitt B., Douté S., Forget, F., Jeng, J.-J., Martin, P., Langevin, Y., Bibring J.-P. and
the OMEGA Team ; “Sublimation of the Martian CO2 seasonal south Polar Cap”, Planetary and Space
Science, 2010, 58, 1129- 1138

235



CHAPITRE 4. LA CALOTTE SAISONNIERE SUD DE MARS

Planetary and Space Science 58 (2010) 1129-1138

journal homepage: www.elsevier.com/locate/pss

Contents lists available at ScienceDirect

Planetary and Space Science

Sublimation of the Martian CO, Seasonal South Polar Cap

Frédéric Schmidt*"*, Bernard Schmitt €, Sylvain Douté ¢, Francois Forget 9, Jeng-Jong Jian ¢,
Patrick Martin?, Yves Langevin, Jean-Pierre Bibring, the OMEGA Team

2 ESAC, PO Box 78, E-28691 Villanueva de la Canada, Madrid, Spain

Y IDES, Université Paris-Sud 11, CNRS/INSU, Bdtiment 509, Université Paris-Sud, 91405 Orsay, France

© Laboratoire de Planétologie de Grenoble, Université de Grenoble, CNRS/INSU, BP 53, 38041 Grenoble Cedex 9, France

d Laboratoire de Météorologie Dynamique, Institut Pierre Simon Laplace, Université Paris VI, CNRS/INSU, BP99, 75252 Paris Cedex 05, France
€ Institute of Astronomy, National Central University, 10F, No. 439, Dunhua Road, Beitun District, Taichung City 406, Taiwan

f Institut d’Astrophysique Spatiale, Université Paris-Sud 11, CNRS/INSU, Batiment 121, 91405 Orsay cedex, France

ARTICLE INFO

Article history:

Received 10 July 2009
Received in revised form

23 March 2010

Accepted 25 March 2010
Available online 3 April 2010

Keywords:

Mars

Ice

Atmosphere

Seasonal South Polar Cap

ABSTRACT

The polar condensation/sublimation of CO,, that involve about one fourth of the atmosphere mass, is
the major Martian climatic cycle. Early observations in visible and thermal infrared have shown that the
sublimation of the Seasonal South Polar Cap (SSPC) is not symmetric around the geographic South Pole.

Here we use observations by OMEGA/Mars Express in the near-infrared to detect unambiguously
the presence of CO, at the surface, and to estimate albedo. Second, we estimate the sublimation of CO,
released in the atmosphere and show that there is a two-step process. From Ls=180° to 220°, the
sublimation is nearly symmetric with a slight advantage for the cryptic region. After Ls=220° the
anti-cryptic region sublimation is stronger. Those two phases are not balanced such that there is 22% +
9 more mass the anti-cryptic region, arguing for more snow precipitation. We compare those results
with the MOLA height measurements. Finally we discuss implications for the Martian atmosphere

Cryptic region
Non-condensable gas

about general circulation and gas tracers, e.g. Ar.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The “cryptic region” is a dark region covered by ice in the
South Polar Region of Mars (Kieffer et al., 2000; Titus et al., 2008).
It appears to be a region where most of the “spiders” features are
located (Piqueux et al., 2003; Kieffer, 2007). In order to simplify,
we define in this article the cryptic region from longitude 50°E to
230°E (through longitude 90°E), and the anti-cryptic region from
longitude 130°'W to 50°E (the complementary sector, passing
through longitude O’E) (see Fig. 1).

During the phase of CO, frost accumulation, the Seasonal
South Polar Cap (SSPC) is mainly formed by direct condensation,
but some snow events can occur (Forget et al., 1998). GCM studies
show that a topographic forcing by the Hellas basin creates an
asymmetry in the mode of deposition. Precipitation events are
more frequent for the anti-cryptic sector than for the cryptic
sector (Colaprete et al., 2005; Giuranna et al., 2008). This suggests
that the texture should be more granular (smaller grain sizes) for
the former compared to the latter. This texture difference
produces a relatively higher albedo in the anti-cryptic region
and also possibly a higher accumulated mass.

* Corresponding author. Tel.: +33169156152; fax: +33169164882.
E-mail address: frederic.schmidt@u-psud.fr (F. Schmidt).

0032-0633/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.pss.2010.03.018

The direct measurement of the sublimating CO, mass on
Mars has been done only recently by three different techniques:
gravity (Smith et al., 2001; Karatekin et al., 2006), neutron flux
(Litvak et al., 2006) and gamma ray flux (Kelly et al., 2006). But
the time and space resolutions of these methods prohibit any
conclusion at the regional scale. At the present time, only direct
measurements of the seasonal variations in altitude by MOLA are
able to estimate the local CO, mass sublimation (Smith et al.,
2001; Aharonson et al, 2004; Jian and Ip, 2009). But this
impressive technique is limited by low signal to noise ratio
because seasonal topographic variations are typically less that one
meter. To enhance the climatic signal, Aharonson et al. (2004) use
a Fourier transform and apply a filter on the MOLA time variation
keeping only the annual period. Results show that the amplitude
of this annual Fourier cycle is asymmetric, with a maximum in the
anti-cryptic region (see Fig. 4(a) in Aharonson et al., 2004). This
results lead to two different conclusions: (i) asymmetry in
amplitude is actually related to asymmetry in accumulation
and/or (ii) the annual period filtering may be not relevant to
describe the real annual mass variation, so that the amplitude
asymmetry may be an artefact related to the time of presence of
CO,. The second hypothesis is supported by the fact that the
sublimation is much faster in the cryptic region (Kieffer et al.,
2000; Langevin et al., 2007) leading to lower amplitude of the
annual Fourier cycle. If this hypothesis is valid, the bi-annual cycle
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Fig. 1. Definition of the cryptic and anti-cryptic region within this article.

should be stronger for the cryptic region. More recently, Jian and
Ip (2009) focus on the south polar region and show that cryptic
and non-cryptic regions did not present any significant thickness
difference.

Indirect measurement of the CO, mass has been performed for
decades through modeling of: (i) the recession of the surface
covered by ice observed by visible/infrared detectors (Leighton
and Murray, 1966; Paige and Ingersoll, 1985; Lindner, 1993;
Forget, 1998; Kieffer et al., 2000; Schmidt et al., 2009c), (ii) fitting
the annual surface pressure cycle (Pollack et al., 1990; Wood and
Paige, 1992; Hourdin et al., 1995). The first modeling methodol-
ogy has the advantage to allow simple estimation of CO, ice
sublimation mass at regional scale. It assumes that the CO, ice is
in vapour-pressure equilibrium with the local atmosphere, and
that the CO, mass balance at the surface is controlled by radia-
tive balance. We propose to use this methodology using the
latest OMEGA observation to estimate the local CO, mass balance
in order to derive the difference in the cryptic/anti-cryptic
region.

For each considered location on the map, the so-called crocus
date is the date (Kieffer et al., 2000) when the surface deposit is
completely gone. The crocus date is then a geophysical field of
importance for atmospheric studies. Due to the fact that all
instruments have a limited spatial resolution, Schmidt et al.
(2009c) has introduced both inner and outer crocus date. Each
location is defined by a super pixel with a spatial extent defined
by the Ly scale length (with a the pixel scale length Ly < Lgtac)-
The inner crocus date—respectively, outer crocus date—is the
date when the first—resp. the last—pixels fails to exhibit any ice
signature within the considered super pixel (see Fig. 2).

We will use the D-frost model (Schmidt et al., 2009¢c, 2008)
to estimates the CO, frost mass balance. Several inputs are
required: inner and outer crocus dates, albedo, altitude, slope.
This model is able to calculate the total mass sublimated, from the
date it becomes unstable (determined by the model itself), to the
crocus date (determined by the observation). Thus the initial
mass, before net sublimation, is not required as an input but will
be determined by the model.

The aim of this work is to:

e estimate the main input fields, required for the D-frost model,
from OMEGA observations: albedo, inner crocus/outer crocus
date;

e calculate the sublimated mass of the SSPC using D-frost;

e derive the height variations, assuming a constant density, and
compare to MOLA measurements;

e estimate the spatial asymmetry of the CO, mass release;

e derive potential effects on circulation at global scale, and on
atmospheric gas tracers.

To avoid confusion about the sign of the “sublimation rate” of the
SSPC, we adopt two natural conventions: surface convention with
negative mass rates (sublimation of seasonal frosts); atmosphere
convention, with positive mass rates (pump up of the atmosphere).

2. Methods

We propose to use the OMEGA imaging spectrometer (Bibring
et al., 2004) on board Mars Express for simultaneously detect CO,
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Fig. 2. Definition of inner crocus line, outer crocus line and snowdrop distance. Statistics scale length Ly define the super pixel resolution, binning several OMEGA pixels.
Black line represents the actual surface proportion covered by CO, ice for each super pixel. Doted lines represents the arctan model law (Kieffer et al., 2000). Crocus line is
defined in the inflection point of the arctan law. Inner and Outer crocus lines are defined by the surface proportion of 99% and 1%.

ice on Mars and estimate the albedo under the aerosols layer.
A compilation of all dataset available is out of the scope of this
article but should be an interesting step for the future.

We use the following notation: latitude /, longitude 6 and
time t. The spatial fields (inner and outer crocus dates) are
sampled in a spatial grid of 0.3° latitude (200 steps from 4= —90
to —30°) and 10° longitude (36 steps from 6 =0" to 360°). The
spatio-temporal fields (albedo and sublimated mass) are sampled
in the same spatial grid and the temporal grid of 5°Ls (72 steps
from t =0" to 360°). Each element of the grid is called “bin”. The
succession of bins in latitude at constant longitude is called a
“longitude sector”. Respectively, a succession of bins in longitude
at constant latitude is called a “latitude sector”.

Due to the lack of the spatial/temporal cover we need to
interpolate the measured crocus dates and albedo. The first two
sections present our strategy. Each of these interpolation methods
will be evaluated simply using the standard deviation of the
difference between the actual data and the interpolated field.

2.1. Crocus dates field

For each bin with available OMEGA observation, we estimate
the inner and outer crocus dates using previously described
method in Schmidt et al. (2009c). This method uses WAVANGLET,
an automatic detection algorithm (Schmidt et al., 2007), and a
special algorithm to extract crocus lines. We use the OMEGA
dataset in year 2005-2006 (Martian year 27) from Ls=110° to
Ls=320° and selected 544 observations from latitude 30°S to
90°S.

We propose here the following methodology to get an
interpolated map of both inner t;,(4,0) and outer to,(4,0) crocus
date.

2.1.1. Interpolation method

The crocus dates, binned into our grid (see Section 2), are
re-estimated by a weighted sum of actually measured neighbour-
ing values in order to interpolate the field in case of missing
values. The weights depend on the distance and are chosen to be

in a Gaussian shape. This operation is performed through a
convolution product on the complete latitude/longitude grid with
the Gaussian kernel:

interp, ; T 1 (A=)
tinterp A,O)://t» (A,0) - - ex| +
n ( " ) 27 - Olat * Olong P zo—lat

/12
O=00) 4 aor
2O_Iang

M

with:

e computation on the complete grid: latitude x longitude bins:
200 x 36;

e variance of the Gaussian in latitude x longitude bins:
Ol =41.66 latitude bin (12.5° latitude), oj;ng =5 longitude
bin (50° latitude). The ratio of latitude and longitude variance
is set to real average distance in our grid.

2.1.2. Results and evaluation

The interpolated crocus line field £, average for the cryptic
and anti-cryptic regions are drawn in Fig. 3(a). The recession is
clearly symmetric before Ls=140° latitude 55°S. This symmetry
can be biased by the interpolation, especially due to Hellas and
Argyre basins where persistent CO, ice have been detected by
Giuranna et al. (2007a). After Ls=190°, latitude 62°S, the cryptic
region crocus lines are 20°Ls earlier than the anti-cryptic region.
Two possible interpretations will be discussed in Section 3: lower
accumulated CO, ice mass and/or lower albedo leading to higher
absorption and sublimation.

To evaluate the quality of this interpolation, we analyze the
difference between actual measurement and interpolated field.
The standard deviation is quite large (14°Ls for outer crocus date
and 17°Ls for inner crocus date) due to the sparseness and
discontinuity of the dataset. Also it could be due to the sensitivity
of daily variation in frost cover, ignored within our scheme. The
mean snowdrop time is 15°Ls in agreement with the value
measured by consecutive observations by Schmidt et al. (2009c).
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Fig. 3. Averaged fields interpolated from OMEGA observations for both cryptic and
anti-cryptic regions: (a) crocus lines and (b) albedo under the aerosols. The
interpolated fields are used as an input of the D-frost model.

2.2. Albedo field

Radiative balance requires the directional-hemispheric
bolometric albedo of the surface A, or simply “albedo”, that is
an integrated quantity of the BRDF (bidirectional reflectance
density function). It is dependent of the incidence direction (the
solar direction) but integrated on all emergence directions of the
top hemisphere and spectrally integrated—weighted by the solar
spectrum. Definitions can be found in Hapke (1993).

This quantity can be estimated from space using the
reflectance spectra in the visible/near infrared recorded by
OMEGA, by removing the dust aerosols contribution that
significantly modifies the apparent surface albedo, notably for
bright icy surfaces that appear darker. Vincendon et al. (2008)
propose a method to evaluate the contribution of the aerosol
scattering and attenuation at all wavelengths from a narrow
spectral region where the entire signal comes from the aerosols
(saturated bands of CO, ice).

We use 265 images of the Martian year 27 from Ls=120° to
300° in the latitude range 52°S to 90°S. We average all estimations
points where the method provided by Vincendon et al. (2008) can
be applied to the corresponding bin. Then we perform an
empirical spectral integration of the solar spectrum in the visible

this interpolation method compared to our previous study
(Schmidt et al., 2009c¢) is to take into account both space and
time evolution.

2.2.1. Interpolation method

The albedo, binned into our grid (see Section 2), are re-
estimated by a weighted sum of actually measured neighbouring
values in order to interpolate the field in case of missing values.
The weights, depending on the distance in space and time, are
chosen to be in a Gaussian shape. Albedo is interpolated in a
similar strategy to crocus date (Section 2.1.1) with a convolution
on the complete latitude/longitude/time grid with a Gaussian
kernel. In order to keep in a realist situation, we apply a threshold
on the resulting albedo and then smooth the results.

(1) Convolution with a Gaussian kernel on the complete latitude/
longitude/time grid:

. 1
Ainterpl ) 9 :///A Wy ==
( ) ( ) 27 - Olar along * Otime
(=AY (0-0) (-t
ex + +
* P( 2Jlat 20—long zgtime

ymwﬂ@

with:

e computation on the complete grid: latitude x longitude
bins: 200 x 36 x 72;

e variance of the Gaussian in latitude x longitude x time
bins: o =41.66 latitude bin (12.5° latitude), Gjppg =5
longitude bin (50° latitude), o =4 time bin (20°Ls). The
ratio of latitude and longitude variance is set to the real
average distance ratio in our grid.

(2) Application of a threshold on the albedo A™®! value in the
range [0.3, 0.9] to get A™*"P? to remove noisy data.

(3) Convolution to smooth the threshold (same than Eq. (2)) using
Ainterpz to get Ainterpv with:

e computation on the local grid only to save computation
time: 8 x 2 x 2;

e variance of the Gaussian in latitude x longitude x time
bins: g, = 8.3 latitude bin (2.5° latitude), o,y =1 long-
itude bin (10° latitude), 6¢jme = 1 time bin (5°Ls). The ratio
of latitude and longitude variance is set to the real average
distance ratio in our grid.

2.2.2. Results and evaluation

The interpolated albedo field A™¢™?, average for the cryptic and
anti-cryptic regions are shown in Fig. 3(b). Albedo increases in
both region of the SSPC as previously noted (Paige and Ingersoll,
1985; Kieffer et al., 2000; Schmidt et al., 2009c). The anti-cryptic
region has an albedo 0.03 higher than the cryptic in the beginning
of the recession. The difference increase to reach 0.2 around
Ls=220° and then decrease again. The main reasons for a lower
albedo in the cryptic region, compared to the anti-cryptic region
should be the following: (i) the fact that the ice is translucent and
thus the low albedo is due to the underneath ground (Kieffer
et al., 2000) (ii) the presence of the fans associated with the
spiders (Piqueux et al., 2003; Kieffer et al., 2006; Kieffer, 2007),
(iii) dust contamination close to the surface (Langevin et al.,
2006), (iv) larger grain size in the case granular ice (Warren et al.,
1990). Recent studies suggest that a slab ice is present in
extensive position in the SSPC with a fast space and time
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evolution (Schmidt et al., 2009a). We will discuss these points in
an upcoming paper (Schmidt et al., 2009b).

This interpolation method is centred because the convolution
with a Gaussian kernel is normalized. The standard deviation is
0.028 and is one order of magnitude lower than the mean
interpolated albedo field (0.405). The resulting empirical
interpolated albedo field is thus very close to the original
measured dataset.

2.3. D-frost model: daily average sublimated mass model

We use the D-frost model to estimate the daily average CO,
mass surface balance dM = dM(/,0,t) for each bin 0.3° latitude,
10° longitude and 5°Ls as described in introduction of Section 2.
This method estimate the following radiative balance in the
visible and IR range:

_WIiE_WiTJor_Fégnd)Ldt (3)
Leo,

AM = (Fg Wi, ~ Wil
Fg4L.. represents the thermal energy flux from the surface; F%, is
the direct solar energy absorbed by the surface; Wi, is the solar
energy scattered by the atmosphere and absorbed by the surface;
Wi% represents the thermal energy emitted by the atmosphere
and absorbed by the surface; W}ﬁm is the thermal energy emitted
by the neighbouring surface facets and absorbed by the surface;
Fi 4 is the heat flux from the regolith; Lco, =590 x 103]l(g’1 is
the latent heat for CO, sublimation.

The thermal energy flux is estimated with the frost
temperature determined by the local pressure of CO,, based on
the LMD GCM (Forget et al., 1999)—calibrated to Viking Lander
pressure curves—scaled to MOLA elevation. The albedo in the
thermal infrared domain is assumed to be constant at 0.1 and the
emissivity is set to 0.99. Despite these parameters are actually
changing in space and time (Eluszkiewicz and Moncet, 2003), a
quantitative sensitivity test has shown that it should play a minor
role (see Section 4.1.6. of Schmidt et al., 2009c). Also the annual
heat wave is neglected to speed up the computation. This energy
source has also been demonstrated to be negligible during the
sublimation phase (see Section 4.1.3. of Schmidt et al., 2009c).
More details about the computation scheme can be found in
Schmidt et al. (2009c).

2.3.1. Ar description

We improve the D-frost model by including the effect of the
non-condensable gas on the CO, partial pressure. We use
the measurements of Ar by Sprague et al. (2007) to correct for
the actual CO, pressure using the formula:

Pco, = Pccm—Par 4)

In other words, we use P, instead of Pgcy in the estimation of
surface temperature (see eq. 13 of Schmidt et al., 2009c).

We use the interpolated albedo field presented in the last
section. Altitude and slopes are estimated for each bin averaging a
map in stereographic south projection of MOLA data at a
resolution of 920.8 m.

2.3.2. Time integration
The total mass sublimated M is estimated by this integral:

—90° 360" pleng
M= / / dM(2,0,0)dS dt )
-30° Jo to
where ty is the beginning of the sublimation (i.e. the first time
when dM < 0), tenq is the crocus date (i.e. the time when all the
CO, ice disappears).

We propose two extreme cases for t.,q: the inner crocus date
ti» and outer the crocus line t,,. A most realistic case is the

decreasing of surface proportion X=X(t) inside each bin from the
inner to the outer crocus date. Then Eq. (5) becomes:

90" 360" flong
M= / / dM(3,0,6) X(£) dS dt 6)
J-30 ) to

We assume a linear decrease of X(t) with time, from X=100% at t;,
to X=0% at toy. Thus the surface proportion can be written:

Lour—t

Lour—Lin

X(t)= (7)
In the following, this case will be referred to as “linear surface
proportion”.

2.4. MOLA height variation

The MOLA observations were performed from February 28,
1999 and June 30, 2001 in a time interval longer than one Martian
year (MY 23 and MY24). In this study, we used MOLA data from
orbit 10012 to 20327 (from Ls=103° to 360° in MY23 and then to
190° in MY24). Between Ls=344° in MY23 and Ls=16° in MY24
there are no MOLA data acquired because solar conjunction. This
time interval permits to investigate the height changes of the CO,
polar deposits.

To determine the thickness of the CO, frost layer in different
regions as a function of time, it is most important to compute the
crossover residuals resulting from subtracting the altitude h of a
certain location at some value of Ls to the reference altitude hy at
the same location without frost. In this work about the south
polar region, the no frost reference altitude is chosen at Ls=300°.
We have limited our consideration to a latitudinal band between
50°S and 85°S. Several small areas of about 0.1°-0.2° in longitude
and 0.05° in latitude and with enough number of crossovers are
then chosen. After computation of the average elevation value of
each small area, we calculate the residuals by subtracting the
average altitude h of a certain location at some value of Ls to the
reference altitude hg at the same location.

3. Results

The total sublimated mass from latitude 50°S to 90°S during
the year is about 5.9 x 10> kg (Fig. 4). The two extreme cases
(43 x 10" kg for tepg=ti; and 6.9 x 10" for teng=toy) are
considered as the error bar due to the main uncertainty on the
crocus dates such that our estimation is (5.6 + 1.3) x 10" kg.

Our estimation is compatible with gravity measurements of
Karatekin et al. (2006) (~ 6 x 10" kg), GRS estimation from Kelly
et al. (2006) (6 x 10" kg) and HEND analysis provided by Litvak
et al. (2007) (((6.1 +0.6) x 10'°kg)). Since our calculations are
done in the domain 50°'S—90°S only and since we found the same
numbers than other methods based on a global approach, it
suggests that the CO, mass condensed at latitude lower than 50S
is negligible.

The GCM by Forget et al. (1999), calibrated by the pressure
variation measurement from Viking, give also an estimate of the
total SSPC of 6.9 x 10! kg, slightly higher than our estimation.
The pattern of the total sublimated mass M along time (Fig. 4) is
compatible with the GCM (Forget et al., 1999) although the
starting of sublimation seems to be slightly earlier for the D-frost
model. Nevertheless, there is a good agreement about the end of
sublimation: around Ls=270°. The shift in the beginning of
sublimation can be explained by the integration method. In this
study, we integrate spatially the CO, mass that is subliming,
independently of the condensation domain. In the GCM
integrations (Forget et al., 1999), the whole SSPC spatial domain
is covered: subliming and condensing CO,. At Ls=90°, the average
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Fig. 4. Total cumulative sublimated mass estimated by the D-frost model using
OMEGA inputs compared with GCM (Forget et al., 1999). Please note that a
negative balance corresponds to surface mass loss (surface convention).

SSPC balance measured by the GCM is in accumulation due to the
geographic polar region. Our integration shows already the
sublimation that occurs at low latitude.

It is not possible to extend our calculation to the condensation
domain because one energy source is missing: heat conducted in
the soil (Haberle et al., 2008), which is no more negligible for the
accumulation period (Schmidt et al., 2009¢). Our estimation is
limited in the domain latitude 50°S—90°S because for lower
latitudes, CO, frost may be possible only with an apparent albedo
below our threshold (0.3). Nevertheless, MOC observations shows
seasonal frost at lower latitude suspected to be CO, ice
(Schorghofer and Edgett, 2006). These condensates could be also
predicted with D-frost using lower albedo and the shadowing
effect at lower scale and would be an interesting point for the
future. The good agreement between our mass balance and direct
mass measurements suggests that the low latitude frost mass is
negligible at first order.

If the Ar is well mixed in the south polar region, the effect
on the temperature and thus on the total sublimated mass is
below 1%.

Fig. 5 shows the integration of the SSPC sublimation for the
two regions. The main conclusion is that despite the asymmetry
of crocus lines and albedo, the sublimated mass seems to be
symmetric around the geographic pole. The difference reach 20.5%
(12.5% for tena=tin, 31.2% for tepg=tou:). To compile all errors, we
estimate roughly that the mass difference is 22% +9. This
conclusion confirms that the condensation phases are not
equivalent during the polar night for both cryptic and
anti-cryptic sectors in contrary of our previous work (Schmidt
et al, 2009c) argued only on four latitude points. There is a
significant higher mass condensed in the anti-cryptic region,
probably due to snow event, as previously suggested Colaprete
et al. (2005), and Giuranna et al. (2008).

Assuming a density of 920kgm~> (as determined by Smith
et al., 2001), the estimated maximum height from the D-frost
model reach 0.32m (0.21m for tepg=tis, 0.40m for tepg=toy) in
the cryptic region and 0.41m (0.31m for tesg=tin, 0.46m for
tena=toyt) in the anti-cryptic region (see Fig. 5). We compile the
errors to estimate the height 0.31 +0.10m for the cryptic region
and 0.38 +0.08 m for the anti-cryptic region. In comparison, the
direct MOLA height measurements are 0.37 +0.08 m for the
cryptic region and 0.35+0.08 m for the anti-cryptic region at
Ls=150°. At first order, absolute results from both methods are
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